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Sources of noise in eukaryotic cells
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Consequences of noise in eukaryotic cells
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environment and epigenetics in mediating differential gene
expression.15 This conclusion is further supported by a DNA
microarray study in which the transcriptome of endothelial
cells harvested from the porcine coronary artery were com-
pared with those from the iliac artery. The data revealed that
most, but not all, differences observed in vivo were lost in
multiply passaged cells.16

A major limitation of the nature-nurture concept, as it
currently stands, is that for any one property, it portrays
plasticity and robustness as being mutually exclusive. For
example, if endothelial cells are removed from an artery and
grown in standard culture conditions, the expression of
some, but not all artery-specific genes will be lost. Al-
though the overall pattern of change embodies both nurture
(those site-specific genes that drift) and nature (those
site-specific genes that are retained), the behavior of each
gene (or phenotype) is designated as either a nature or
nurture effect. However, if we look hard enough, we are
likely to find a new culture condition [eg, the addition of
naturally occurring extracellular factor(s), chemicals
and/or drugs; or the knockdown or overexpression of
gene(s)] that reassigns any one “nature gene” to the nurture
category. In fact, few, if any, properties of the endothelium
are truly immutable, and the line between nature and
nurture is heavily blurred.

The limited explanatory power of nature-nurture is further
illustrated when considering phenotypic differences between
cells that are exposed to identical or very similar microenvi-
ronments. For example, expression of endothelial barrier
antigen (EBA) in venules and capillaries of the brain follows
a mosaic pattern (Figure 1C).9 Do neighboring expressing and
nonexpressing cells experience significant differences in their
microenvironment? Even if such microgradients of extracel-
lular cues exist, why is the expression of neighboring cells so
“black and white”? In keeping with the nature and nurture
dichotomy, the alternative explanation is that the EBA gene is

epigenetically modified in ways that differ between in ex-
pressing and nonexpressing cells. It is difficult to imagine the
selective advantage of “locking in” such a pattern. Moreover,
even if we were to accept that the EBA gene is differentially
modified at the level of DNA methylation or the histone code,
we must acknowledge that these differences were triggered
at some point in the past by the microenvironment, thus
bringing us back full circle to the nurture side of the
equation. A second illustrative example is the patchy
nature of von Willebrand factor (vWF) gene expression in
cultured human primary endothelial cells (Figure 1). In this
case, it is even more difficult to envision biologically
relevant spatial differences in the microenvironment of
neighboring cultured endothelial cells, let alone the exis-
tence of distinct clonal populations of vWF expressing and
nonexpressing cells.

In summary, the notion that some properties of the endo-
thelial cell are dependent on persistent environmental signals,
while others are epigenetically “fixed” is a heuristically
valuable, though decidedly flawed, conceptual framework for
approaching mechanisms of endothelial cell heterogeneity.
We believe that the right question to ask is not whether a
given property of an endothelial is malleable (nature) or fixed
(nurture), but rather, what is the nature-and-nurture potential
of that property?

Multistability of Endothelial Cells: A Novel
Explanatory Framework
The ability of a single endothelial cell to assume two or more
distinct phenotypes under identical extracellular conditions is
termed multistability. Discrete phenotypes may be thought of
as minima or valleys in a landscape and the internal state of
a single endothelial cell may be represented as a marble on
the landscape surface (Figure 2C and Online Figure I). Stable
phenotypes lie at the lowest points of each valley, whereas
high points on the landscape represent unstable states poised

Figure 1. Examples of endothelial het-
erogeneity. A, Lectin-perfused whole-
mount preparation of trachea from an
ephrinB2 LacZ knock-in mouse showing
ephrin-B2/LacZ expression in arteries (A)
but not veins (V). There is some extension
of expression into proximal capillaries (C).
Reprinted from Developmental Biology,
230, Gale et al, Ephrin-B2 selectively
marks arterial vessels and neovasculariza-
tion sites in the adult, with expression in
both endothelial and smooth-muscle cells,
151–160, Copyright (2001), with permis-
sion from Elsevier. B, Immunoperoxidase
detection of mouse von Willebrand factor
(vWF) in the endothelial lining of a cardiac
vein (asterisk). There is no detectable
expression in the surrounding myocardial
capillaries. From Yuan and Aird, unpub-
lished data (2012). C, Longitudinal
hemisection of a large vein from brain
cortex doubly labeled for endothelial bar-

rier antigen (EBA) (magenta) and occludin (yellow) showing highly heterogeneous expression of EBA (white arrows indicate EBA-
negative cells). Reprinted by permission from Macmillan Publishers Ltd: Journal of Cerebral Blood Flow and Metabolism (Saubamea et
al, 2012;32:81–92). D, En face preparation of an aorta from a Robo4 LacZ knock-in mouse showing Robo4/LacZ expression at the
ostia of 4 intercostal arteries (asterisk). A similar but nonidentical figure was shown in Okada et al.11 E, Human umbilical vein endothe-
lial cells (HUVECs) stained for VE-cadherin (red), vWF (green), and nuclei (blue) reveals highly heterogeneous expression of vWF (white
arrows indicate vWF-positive cells). From Yuan, Ravasz Regan, and Aird, unpublished data (2012).
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PC12 cells can undergo neuronal differentiation, 
or remain in a proliferative, stem-like state

Figure 1. Identification of a Two-Dimensional pERK and pAKT Signaling Response Map
(A) Schematics of growth factors (GFs) induced receptor signaling. RTKs, receptor tyrosine kinases. Inhibitors used in the study are marked in red.

(B) Automated image analysis of differentiation and proliferation after 24 hr of NGF treatment. Representative images used for the analysis are shown. Left:

Detected neurites (white) were superimposed over a merged tubulin and BrdU-stained image. Right: Overlay of BrdU and DNA-stained image. The scale bar

represents 40 mm.

(C) Time courses of differentiation and proliferation after NGF stimulation (mean ± SD of triplicate wells).

(D) Automated image analysis monitors pAKT, pERK and proliferation after 24 hr of NGF treatment.

(E) Single-cell analysis of pERK level versus the fraction of cells in S phase shows only little correlation. The percent of cells in S phase (%S) was calculated for

equally spaced bins of the ERK activity (top, mean ± 95% bootstrap confidence interval) or from the bottom and top 10 percentile of the ERK activity (bottom,

mean ± SD of five replicate wells) after NGF stimulation for 24 hr.

(F) Heat-map analysis of pERK-pAKT signaling and proliferation shows a clear boundary between proliferation and differentiation regions. Contour plots of cell

density are shown in the lower panels. The %S was calculated for equally spaced bins of the ERK and AKT activity and is marked in a color code. Cells were left

untreated (mock) or stimulated as indicated for 24 hr before analysis. U0126 and LY294002were addedwith NGF for 24 hr at 3.3 mMand 6.3 mM, respectively. The

boundary (green line) was drawn across the black colored bins on the NGF heat map and overlaid on top of other plots. Each panel contains!40,000 cells. Note

that due to day-to-day staining and imaging variations, the boundary position compares experiments done at the same time.
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Figure 1. Identification of a Two-Dimensional pERK and pAKT Signaling Response Map
(A) Schematics of growth factors (GFs) induced receptor signaling. RTKs, receptor tyrosine kinases. Inhibitors used in the study are marked in red.

(B) Automated image analysis of differentiation and proliferation after 24 hr of NGF treatment. Representative images used for the analysis are shown. Left:

Detected neurites (white) were superimposed over a merged tubulin and BrdU-stained image. Right: Overlay of BrdU and DNA-stained image. The scale bar

represents 40 mm.

(C) Time courses of differentiation and proliferation after NGF stimulation (mean ± SD of triplicate wells).

(D) Automated image analysis monitors pAKT, pERK and proliferation after 24 hr of NGF treatment.

(E) Single-cell analysis of pERK level versus the fraction of cells in S phase shows only little correlation. The percent of cells in S phase (%S) was calculated for

equally spaced bins of the ERK activity (top, mean ± 95% bootstrap confidence interval) or from the bottom and top 10 percentile of the ERK activity (bottom,

mean ± SD of five replicate wells) after NGF stimulation for 24 hr.

(F) Heat-map analysis of pERK-pAKT signaling and proliferation shows a clear boundary between proliferation and differentiation regions. Contour plots of cell

density are shown in the lower panels. The %S was calculated for equally spaced bins of the ERK and AKT activity and is marked in a color code. Cells were left

untreated (mock) or stimulated as indicated for 24 hr before analysis. U0126 and LY294002were addedwith NGF for 24 hr at 3.3 mMand 6.3 mM, respectively. The

boundary (green line) was drawn across the black colored bins on the NGF heat map and overlaid on top of other plots. Each panel contains!40,000 cells. Note

that due to day-to-day staining and imaging variations, the boundary position compares experiments done at the same time.
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NGF triggers terminal 
differentiation in most cells

Figure 1. Identification of a Two-Dimensional pERK and pAKT Signaling Response Map
(A) Schematics of growth factors (GFs) induced receptor signaling. RTKs, receptor tyrosine kinases. Inhibitors used in the study are marked in red.

(B) Automated image analysis of differentiation and proliferation after 24 hr of NGF treatment. Representative images used for the analysis are shown. Left:

Detected neurites (white) were superimposed over a merged tubulin and BrdU-stained image. Right: Overlay of BrdU and DNA-stained image. The scale bar

represents 40 mm.

(C) Time courses of differentiation and proliferation after NGF stimulation (mean ± SD of triplicate wells).

(D) Automated image analysis monitors pAKT, pERK and proliferation after 24 hr of NGF treatment.

(E) Single-cell analysis of pERK level versus the fraction of cells in S phase shows only little correlation. The percent of cells in S phase (%S) was calculated for

equally spaced bins of the ERK activity (top, mean ± 95% bootstrap confidence interval) or from the bottom and top 10 percentile of the ERK activity (bottom,

mean ± SD of five replicate wells) after NGF stimulation for 24 hr.

(F) Heat-map analysis of pERK-pAKT signaling and proliferation shows a clear boundary between proliferation and differentiation regions. Contour plots of cell

density are shown in the lower panels. The %S was calculated for equally spaced bins of the ERK and AKT activity and is marked in a color code. Cells were left

untreated (mock) or stimulated as indicated for 24 hr before analysis. U0126 and LY294002were addedwith NGF for 24 hr at 3.3 mMand 6.3 mM, respectively. The

boundary (green line) was drawn across the black colored bins on the NGF heat map and overlaid on top of other plots. Each panel contains!40,000 cells. Note

that due to day-to-day staining and imaging variations, the boundary position compares experiments done at the same time.
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Figure 1. Identification of a Two-Dimensional pERK and pAKT Signaling Response Map
(A) Schematics of growth factors (GFs) induced receptor signaling. RTKs, receptor tyrosine kinases. Inhibitors used in the study are marked in red.

(B) Automated image analysis of differentiation and proliferation after 24 hr of NGF treatment. Representative images used for the analysis are shown. Left:

Detected neurites (white) were superimposed over a merged tubulin and BrdU-stained image. Right: Overlay of BrdU and DNA-stained image. The scale bar

represents 40 mm.

(C) Time courses of differentiation and proliferation after NGF stimulation (mean ± SD of triplicate wells).

(D) Automated image analysis monitors pAKT, pERK and proliferation after 24 hr of NGF treatment.

(E) Single-cell analysis of pERK level versus the fraction of cells in S phase shows only little correlation. The percent of cells in S phase (%S) was calculated for

equally spaced bins of the ERK activity (top, mean ± 95% bootstrap confidence interval) or from the bottom and top 10 percentile of the ERK activity (bottom,

mean ± SD of five replicate wells) after NGF stimulation for 24 hr.

(F) Heat-map analysis of pERK-pAKT signaling and proliferation shows a clear boundary between proliferation and differentiation regions. Contour plots of cell

density are shown in the lower panels. The %S was calculated for equally spaced bins of the ERK and AKT activity and is marked in a color code. Cells were left

untreated (mock) or stimulated as indicated for 24 hr before analysis. U0126 and LY294002were addedwith NGF for 24 hr at 3.3 mMand 6.3 mM, respectively. The

boundary (green line) was drawn across the black colored bins on the NGF heat map and overlaid on top of other plots. Each panel contains!40,000 cells. Note

that due to day-to-day staining and imaging variations, the boundary position compares experiments done at the same time.
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Figure 1. Identification of a Two-Dimensional pERK and pAKT Signaling Response Map
(A) Schematics of growth factors (GFs) induced receptor signaling. RTKs, receptor tyrosine kinases. Inhibitors used in the study are marked in red.

(B) Automated image analysis of differentiation and proliferation after 24 hr of NGF treatment. Representative images used for the analysis are shown. Left:

Detected neurites (white) were superimposed over a merged tubulin and BrdU-stained image. Right: Overlay of BrdU and DNA-stained image. The scale bar

represents 40 mm.

(C) Time courses of differentiation and proliferation after NGF stimulation (mean ± SD of triplicate wells).

(D) Automated image analysis monitors pAKT, pERK and proliferation after 24 hr of NGF treatment.

(E) Single-cell analysis of pERK level versus the fraction of cells in S phase shows only little correlation. The percent of cells in S phase (%S) was calculated for

equally spaced bins of the ERK activity (top, mean ± 95% bootstrap confidence interval) or from the bottom and top 10 percentile of the ERK activity (bottom,

mean ± SD of five replicate wells) after NGF stimulation for 24 hr.

(F) Heat-map analysis of pERK-pAKT signaling and proliferation shows a clear boundary between proliferation and differentiation regions. Contour plots of cell

density are shown in the lower panels. The %S was calculated for equally spaced bins of the ERK and AKT activity and is marked in a color code. Cells were left

untreated (mock) or stimulated as indicated for 24 hr before analysis. U0126 and LY294002were addedwith NGF for 24 hr at 3.3 mMand 6.3 mM, respectively. The

boundary (green line) was drawn across the black colored bins on the NGF heat map and overlaid on top of other plots. Each panel contains!40,000 cells. Note

that due to day-to-day staining and imaging variations, the boundary position compares experiments done at the same time.
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Main assay - pERK, pAKT, 
BrdU & Neurite in single cells

Figure 1. Identification of a Two-Dimensional pERK and pAKT Signaling Response Map
(A) Schematics of growth factors (GFs) induced receptor signaling. RTKs, receptor tyrosine kinases. Inhibitors used in the study are marked in red.

(B) Automated image analysis of differentiation and proliferation after 24 hr of NGF treatment. Representative images used for the analysis are shown. Left:

Detected neurites (white) were superimposed over a merged tubulin and BrdU-stained image. Right: Overlay of BrdU and DNA-stained image. The scale bar

represents 40 mm.

(C) Time courses of differentiation and proliferation after NGF stimulation (mean ± SD of triplicate wells).

(D) Automated image analysis monitors pAKT, pERK and proliferation after 24 hr of NGF treatment.

(E) Single-cell analysis of pERK level versus the fraction of cells in S phase shows only little correlation. The percent of cells in S phase (%S) was calculated for

equally spaced bins of the ERK activity (top, mean ± 95% bootstrap confidence interval) or from the bottom and top 10 percentile of the ERK activity (bottom,

mean ± SD of five replicate wells) after NGF stimulation for 24 hr.

(F) Heat-map analysis of pERK-pAKT signaling and proliferation shows a clear boundary between proliferation and differentiation regions. Contour plots of cell

density are shown in the lower panels. The %S was calculated for equally spaced bins of the ERK and AKT activity and is marked in a color code. Cells were left

untreated (mock) or stimulated as indicated for 24 hr before analysis. U0126 and LY294002were addedwith NGF for 24 hr at 3.3 mMand 6.3 mM, respectively. The

boundary (green line) was drawn across the black colored bins on the NGF heat map and overlaid on top of other plots. Each panel contains!40,000 cells. Note

that due to day-to-day staining and imaging variations, the boundary position compares experiments done at the same time.
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(A) Schematics of growth factors (GFs) induced receptor signaling. RTKs, receptor tyrosine kinases. Inhibitors used in the study are marked in red.

(B) Automated image analysis of differentiation and proliferation after 24 hr of NGF treatment. Representative images used for the analysis are shown. Left:

Detected neurites (white) were superimposed over a merged tubulin and BrdU-stained image. Right: Overlay of BrdU and DNA-stained image. The scale bar

represents 40 mm.

(C) Time courses of differentiation and proliferation after NGF stimulation (mean ± SD of triplicate wells).

(D) Automated image analysis monitors pAKT, pERK and proliferation after 24 hr of NGF treatment.

(E) Single-cell analysis of pERK level versus the fraction of cells in S phase shows only little correlation. The percent of cells in S phase (%S) was calculated for

equally spaced bins of the ERK activity (top, mean ± 95% bootstrap confidence interval) or from the bottom and top 10 percentile of the ERK activity (bottom,

mean ± SD of five replicate wells) after NGF stimulation for 24 hr.

(F) Heat-map analysis of pERK-pAKT signaling and proliferation shows a clear boundary between proliferation and differentiation regions. Contour plots of cell

density are shown in the lower panels. The %S was calculated for equally spaced bins of the ERK and AKT activity and is marked in a color code. Cells were left

untreated (mock) or stimulated as indicated for 24 hr before analysis. U0126 and LY294002were addedwith NGF for 24 hr at 3.3 mMand 6.3 mM, respectively. The

boundary (green line) was drawn across the black colored bins on the NGF heat map and overlaid on top of other plots. Each panel contains!40,000 cells. Note

that due to day-to-day staining and imaging variations, the boundary position compares experiments done at the same time.
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pERK signal strength is a poor 
predictor of differentiation
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<=> !
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Figure 1. Identification of a Two-Dimensional pERK and pAKT Signaling Response Map
(A) Schematics of growth factors (GFs) induced receptor signaling. RTKs, receptor tyrosine kinases. Inhibitors used in the study are marked in red.

(B) Automated image analysis of differentiation and proliferation after 24 hr of NGF treatment. Representative images used for the analysis are shown. Left:

Detected neurites (white) were superimposed over a merged tubulin and BrdU-stained image. Right: Overlay of BrdU and DNA-stained image. The scale bar

represents 40 mm.

(C) Time courses of differentiation and proliferation after NGF stimulation (mean ± SD of triplicate wells).

(D) Automated image analysis monitors pAKT, pERK and proliferation after 24 hr of NGF treatment.

(E) Single-cell analysis of pERK level versus the fraction of cells in S phase shows only little correlation. The percent of cells in S phase (%S) was calculated for

equally spaced bins of the ERK activity (top, mean ± 95% bootstrap confidence interval) or from the bottom and top 10 percentile of the ERK activity (bottom,

mean ± SD of five replicate wells) after NGF stimulation for 24 hr.

(F) Heat-map analysis of pERK-pAKT signaling and proliferation shows a clear boundary between proliferation and differentiation regions. Contour plots of cell

density are shown in the lower panels. The %S was calculated for equally spaced bins of the ERK and AKT activity and is marked in a color code. Cells were left

untreated (mock) or stimulated as indicated for 24 hr before analysis. U0126 and LY294002were addedwith NGF for 24 hr at 3.3 mMand 6.3 mM, respectively. The

boundary (green line) was drawn across the black colored bins on the NGF heat map and overlaid on top of other plots. Each panel contains!40,000 cells. Note

that due to day-to-day staining and imaging variations, the boundary position compares experiments done at the same time.
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2D map of pERK-pAKT signal is an 
excellent predictor of cell fate

Figure 1. Identification of a Two-Dimensional pERK and pAKT Signaling Response Map
(A) Schematics of growth factors (GFs) induced receptor signaling. RTKs, receptor tyrosine kinases. Inhibitors used in the study are marked in red.

(B) Automated image analysis of differentiation and proliferation after 24 hr of NGF treatment. Representative images used for the analysis are shown. Left:

Detected neurites (white) were superimposed over a merged tubulin and BrdU-stained image. Right: Overlay of BrdU and DNA-stained image. The scale bar

represents 40 mm.

(C) Time courses of differentiation and proliferation after NGF stimulation (mean ± SD of triplicate wells).

(D) Automated image analysis monitors pAKT, pERK and proliferation after 24 hr of NGF treatment.

(E) Single-cell analysis of pERK level versus the fraction of cells in S phase shows only little correlation. The percent of cells in S phase (%S) was calculated for

equally spaced bins of the ERK activity (top, mean ± 95% bootstrap confidence interval) or from the bottom and top 10 percentile of the ERK activity (bottom,

mean ± SD of five replicate wells) after NGF stimulation for 24 hr.

(F) Heat-map analysis of pERK-pAKT signaling and proliferation shows a clear boundary between proliferation and differentiation regions. Contour plots of cell

density are shown in the lower panels. The %S was calculated for equally spaced bins of the ERK and AKT activity and is marked in a color code. Cells were left

untreated (mock) or stimulated as indicated for 24 hr before analysis. U0126 and LY294002were addedwith NGF for 24 hr at 3.3 mMand 6.3 mM, respectively. The

boundary (green line) was drawn across the black colored bins on the NGF heat map and overlaid on top of other plots. Each panel contains!40,000 cells. Note

that due to day-to-day staining and imaging variations, the boundary position compares experiments done at the same time.
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(A) Schematics of growth factors (GFs) induced receptor signaling. RTKs, receptor tyrosine kinases. Inhibitors used in the study are marked in red.

(B) Automated image analysis of differentiation and proliferation after 24 hr of NGF treatment. Representative images used for the analysis are shown. Left:

Detected neurites (white) were superimposed over a merged tubulin and BrdU-stained image. Right: Overlay of BrdU and DNA-stained image. The scale bar

represents 40 mm.

(C) Time courses of differentiation and proliferation after NGF stimulation (mean ± SD of triplicate wells).

(D) Automated image analysis monitors pAKT, pERK and proliferation after 24 hr of NGF treatment.

(E) Single-cell analysis of pERK level versus the fraction of cells in S phase shows only little correlation. The percent of cells in S phase (%S) was calculated for

equally spaced bins of the ERK activity (top, mean ± 95% bootstrap confidence interval) or from the bottom and top 10 percentile of the ERK activity (bottom,

mean ± SD of five replicate wells) after NGF stimulation for 24 hr.

(F) Heat-map analysis of pERK-pAKT signaling and proliferation shows a clear boundary between proliferation and differentiation regions. Contour plots of cell

density are shown in the lower panels. The %S was calculated for equally spaced bins of the ERK and AKT activity and is marked in a color code. Cells were left

untreated (mock) or stimulated as indicated for 24 hr before analysis. U0126 and LY294002were addedwith NGF for 24 hr at 3.3 mMand 6.3 mM, respectively. The

boundary (green line) was drawn across the black colored bins on the NGF heat map and overlaid on top of other plots. Each panel contains!40,000 cells. Note

that due to day-to-day staining and imaging variations, the boundary position compares experiments done at the same time.
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Figure 1. Identification of a Two-Dimensional pERK and pAKT Signaling Response Map
(A) Schematics of growth factors (GFs) induced receptor signaling. RTKs, receptor tyrosine kinases. Inhibitors used in the study are marked in red.

(B) Automated image analysis of differentiation and proliferation after 24 hr of NGF treatment. Representative images used for the analysis are shown. Left:

Detected neurites (white) were superimposed over a merged tubulin and BrdU-stained image. Right: Overlay of BrdU and DNA-stained image. The scale bar

represents 40 mm.

(C) Time courses of differentiation and proliferation after NGF stimulation (mean ± SD of triplicate wells).

(D) Automated image analysis monitors pAKT, pERK and proliferation after 24 hr of NGF treatment.

(E) Single-cell analysis of pERK level versus the fraction of cells in S phase shows only little correlation. The percent of cells in S phase (%S) was calculated for

equally spaced bins of the ERK activity (top, mean ± 95% bootstrap confidence interval) or from the bottom and top 10 percentile of the ERK activity (bottom,

mean ± SD of five replicate wells) after NGF stimulation for 24 hr.

(F) Heat-map analysis of pERK-pAKT signaling and proliferation shows a clear boundary between proliferation and differentiation regions. Contour plots of cell

density are shown in the lower panels. The %S was calculated for equally spaced bins of the ERK and AKT activity and is marked in a color code. Cells were left

untreated (mock) or stimulated as indicated for 24 hr before analysis. U0126 and LY294002were addedwith NGF for 24 hr at 3.3 mMand 6.3 mM, respectively. The

boundary (green line) was drawn across the black colored bins on the NGF heat map and overlaid on top of other plots. Each panel contains!40,000 cells. Note

that due to day-to-day staining and imaging variations, the boundary position compares experiments done at the same time.
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Figure 1. Identification of a Two-Dimensional pERK and pAKT Signaling Response Map
(A) Schematics of growth factors (GFs) induced receptor signaling. RTKs, receptor tyrosine kinases. Inhibitors used in the study are marked in red.

(B) Automated image analysis of differentiation and proliferation after 24 hr of NGF treatment. Representative images used for the analysis are shown. Left:

Detected neurites (white) were superimposed over a merged tubulin and BrdU-stained image. Right: Overlay of BrdU and DNA-stained image. The scale bar

represents 40 mm.

(C) Time courses of differentiation and proliferation after NGF stimulation (mean ± SD of triplicate wells).

(D) Automated image analysis monitors pAKT, pERK and proliferation after 24 hr of NGF treatment.

(E) Single-cell analysis of pERK level versus the fraction of cells in S phase shows only little correlation. The percent of cells in S phase (%S) was calculated for

equally spaced bins of the ERK activity (top, mean ± 95% bootstrap confidence interval) or from the bottom and top 10 percentile of the ERK activity (bottom,

mean ± SD of five replicate wells) after NGF stimulation for 24 hr.

(F) Heat-map analysis of pERK-pAKT signaling and proliferation shows a clear boundary between proliferation and differentiation regions. Contour plots of cell

density are shown in the lower panels. The %S was calculated for equally spaced bins of the ERK and AKT activity and is marked in a color code. Cells were left

untreated (mock) or stimulated as indicated for 24 hr before analysis. U0126 and LY294002were addedwith NGF for 24 hr at 3.3 mMand 6.3 mM, respectively. The

boundary (green line) was drawn across the black colored bins on the NGF heat map and overlaid on top of other plots. Each panel contains!40,000 cells. Note

that due to day-to-day staining and imaging variations, the boundary position compares experiments done at the same time.
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Figure 1. Identification of a Two-Dimensional pERK and pAKT Signaling Response Map
(A) Schematics of growth factors (GFs) induced receptor signaling. RTKs, receptor tyrosine kinases. Inhibitors used in the study are marked in red.

(B) Automated image analysis of differentiation and proliferation after 24 hr of NGF treatment. Representative images used for the analysis are shown. Left:

Detected neurites (white) were superimposed over a merged tubulin and BrdU-stained image. Right: Overlay of BrdU and DNA-stained image. The scale bar

represents 40 mm.

(C) Time courses of differentiation and proliferation after NGF stimulation (mean ± SD of triplicate wells).

(D) Automated image analysis monitors pAKT, pERK and proliferation after 24 hr of NGF treatment.

(E) Single-cell analysis of pERK level versus the fraction of cells in S phase shows only little correlation. The percent of cells in S phase (%S) was calculated for

equally spaced bins of the ERK activity (top, mean ± 95% bootstrap confidence interval) or from the bottom and top 10 percentile of the ERK activity (bottom,

mean ± SD of five replicate wells) after NGF stimulation for 24 hr.

(F) Heat-map analysis of pERK-pAKT signaling and proliferation shows a clear boundary between proliferation and differentiation regions. Contour plots of cell

density are shown in the lower panels. The %S was calculated for equally spaced bins of the ERK and AKT activity and is marked in a color code. Cells were left

untreated (mock) or stimulated as indicated for 24 hr before analysis. U0126 and LY294002were addedwith NGF for 24 hr at 3.3 mMand 6.3 mM, respectively. The

boundary (green line) was drawn across the black colored bins on the NGF heat map and overlaid on top of other plots. Each panel contains!40,000 cells. Note

that due to day-to-day staining and imaging variations, the boundary position compares experiments done at the same time.
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network perturbation tool. By comparing the effect of the
different siRNAs on proliferation versus neurite growth, we con-
firmed that the coupling between differentiation and suppres-

sion of proliferation is indeed very close. Most siRNAs shifted
proliferation and differentiation responses in opposite directions
(Figure 3C).

Figure 2. A Sharp Boundary in the pERK-pAKT Response Map Separates Proliferating from Differentiating Cells
(A) Quantitative analysis of NGF-triggered cell-to-cell signal variation and proliferation probabilities in the pERK-pAKT plane. The population distributions of pERK

and pAKT are shown in the subpanel top and right (gray histograms). The same histogram includes a graph (green curves) of the%S calculated from cells located

in the green band (orthogonal to the boundary shown in Figure 1F).

(B) Evidence of an invariant 2D signaling response map that determines proliferative cell fate. Proliferation changes were analyzed as shown in (A) from cells

treated with different stimuli. The analysis only included cells located within the green band. In (A) and (B), data are mean ± 95% bootstrap confidence interval.

(C) The proliferative status is better predicted by the 2D response map compared to pERK level shown in Figure 1E (bottom). The %S was compared for the

10 percentile of cells farthest above (Low) and below (High) the boundary. Inset shows the schematic diagram of the analysis region. Data are shown as the

mean ± SD of five replicate wells.

(D) Heat-map analysis showing proliferation (top) and differentiation (bottom) as a function of ERK and AKT activity at a single-cell level after 24 hr of NGF

stimulation. %S was quantified as shown in Figure 1F. Quantification of the integrated single-cell neurite parameter was achieved by measuring the presence of

neurites proximal to the cell body of each cell and calculatingmean neurite intensity for each cell as a function of pERK and pAKT levels. Each bin contains at least

300 cells.

(E) Different directions and amplitudes of pERK-pAKT activity vectors correlate with cell fates. The schematic also shows a quiescent state for low pERK and

pAKT levels. EGF andNGF not only trigger different amplitudes of signal activation but also have different directions of pERK-pAKT activity vector in the 2D plane.
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network perturbation tool. By comparing the effect of the
different siRNAs on proliferation versus neurite growth, we con-
firmed that the coupling between differentiation and suppres-

sion of proliferation is indeed very close. Most siRNAs shifted
proliferation and differentiation responses in opposite directions
(Figure 3C).

Figure 2. A Sharp Boundary in the pERK-pAKT Response Map Separates Proliferating from Differentiating Cells
(A) Quantitative analysis of NGF-triggered cell-to-cell signal variation and proliferation probabilities in the pERK-pAKT plane. The population distributions of pERK

and pAKT are shown in the subpanel top and right (gray histograms). The same histogram includes a graph (green curves) of the%S calculated from cells located

in the green band (orthogonal to the boundary shown in Figure 1F).

(B) Evidence of an invariant 2D signaling response map that determines proliferative cell fate. Proliferation changes were analyzed as shown in (A) from cells

treated with different stimuli. The analysis only included cells located within the green band. In (A) and (B), data are mean ± 95% bootstrap confidence interval.

(C) The proliferative status is better predicted by the 2D response map compared to pERK level shown in Figure 1E (bottom). The %S was compared for the

10 percentile of cells farthest above (Low) and below (High) the boundary. Inset shows the schematic diagram of the analysis region. Data are shown as the

mean ± SD of five replicate wells.

(D) Heat-map analysis showing proliferation (top) and differentiation (bottom) as a function of ERK and AKT activity at a single-cell level after 24 hr of NGF

stimulation. %S was quantified as shown in Figure 1F. Quantification of the integrated single-cell neurite parameter was achieved by measuring the presence of

neurites proximal to the cell body of each cell and calculatingmean neurite intensity for each cell as a function of pERK and pAKT levels. Each bin contains at least

300 cells.

(E) Different directions and amplitudes of pERK-pAKT activity vectors correlate with cell fates. The schematic also shows a quiescent state for low pERK and

pAKT levels. EGF andNGF not only trigger different amplitudes of signal activation but also have different directions of pERK-pAKT activity vector in the 2D plane.
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Cells with a large distance from boundary 
have predictable fates

network perturbation tool. By comparing the effect of the
different siRNAs on proliferation versus neurite growth, we con-
firmed that the coupling between differentiation and suppres-

sion of proliferation is indeed very close. Most siRNAs shifted
proliferation and differentiation responses in opposite directions
(Figure 3C).

Figure 2. A Sharp Boundary in the pERK-pAKT Response Map Separates Proliferating from Differentiating Cells
(A) Quantitative analysis of NGF-triggered cell-to-cell signal variation and proliferation probabilities in the pERK-pAKT plane. The population distributions of pERK

and pAKT are shown in the subpanel top and right (gray histograms). The same histogram includes a graph (green curves) of the%S calculated from cells located

in the green band (orthogonal to the boundary shown in Figure 1F).

(B) Evidence of an invariant 2D signaling response map that determines proliferative cell fate. Proliferation changes were analyzed as shown in (A) from cells

treated with different stimuli. The analysis only included cells located within the green band. In (A) and (B), data are mean ± 95% bootstrap confidence interval.

(C) The proliferative status is better predicted by the 2D response map compared to pERK level shown in Figure 1E (bottom). The %S was compared for the

10 percentile of cells farthest above (Low) and below (High) the boundary. Inset shows the schematic diagram of the analysis region. Data are shown as the

mean ± SD of five replicate wells.

(D) Heat-map analysis showing proliferation (top) and differentiation (bottom) as a function of ERK and AKT activity at a single-cell level after 24 hr of NGF

stimulation. %S was quantified as shown in Figure 1F. Quantification of the integrated single-cell neurite parameter was achieved by measuring the presence of

neurites proximal to the cell body of each cell and calculatingmean neurite intensity for each cell as a function of pERK and pAKT levels. Each bin contains at least

300 cells.

(E) Different directions and amplitudes of pERK-pAKT activity vectors correlate with cell fates. The schematic also shows a quiescent state for low pERK and

pAKT levels. EGF andNGF not only trigger different amplitudes of signal activation but also have different directions of pERK-pAKT activity vector in the 2D plane.
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Proliferation and differentiation are 
mutually exclusive

network perturbation tool. By comparing the effect of the
different siRNAs on proliferation versus neurite growth, we con-
firmed that the coupling between differentiation and suppres-

sion of proliferation is indeed very close. Most siRNAs shifted
proliferation and differentiation responses in opposite directions
(Figure 3C).

Figure 2. A Sharp Boundary in the pERK-pAKT Response Map Separates Proliferating from Differentiating Cells
(A) Quantitative analysis of NGF-triggered cell-to-cell signal variation and proliferation probabilities in the pERK-pAKT plane. The population distributions of pERK

and pAKT are shown in the subpanel top and right (gray histograms). The same histogram includes a graph (green curves) of the%S calculated from cells located

in the green band (orthogonal to the boundary shown in Figure 1F).

(B) Evidence of an invariant 2D signaling response map that determines proliferative cell fate. Proliferation changes were analyzed as shown in (A) from cells

treated with different stimuli. The analysis only included cells located within the green band. In (A) and (B), data are mean ± 95% bootstrap confidence interval.

(C) The proliferative status is better predicted by the 2D response map compared to pERK level shown in Figure 1E (bottom). The %S was compared for the

10 percentile of cells farthest above (Low) and below (High) the boundary. Inset shows the schematic diagram of the analysis region. Data are shown as the

mean ± SD of five replicate wells.

(D) Heat-map analysis showing proliferation (top) and differentiation (bottom) as a function of ERK and AKT activity at a single-cell level after 24 hr of NGF

stimulation. %S was quantified as shown in Figure 1F. Quantification of the integrated single-cell neurite parameter was achieved by measuring the presence of

neurites proximal to the cell body of each cell and calculatingmean neurite intensity for each cell as a function of pERK and pAKT levels. Each bin contains at least

300 cells.

(E) Different directions and amplitudes of pERK-pAKT activity vectors correlate with cell fates. The schematic also shows a quiescent state for low pERK and

pAKT levels. EGF andNGF not only trigger different amplitudes of signal activation but also have different directions of pERK-pAKT activity vector in the 2D plane.
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Figure 3. siRNA Perturbation Analysis Validates the Use of the Signaling Response Map to Predict Cell Fate
(A) Protocol used to screen for siRNAs that change the fraction of proliferating and differentiating cells.

(B) Knockdown images of selected genes identified in the siRNA screen of regulators of NGF-induced differentiation. Arf5 reduces differentiation and Tao1K

increases differentiation. The scale bar represents 40 mm.

(C) Perturbation analysis with 54 siRNAs showing the correlation between proliferation and the induction of differentiation (data were from duplicate wells; robust

z score, the median absolute deviation from the control median).

(D) NGF signaling scheme and the corresponding secondary assays used to link different signaling processes to differentiation.

(E) Perturbation parameter cross-correlation analysis showing that the 24 hr pERK is the most predictive parameter for neurite extension (Nrt) and proliferation

(%S), both measured at 48 hr. All 54 siRNAs were used for the analysis. ERK50, ERK1h, and ERK24h denote measurements of pERK at 5 min, 1 hr, and 24 hr after

NGF stimulation. EGR1 is the induction of the early growth response 1 transcription factor. ‘‘AKT24h’’ represents AKT phosphorylation at 24 hr of NGF stimulation.

Color bar represents the cross-correlation values (Pearson’s correlation coefficients).
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Figure 3. siRNA Perturbation Analysis Validates the Use of the Signaling Response Map to Predict Cell Fate
(A) Protocol used to screen for siRNAs that change the fraction of proliferating and differentiating cells.

(B) Knockdown images of selected genes identified in the siRNA screen of regulators of NGF-induced differentiation. Arf5 reduces differentiation and Tao1K

increases differentiation. The scale bar represents 40 mm.
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Figure 3. siRNA Perturbation Analysis Validates the Use of the Signaling Response Map to Predict Cell Fate
(A) Protocol used to screen for siRNAs that change the fraction of proliferating and differentiating cells.

(B) Knockdown images of selected genes identified in the siRNA screen of regulators of NGF-induced differentiation. Arf5 reduces differentiation and Tao1K

increases differentiation. The scale bar represents 40 mm.

(C) Perturbation analysis with 54 siRNAs showing the correlation between proliferation and the induction of differentiation (data were from duplicate wells; robust

z score, the median absolute deviation from the control median).

(D) NGF signaling scheme and the corresponding secondary assays used to link different signaling processes to differentiation.

(E) Perturbation parameter cross-correlation analysis showing that the 24 hr pERK is the most predictive parameter for neurite extension (Nrt) and proliferation

(%S), both measured at 48 hr. All 54 siRNAs were used for the analysis. ERK50, ERK1h, and ERK24h denote measurements of pERK at 5 min, 1 hr, and 24 hr after

NGF stimulation. EGR1 is the induction of the early growth response 1 transcription factor. ‘‘AKT24h’’ represents AKT phosphorylation at 24 hr of NGF stimulation.

Color bar represents the cross-correlation values (Pearson’s correlation coefficients).
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network perturbation tool. By comparing the effect of the
different siRNAs on proliferation versus neurite growth, we con-
firmed that the coupling between differentiation and suppres-

sion of proliferation is indeed very close. Most siRNAs shifted
proliferation and differentiation responses in opposite directions
(Figure 3C).

Figure 2. A Sharp Boundary in the pERK-pAKT Response Map Separates Proliferating from Differentiating Cells
(A) Quantitative analysis of NGF-triggered cell-to-cell signal variation and proliferation probabilities in the pERK-pAKT plane. The population distributions of pERK

and pAKT are shown in the subpanel top and right (gray histograms). The same histogram includes a graph (green curves) of the%S calculated from cells located

in the green band (orthogonal to the boundary shown in Figure 1F).

(B) Evidence of an invariant 2D signaling response map that determines proliferative cell fate. Proliferation changes were analyzed as shown in (A) from cells

treated with different stimuli. The analysis only included cells located within the green band. In (A) and (B), data are mean ± 95% bootstrap confidence interval.

(C) The proliferative status is better predicted by the 2D response map compared to pERK level shown in Figure 1E (bottom). The %S was compared for the

10 percentile of cells farthest above (Low) and below (High) the boundary. Inset shows the schematic diagram of the analysis region. Data are shown as the

mean ± SD of five replicate wells.

(D) Heat-map analysis showing proliferation (top) and differentiation (bottom) as a function of ERK and AKT activity at a single-cell level after 24 hr of NGF

stimulation. %S was quantified as shown in Figure 1F. Quantification of the integrated single-cell neurite parameter was achieved by measuring the presence of

neurites proximal to the cell body of each cell and calculatingmean neurite intensity for each cell as a function of pERK and pAKT levels. Each bin contains at least

300 cells.

(E) Different directions and amplitudes of pERK-pAKT activity vectors correlate with cell fates. The schematic also shows a quiescent state for low pERK and

pAKT levels. EGF andNGF not only trigger different amplitudes of signal activation but also have different directions of pERK-pAKT activity vector in the 2D plane.
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Figure 3. siRNA Perturbation Analysis Validates the Use of the Signaling Response Map to Predict Cell Fate
(A) Protocol used to screen for siRNAs that change the fraction of proliferating and differentiating cells.

(B) Knockdown images of selected genes identified in the siRNA screen of regulators of NGF-induced differentiation. Arf5 reduces differentiation and Tao1K

increases differentiation. The scale bar represents 40 mm.

(C) Perturbation analysis with 54 siRNAs showing the correlation between proliferation and the induction of differentiation (data were from duplicate wells; robust

z score, the median absolute deviation from the control median).

(D) NGF signaling scheme and the corresponding secondary assays used to link different signaling processes to differentiation.

(E) Perturbation parameter cross-correlation analysis showing that the 24 hr pERK is the most predictive parameter for neurite extension (Nrt) and proliferation

(%S), both measured at 48 hr. All 54 siRNAs were used for the analysis. ERK50, ERK1h, and ERK24h denote measurements of pERK at 5 min, 1 hr, and 24 hr after

NGF stimulation. EGR1 is the induction of the early growth response 1 transcription factor. ‘‘AKT24h’’ represents AKT phosphorylation at 24 hr of NGF stimulation.

Color bar represents the cross-correlation values (Pearson’s correlation coefficients).
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Figure 3. siRNA Perturbation Analysis Validates the Use of the Signaling Response Map to Predict Cell Fate
(A) Protocol used to screen for siRNAs that change the fraction of proliferating and differentiating cells.

(B) Knockdown images of selected genes identified in the siRNA screen of regulators of NGF-induced differentiation. Arf5 reduces differentiation and Tao1K

increases differentiation. The scale bar represents 40 mm.

(C) Perturbation analysis with 54 siRNAs showing the correlation between proliferation and the induction of differentiation (data were from duplicate wells; robust

z score, the median absolute deviation from the control median).

(D) NGF signaling scheme and the corresponding secondary assays used to link different signaling processes to differentiation.

(E) Perturbation parameter cross-correlation analysis showing that the 24 hr pERK is the most predictive parameter for neurite extension (Nrt) and proliferation

(%S), both measured at 48 hr. All 54 siRNAs were used for the analysis. ERK50, ERK1h, and ERK24h denote measurements of pERK at 5 min, 1 hr, and 24 hr after

NGF stimulation. EGR1 is the induction of the early growth response 1 transcription factor. ‘‘AKT24h’’ represents AKT phosphorylation at 24 hr of NGF stimulation.

Color bar represents the cross-correlation values (Pearson’s correlation coefficients).
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Figure 3. siRNA Perturbation Analysis Validates the Use of the Signaling Response Map to Predict Cell Fate
(A) Protocol used to screen for siRNAs that change the fraction of proliferating and differentiating cells.

(B) Knockdown images of selected genes identified in the siRNA screen of regulators of NGF-induced differentiation. Arf5 reduces differentiation and Tao1K

increases differentiation. The scale bar represents 40 mm.

(C) Perturbation analysis with 54 siRNAs showing the correlation between proliferation and the induction of differentiation (data were from duplicate wells; robust

z score, the median absolute deviation from the control median).

(D) NGF signaling scheme and the corresponding secondary assays used to link different signaling processes to differentiation.

(E) Perturbation parameter cross-correlation analysis showing that the 24 hr pERK is the most predictive parameter for neurite extension (Nrt) and proliferation

(%S), both measured at 48 hr. All 54 siRNAs were used for the analysis. ERK50, ERK1h, and ERK24h denote measurements of pERK at 5 min, 1 hr, and 24 hr after

NGF stimulation. EGR1 is the induction of the early growth response 1 transcription factor. ‘‘AKT24h’’ represents AKT phosphorylation at 24 hr of NGF stimulation.

Color bar represents the cross-correlation values (Pearson’s correlation coefficients).
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Figure 3. siRNA Perturbation Analysis Validates the Use of the Signaling Response Map to Predict Cell Fate
(A) Protocol used to screen for siRNAs that change the fraction of proliferating and differentiating cells.

(B) Knockdown images of selected genes identified in the siRNA screen of regulators of NGF-induced differentiation. Arf5 reduces differentiation and Tao1K

increases differentiation. The scale bar represents 40 mm.

(C) Perturbation analysis with 54 siRNAs showing the correlation between proliferation and the induction of differentiation (data were from duplicate wells; robust

z score, the median absolute deviation from the control median).

(D) NGF signaling scheme and the corresponding secondary assays used to link different signaling processes to differentiation.

(E) Perturbation parameter cross-correlation analysis showing that the 24 hr pERK is the most predictive parameter for neurite extension (Nrt) and proliferation

(%S), both measured at 48 hr. All 54 siRNAs were used for the analysis. ERK50, ERK1h, and ERK24h denote measurements of pERK at 5 min, 1 hr, and 24 hr after

NGF stimulation. EGR1 is the induction of the early growth response 1 transcription factor. ‘‘AKT24h’’ represents AKT phosphorylation at 24 hr of NGF stimulation.

Color bar represents the cross-correlation values (Pearson’s correlation coefficients).

Molecular Cell

Cell Fate-Signaling Code

200 Molecular Cell 45, 196–209, January 27, 2012 ª2012 Elsevier Inc.

Figure 4. The Cell-Fate Decision Is in Part Mediated by pERK and pAKT-Control of Cyclin D1 Protein Stability
(A) Quantitative analysis of the effect of cyclin D1/D3 single and coknockdown on proliferation. siRNA-treated cells were stimulated with NGF for 24 hr before

analysis (mean ± SD of triplicate wells).

(B) Heat-map analysis of the cyclinD1/D3 knockdown effect on pERK-pAKT signaling and proliferation. The knockdown (right) shifted the boundary to the top-left

between the differentiation and proliferation regions without significantly changing the pERK and pAKT distribution itself. Assays were performed as described in

Figures 1D and 1F.

(C) Evidence of the boundary shift with cyclin D1/D3 coknockdown. Proliferation changes were calculated from cells located in the region orthogonal to the

boundary as shown in Figure 2A (mean ± 95% bootstrap confidence interval).

(D) Time courses of the effects of PI3K (LY294002) and MEK inhibition (U0126) on cyclin D1 protein levels. LY294002 (12.5 mM) or U0126 (10 mM) was added at

24 hr after NGF stimulation for different lengths of time as indicated before immunostaining. Cyclin D1 levels were measured by automated image analysis

(mean ± SD of triplicate wells).

(E) Dose effects of U0126 and LY294002 on cyclin D1 protein level changes. Cells were treated with increasing doses of U0126 or LY294002 together with

NGF for 4 hr.

(F) Knockdown of AKT or ERK mimics the LY294002 and U0126 drug effects on cyclin D1 protein level changes. Knockdown cells were subjected to 24 hr of

NGF stimulation before analysis.

(G) The opposing regulation of cyclin D1 protein level by LY294002 and U0126 is proteasome-dependent. Cells were stimulated with NGF for 4 hr with the drug

combination as indicated. MG132 was used at 50 mM. LY294002 and U0126 were used at 12.5 mM and 10 mM, respectively.

(H) Schematics of signaling diagram showing cyclin D1 as one of the downstream mediators linking the pERK-pAKT response map to cell fates.

See also Figure S2.
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Figure 1. Identification of a Two-Dimensional pERK and pAKT Signaling Response Map
(A) Schematics of growth factors (GFs) induced receptor signaling. RTKs, receptor tyrosine kinases. Inhibitors used in the study are marked in red.

(B) Automated image analysis of differentiation and proliferation after 24 hr of NGF treatment. Representative images used for the analysis are shown. Left:

Detected neurites (white) were superimposed over a merged tubulin and BrdU-stained image. Right: Overlay of BrdU and DNA-stained image. The scale bar

represents 40 mm.

(C) Time courses of differentiation and proliferation after NGF stimulation (mean ± SD of triplicate wells).

(D) Automated image analysis monitors pAKT, pERK and proliferation after 24 hr of NGF treatment.

(E) Single-cell analysis of pERK level versus the fraction of cells in S phase shows only little correlation. The percent of cells in S phase (%S) was calculated for

equally spaced bins of the ERK activity (top, mean ± 95% bootstrap confidence interval) or from the bottom and top 10 percentile of the ERK activity (bottom,

mean ± SD of five replicate wells) after NGF stimulation for 24 hr.

(F) Heat-map analysis of pERK-pAKT signaling and proliferation shows a clear boundary between proliferation and differentiation regions. Contour plots of cell

density are shown in the lower panels. The %S was calculated for equally spaced bins of the ERK and AKT activity and is marked in a color code. Cells were left

untreated (mock) or stimulated as indicated for 24 hr before analysis. U0126 and LY294002were addedwith NGF for 24 hr at 3.3 mMand 6.3 mM, respectively. The

boundary (green line) was drawn across the black colored bins on the NGF heat map and overlaid on top of other plots. Each panel contains!40,000 cells. Note

that due to day-to-day staining and imaging variations, the boundary position compares experiments done at the same time.
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Figure 4. The Cell-Fate Decision Is in Part Mediated by pERK and pAKT-Control of Cyclin D1 Protein Stability
(A) Quantitative analysis of the effect of cyclin D1/D3 single and coknockdown on proliferation. siRNA-treated cells were stimulated with NGF for 24 hr before

analysis (mean ± SD of triplicate wells).

(B) Heat-map analysis of the cyclinD1/D3 knockdown effect on pERK-pAKT signaling and proliferation. The knockdown (right) shifted the boundary to the top-left

between the differentiation and proliferation regions without significantly changing the pERK and pAKT distribution itself. Assays were performed as described in

Figures 1D and 1F.

(C) Evidence of the boundary shift with cyclin D1/D3 coknockdown. Proliferation changes were calculated from cells located in the region orthogonal to the

boundary as shown in Figure 2A (mean ± 95% bootstrap confidence interval).

(D) Time courses of the effects of PI3K (LY294002) and MEK inhibition (U0126) on cyclin D1 protein levels. LY294002 (12.5 mM) or U0126 (10 mM) was added at

24 hr after NGF stimulation for different lengths of time as indicated before immunostaining. Cyclin D1 levels were measured by automated image analysis

(mean ± SD of triplicate wells).

(E) Dose effects of U0126 and LY294002 on cyclin D1 protein level changes. Cells were treated with increasing doses of U0126 or LY294002 together with

NGF for 4 hr.

(F) Knockdown of AKT or ERK mimics the LY294002 and U0126 drug effects on cyclin D1 protein level changes. Knockdown cells were subjected to 24 hr of

NGF stimulation before analysis.

(G) The opposing regulation of cyclin D1 protein level by LY294002 and U0126 is proteasome-dependent. Cells were stimulated with NGF for 4 hr with the drug

combination as indicated. MG132 was used at 50 mM. LY294002 and U0126 were used at 12.5 mM and 10 mM, respectively.

(H) Schematics of signaling diagram showing cyclin D1 as one of the downstream mediators linking the pERK-pAKT response map to cell fates.

See also Figure S2.
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Figure 3. siRNA Perturbation Analysis Validates the Use of the Signaling Response Map to Predict Cell Fate
(A) Protocol used to screen for siRNAs that change the fraction of proliferating and differentiating cells.

(B) Knockdown images of selected genes identified in the siRNA screen of regulators of NGF-induced differentiation. Arf5 reduces differentiation and Tao1K

increases differentiation. The scale bar represents 40 mm.

(C) Perturbation analysis with 54 siRNAs showing the correlation between proliferation and the induction of differentiation (data were from duplicate wells; robust

z score, the median absolute deviation from the control median).

(D) NGF signaling scheme and the corresponding secondary assays used to link different signaling processes to differentiation.

(E) Perturbation parameter cross-correlation analysis showing that the 24 hr pERK is the most predictive parameter for neurite extension (Nrt) and proliferation

(%S), both measured at 48 hr. All 54 siRNAs were used for the analysis. ERK50, ERK1h, and ERK24h denote measurements of pERK at 5 min, 1 hr, and 24 hr after

NGF stimulation. EGR1 is the induction of the early growth response 1 transcription factor. ‘‘AKT24h’’ represents AKT phosphorylation at 24 hr of NGF stimulation.

Color bar represents the cross-correlation values (Pearson’s correlation coefficients).
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Figure 4. The Cell-Fate Decision Is in Part Mediated by pERK and pAKT-Control of Cyclin D1 Protein Stability
(A) Quantitative analysis of the effect of cyclin D1/D3 single and coknockdown on proliferation. siRNA-treated cells were stimulated with NGF for 24 hr before

analysis (mean ± SD of triplicate wells).

(B) Heat-map analysis of the cyclinD1/D3 knockdown effect on pERK-pAKT signaling and proliferation. The knockdown (right) shifted the boundary to the top-left

between the differentiation and proliferation regions without significantly changing the pERK and pAKT distribution itself. Assays were performed as described in

Figures 1D and 1F.

(C) Evidence of the boundary shift with cyclin D1/D3 coknockdown. Proliferation changes were calculated from cells located in the region orthogonal to the

boundary as shown in Figure 2A (mean ± 95% bootstrap confidence interval).

(D) Time courses of the effects of PI3K (LY294002) and MEK inhibition (U0126) on cyclin D1 protein levels. LY294002 (12.5 mM) or U0126 (10 mM) was added at

24 hr after NGF stimulation for different lengths of time as indicated before immunostaining. Cyclin D1 levels were measured by automated image analysis

(mean ± SD of triplicate wells).

(E) Dose effects of U0126 and LY294002 on cyclin D1 protein level changes. Cells were treated with increasing doses of U0126 or LY294002 together with

NGF for 4 hr.

(F) Knockdown of AKT or ERK mimics the LY294002 and U0126 drug effects on cyclin D1 protein level changes. Knockdown cells were subjected to 24 hr of

NGF stimulation before analysis.

(G) The opposing regulation of cyclin D1 protein level by LY294002 and U0126 is proteasome-dependent. Cells were stimulated with NGF for 4 hr with the drug

combination as indicated. MG132 was used at 50 mM. LY294002 and U0126 were used at 12.5 mM and 10 mM, respectively.

(H) Schematics of signaling diagram showing cyclin D1 as one of the downstream mediators linking the pERK-pAKT response map to cell fates.

See also Figure S2.
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Figure 4. The Cell-Fate Decision Is in Part Mediated by pERK and pAKT-Control of Cyclin D1 Protein Stability
(A) Quantitative analysis of the effect of cyclin D1/D3 single and coknockdown on proliferation. siRNA-treated cells were stimulated with NGF for 24 hr before

analysis (mean ± SD of triplicate wells).

(B) Heat-map analysis of the cyclinD1/D3 knockdown effect on pERK-pAKT signaling and proliferation. The knockdown (right) shifted the boundary to the top-left

between the differentiation and proliferation regions without significantly changing the pERK and pAKT distribution itself. Assays were performed as described in

Figures 1D and 1F.

(C) Evidence of the boundary shift with cyclin D1/D3 coknockdown. Proliferation changes were calculated from cells located in the region orthogonal to the

boundary as shown in Figure 2A (mean ± 95% bootstrap confidence interval).

(D) Time courses of the effects of PI3K (LY294002) and MEK inhibition (U0126) on cyclin D1 protein levels. LY294002 (12.5 mM) or U0126 (10 mM) was added at

24 hr after NGF stimulation for different lengths of time as indicated before immunostaining. Cyclin D1 levels were measured by automated image analysis

(mean ± SD of triplicate wells).

(E) Dose effects of U0126 and LY294002 on cyclin D1 protein level changes. Cells were treated with increasing doses of U0126 or LY294002 together with

NGF for 4 hr.

(F) Knockdown of AKT or ERK mimics the LY294002 and U0126 drug effects on cyclin D1 protein level changes. Knockdown cells were subjected to 24 hr of

NGF stimulation before analysis.

(G) The opposing regulation of cyclin D1 protein level by LY294002 and U0126 is proteasome-dependent. Cells were stimulated with NGF for 4 hr with the drug

combination as indicated. MG132 was used at 50 mM. LY294002 and U0126 were used at 12.5 mM and 10 mM, respectively.

(H) Schematics of signaling diagram showing cyclin D1 as one of the downstream mediators linking the pERK-pAKT response map to cell fates.

See also Figure S2.
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Figure 4. The Cell-Fate Decision Is in Part Mediated by pERK and pAKT-Control of Cyclin D1 Protein Stability
(A) Quantitative analysis of the effect of cyclin D1/D3 single and coknockdown on proliferation. siRNA-treated cells were stimulated with NGF for 24 hr before

analysis (mean ± SD of triplicate wells).

(B) Heat-map analysis of the cyclinD1/D3 knockdown effect on pERK-pAKT signaling and proliferation. The knockdown (right) shifted the boundary to the top-left

between the differentiation and proliferation regions without significantly changing the pERK and pAKT distribution itself. Assays were performed as described in

Figures 1D and 1F.

(C) Evidence of the boundary shift with cyclin D1/D3 coknockdown. Proliferation changes were calculated from cells located in the region orthogonal to the

boundary as shown in Figure 2A (mean ± 95% bootstrap confidence interval).

(D) Time courses of the effects of PI3K (LY294002) and MEK inhibition (U0126) on cyclin D1 protein levels. LY294002 (12.5 mM) or U0126 (10 mM) was added at

24 hr after NGF stimulation for different lengths of time as indicated before immunostaining. Cyclin D1 levels were measured by automated image analysis

(mean ± SD of triplicate wells).

(E) Dose effects of U0126 and LY294002 on cyclin D1 protein level changes. Cells were treated with increasing doses of U0126 or LY294002 together with

NGF for 4 hr.

(F) Knockdown of AKT or ERK mimics the LY294002 and U0126 drug effects on cyclin D1 protein level changes. Knockdown cells were subjected to 24 hr of

NGF stimulation before analysis.

(G) The opposing regulation of cyclin D1 protein level by LY294002 and U0126 is proteasome-dependent. Cells were stimulated with NGF for 4 hr with the drug

combination as indicated. MG132 was used at 50 mM. LY294002 and U0126 were used at 12.5 mM and 10 mM, respectively.

(H) Schematics of signaling diagram showing cyclin D1 as one of the downstream mediators linking the pERK-pAKT response map to cell fates.

See also Figure S2.
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Figure 4. The Cell-Fate Decision Is in Part Mediated by pERK and pAKT-Control of Cyclin D1 Protein Stability
(A) Quantitative analysis of the effect of cyclin D1/D3 single and coknockdown on proliferation. siRNA-treated cells were stimulated with NGF for 24 hr before

analysis (mean ± SD of triplicate wells).

(B) Heat-map analysis of the cyclinD1/D3 knockdown effect on pERK-pAKT signaling and proliferation. The knockdown (right) shifted the boundary to the top-left

between the differentiation and proliferation regions without significantly changing the pERK and pAKT distribution itself. Assays were performed as described in

Figures 1D and 1F.

(C) Evidence of the boundary shift with cyclin D1/D3 coknockdown. Proliferation changes were calculated from cells located in the region orthogonal to the

boundary as shown in Figure 2A (mean ± 95% bootstrap confidence interval).

(D) Time courses of the effects of PI3K (LY294002) and MEK inhibition (U0126) on cyclin D1 protein levels. LY294002 (12.5 mM) or U0126 (10 mM) was added at

24 hr after NGF stimulation for different lengths of time as indicated before immunostaining. Cyclin D1 levels were measured by automated image analysis

(mean ± SD of triplicate wells).

(E) Dose effects of U0126 and LY294002 on cyclin D1 protein level changes. Cells were treated with increasing doses of U0126 or LY294002 together with

NGF for 4 hr.

(F) Knockdown of AKT or ERK mimics the LY294002 and U0126 drug effects on cyclin D1 protein level changes. Knockdown cells were subjected to 24 hr of

NGF stimulation before analysis.

(G) The opposing regulation of cyclin D1 protein level by LY294002 and U0126 is proteasome-dependent. Cells were stimulated with NGF for 4 hr with the drug

combination as indicated. MG132 was used at 50 mM. LY294002 and U0126 were used at 12.5 mM and 10 mM, respectively.

(H) Schematics of signaling diagram showing cyclin D1 as one of the downstream mediators linking the pERK-pAKT response map to cell fates.

See also Figure S2.
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Figure 4. The Cell-Fate Decision Is in Part Mediated by pERK and pAKT-Control of Cyclin D1 Protein Stability
(A) Quantitative analysis of the effect of cyclin D1/D3 single and coknockdown on proliferation. siRNA-treated cells were stimulated with NGF for 24 hr before

analysis (mean ± SD of triplicate wells).

(B) Heat-map analysis of the cyclinD1/D3 knockdown effect on pERK-pAKT signaling and proliferation. The knockdown (right) shifted the boundary to the top-left

between the differentiation and proliferation regions without significantly changing the pERK and pAKT distribution itself. Assays were performed as described in

Figures 1D and 1F.

(C) Evidence of the boundary shift with cyclin D1/D3 coknockdown. Proliferation changes were calculated from cells located in the region orthogonal to the

boundary as shown in Figure 2A (mean ± 95% bootstrap confidence interval).

(D) Time courses of the effects of PI3K (LY294002) and MEK inhibition (U0126) on cyclin D1 protein levels. LY294002 (12.5 mM) or U0126 (10 mM) was added at

24 hr after NGF stimulation for different lengths of time as indicated before immunostaining. Cyclin D1 levels were measured by automated image analysis

(mean ± SD of triplicate wells).

(E) Dose effects of U0126 and LY294002 on cyclin D1 protein level changes. Cells were treated with increasing doses of U0126 or LY294002 together with

NGF for 4 hr.

(F) Knockdown of AKT or ERK mimics the LY294002 and U0126 drug effects on cyclin D1 protein level changes. Knockdown cells were subjected to 24 hr of

NGF stimulation before analysis.

(G) The opposing regulation of cyclin D1 protein level by LY294002 and U0126 is proteasome-dependent. Cells were stimulated with NGF for 4 hr with the drug

combination as indicated. MG132 was used at 50 mM. LY294002 and U0126 were used at 12.5 mM and 10 mM, respectively.

(H) Schematics of signaling diagram showing cyclin D1 as one of the downstream mediators linking the pERK-pAKT response map to cell fates.

See also Figure S2.
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Figure 4. The Cell-Fate Decision Is in Part Mediated by pERK and pAKT-Control of Cyclin D1 Protein Stability
(A) Quantitative analysis of the effect of cyclin D1/D3 single and coknockdown on proliferation. siRNA-treated cells were stimulated with NGF for 24 hr before

analysis (mean ± SD of triplicate wells).

(B) Heat-map analysis of the cyclinD1/D3 knockdown effect on pERK-pAKT signaling and proliferation. The knockdown (right) shifted the boundary to the top-left

between the differentiation and proliferation regions without significantly changing the pERK and pAKT distribution itself. Assays were performed as described in

Figures 1D and 1F.

(C) Evidence of the boundary shift with cyclin D1/D3 coknockdown. Proliferation changes were calculated from cells located in the region orthogonal to the

boundary as shown in Figure 2A (mean ± 95% bootstrap confidence interval).

(D) Time courses of the effects of PI3K (LY294002) and MEK inhibition (U0126) on cyclin D1 protein levels. LY294002 (12.5 mM) or U0126 (10 mM) was added at

24 hr after NGF stimulation for different lengths of time as indicated before immunostaining. Cyclin D1 levels were measured by automated image analysis

(mean ± SD of triplicate wells).

(E) Dose effects of U0126 and LY294002 on cyclin D1 protein level changes. Cells were treated with increasing doses of U0126 or LY294002 together with

NGF for 4 hr.

(F) Knockdown of AKT or ERK mimics the LY294002 and U0126 drug effects on cyclin D1 protein level changes. Knockdown cells were subjected to 24 hr of

NGF stimulation before analysis.

(G) The opposing regulation of cyclin D1 protein level by LY294002 and U0126 is proteasome-dependent. Cells were stimulated with NGF for 4 hr with the drug

combination as indicated. MG132 was used at 50 mM. LY294002 and U0126 were used at 12.5 mM and 10 mM, respectively.

(H) Schematics of signaling diagram showing cyclin D1 as one of the downstream mediators linking the pERK-pAKT response map to cell fates.

See also Figure S2.
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Figure 4. The Cell-Fate Decision Is in Part Mediated by pERK and pAKT-Control of Cyclin D1 Protein Stability
(A) Quantitative analysis of the effect of cyclin D1/D3 single and coknockdown on proliferation. siRNA-treated cells were stimulated with NGF for 24 hr before

analysis (mean ± SD of triplicate wells).

(B) Heat-map analysis of the cyclinD1/D3 knockdown effect on pERK-pAKT signaling and proliferation. The knockdown (right) shifted the boundary to the top-left

between the differentiation and proliferation regions without significantly changing the pERK and pAKT distribution itself. Assays were performed as described in

Figures 1D and 1F.

(C) Evidence of the boundary shift with cyclin D1/D3 coknockdown. Proliferation changes were calculated from cells located in the region orthogonal to the

boundary as shown in Figure 2A (mean ± 95% bootstrap confidence interval).

(D) Time courses of the effects of PI3K (LY294002) and MEK inhibition (U0126) on cyclin D1 protein levels. LY294002 (12.5 mM) or U0126 (10 mM) was added at

24 hr after NGF stimulation for different lengths of time as indicated before immunostaining. Cyclin D1 levels were measured by automated image analysis

(mean ± SD of triplicate wells).

(E) Dose effects of U0126 and LY294002 on cyclin D1 protein level changes. Cells were treated with increasing doses of U0126 or LY294002 together with

NGF for 4 hr.

(F) Knockdown of AKT or ERK mimics the LY294002 and U0126 drug effects on cyclin D1 protein level changes. Knockdown cells were subjected to 24 hr of

NGF stimulation before analysis.

(G) The opposing regulation of cyclin D1 protein level by LY294002 and U0126 is proteasome-dependent. Cells were stimulated with NGF for 4 hr with the drug

combination as indicated. MG132 was used at 50 mM. LY294002 and U0126 were used at 12.5 mM and 10 mM, respectively.

(H) Schematics of signaling diagram showing cyclin D1 as one of the downstream mediators linking the pERK-pAKT response map to cell fates.

See also Figure S2.
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Figure 4. The Cell-Fate Decision Is in Part Mediated by pERK and pAKT-Control of Cyclin D1 Protein Stability
(A) Quantitative analysis of the effect of cyclin D1/D3 single and coknockdown on proliferation. siRNA-treated cells were stimulated with NGF for 24 hr before

analysis (mean ± SD of triplicate wells).

(B) Heat-map analysis of the cyclinD1/D3 knockdown effect on pERK-pAKT signaling and proliferation. The knockdown (right) shifted the boundary to the top-left

between the differentiation and proliferation regions without significantly changing the pERK and pAKT distribution itself. Assays were performed as described in

Figures 1D and 1F.

(C) Evidence of the boundary shift with cyclin D1/D3 coknockdown. Proliferation changes were calculated from cells located in the region orthogonal to the

boundary as shown in Figure 2A (mean ± 95% bootstrap confidence interval).

(D) Time courses of the effects of PI3K (LY294002) and MEK inhibition (U0126) on cyclin D1 protein levels. LY294002 (12.5 mM) or U0126 (10 mM) was added at

24 hr after NGF stimulation for different lengths of time as indicated before immunostaining. Cyclin D1 levels were measured by automated image analysis

(mean ± SD of triplicate wells).

(E) Dose effects of U0126 and LY294002 on cyclin D1 protein level changes. Cells were treated with increasing doses of U0126 or LY294002 together with

NGF for 4 hr.

(F) Knockdown of AKT or ERK mimics the LY294002 and U0126 drug effects on cyclin D1 protein level changes. Knockdown cells were subjected to 24 hr of

NGF stimulation before analysis.

(G) The opposing regulation of cyclin D1 protein level by LY294002 and U0126 is proteasome-dependent. Cells were stimulated with NGF for 4 hr with the drug

combination as indicated. MG132 was used at 50 mM. LY294002 and U0126 were used at 12.5 mM and 10 mM, respectively.

(H) Schematics of signaling diagram showing cyclin D1 as one of the downstream mediators linking the pERK-pAKT response map to cell fates.

See also Figure S2.
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Figure 4. The Cell-Fate Decision Is in Part Mediated by pERK and pAKT-Control of Cyclin D1 Protein Stability
(A) Quantitative analysis of the effect of cyclin D1/D3 single and coknockdown on proliferation. siRNA-treated cells were stimulated with NGF for 24 hr before

analysis (mean ± SD of triplicate wells).

(B) Heat-map analysis of the cyclinD1/D3 knockdown effect on pERK-pAKT signaling and proliferation. The knockdown (right) shifted the boundary to the top-left

between the differentiation and proliferation regions without significantly changing the pERK and pAKT distribution itself. Assays were performed as described in

Figures 1D and 1F.

(C) Evidence of the boundary shift with cyclin D1/D3 coknockdown. Proliferation changes were calculated from cells located in the region orthogonal to the

boundary as shown in Figure 2A (mean ± 95% bootstrap confidence interval).

(D) Time courses of the effects of PI3K (LY294002) and MEK inhibition (U0126) on cyclin D1 protein levels. LY294002 (12.5 mM) or U0126 (10 mM) was added at

24 hr after NGF stimulation for different lengths of time as indicated before immunostaining. Cyclin D1 levels were measured by automated image analysis

(mean ± SD of triplicate wells).

(E) Dose effects of U0126 and LY294002 on cyclin D1 protein level changes. Cells were treated with increasing doses of U0126 or LY294002 together with

NGF for 4 hr.

(F) Knockdown of AKT or ERK mimics the LY294002 and U0126 drug effects on cyclin D1 protein level changes. Knockdown cells were subjected to 24 hr of

NGF stimulation before analysis.

(G) The opposing regulation of cyclin D1 protein level by LY294002 and U0126 is proteasome-dependent. Cells were stimulated with NGF for 4 hr with the drug

combination as indicated. MG132 was used at 50 mM. LY294002 and U0126 were used at 12.5 mM and 10 mM, respectively.

(H) Schematics of signaling diagram showing cyclin D1 as one of the downstream mediators linking the pERK-pAKT response map to cell fates.

See also Figure S2.
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Figure S2.  Reciprocal Regulation of Cyclin D1 Protein Stability through 
MEK/ERK and PI3K/AKT Signaling Pathways, Related to Figure 4 

(A)  Cells with the indicated siRNA knockdowns were harvested after 60 h of 
transfection and protein levels were assessed by western blotting.  (B) Cyclin D1 protein 
levels were lowered by LY294002 treatment and increased upon U0126 treatment. Cells 
were left unstimulated or treated with NGF together with the indicated drugs at 4, 12 or 
24 hours.  LY294002 and U0126 were used at 12.5 µM and 10 µM, respectively.  (C)  
Cyclin D1 undergoes proteasome-dependent degradation upon AKT inhibitor (MK-2206) 
treatment. Cells were subjected to the indicated drug combination together with NGF for 
4 hours.  MG132 was used at 50 µM.  (D) LY294002 reduces while U0126 enhances 
cyclin D1 protein stability.  Cells were mock-treated or treated with LY294002 (12.5 µM) 
or U0126 (10 µM) together with cycloheximide (CHX, 100 ȝM) for 2 hours in the 
presence of NGF. 
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Take-home IV.
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(A) Quantitative analysis of the effect of cyclin D1/D3 single and coknockdown on proliferation. siRNA-treated cells were stimulated with NGF for 24 hr before

analysis (mean ± SD of triplicate wells).

(B) Heat-map analysis of the cyclinD1/D3 knockdown effect on pERK-pAKT signaling and proliferation. The knockdown (right) shifted the boundary to the top-left

between the differentiation and proliferation regions without significantly changing the pERK and pAKT distribution itself. Assays were performed as described in

Figures 1D and 1F.

(C) Evidence of the boundary shift with cyclin D1/D3 coknockdown. Proliferation changes were calculated from cells located in the region orthogonal to the

boundary as shown in Figure 2A (mean ± 95% bootstrap confidence interval).

(D) Time courses of the effects of PI3K (LY294002) and MEK inhibition (U0126) on cyclin D1 protein levels. LY294002 (12.5 mM) or U0126 (10 mM) was added at

24 hr after NGF stimulation for different lengths of time as indicated before immunostaining. Cyclin D1 levels were measured by automated image analysis

(mean ± SD of triplicate wells).

(E) Dose effects of U0126 and LY294002 on cyclin D1 protein level changes. Cells were treated with increasing doses of U0126 or LY294002 together with

NGF for 4 hr.

(F) Knockdown of AKT or ERK mimics the LY294002 and U0126 drug effects on cyclin D1 protein level changes. Knockdown cells were subjected to 24 hr of

NGF stimulation before analysis.

(G) The opposing regulation of cyclin D1 protein level by LY294002 and U0126 is proteasome-dependent. Cells were stimulated with NGF for 4 hr with the drug

combination as indicated. MG132 was used at 50 mM. LY294002 and U0126 were used at 12.5 mM and 10 mM, respectively.

(H) Schematics of signaling diagram showing cyclin D1 as one of the downstream mediators linking the pERK-pAKT response map to cell fates.

See also Figure S2.
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Figure 5. Rasa2 Increases the Number of Proliferating Cells after NGF Stimulation by Adding a Negative Feedback fromPI3K to Ras and ERK
Signaling
(A) Heat-map analysis of PTEN and TrkA siRNA effects on pERK-pAKT signaling and proliferation. Assays were performed as described in Figure 1F.

(B) Changes in PIP3 levels cause a shift of the activation vector orthogonal to NGF activation. Data from Figures 1F and 5A were normalized to their respective

control and plotted together with robust z score units. The large ovals represent the population distributions and the small filled circles represent the centroids of

each population.

(C) Domain structure of Rasa2.

(D) Quantitative analysis of the effect of Rasa2 knockdown on reducing proliferation and increasing differentiation (mean ± SD of triplicate wells).

(E) Heat-map analysis of the Rasa2 siRNA-mediated shift of the population distribution toward higher pERK levels. Assays were performed as described in

Figure 1F. The boundary was drawn according to control cells.

(F) Membrane localization of endogenous Rasa2. Cells after 24h of NGF stimulation were left untreated (left) or treated with PI3K inhibitor (LY294002 at 25 mM) for

5 min before subjected to Rasa2 antibody staining. The scale bar represents 10 mm.
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Upstream - PIP3 shifts the NGF treated 
population into the proliferation “region”

Figure 5. Rasa2 Increases the Number of Proliferating Cells after NGF Stimulation by Adding a Negative Feedback fromPI3K to Ras and ERK
Signaling
(A) Heat-map analysis of PTEN and TrkA siRNA effects on pERK-pAKT signaling and proliferation. Assays were performed as described in Figure 1F.

(B) Changes in PIP3 levels cause a shift of the activation vector orthogonal to NGF activation. Data from Figures 1F and 5A were normalized to their respective

control and plotted together with robust z score units. The large ovals represent the population distributions and the small filled circles represent the centroids of

each population.

(C) Domain structure of Rasa2.

(D) Quantitative analysis of the effect of Rasa2 knockdown on reducing proliferation and increasing differentiation (mean ± SD of triplicate wells).

(E) Heat-map analysis of the Rasa2 siRNA-mediated shift of the population distribution toward higher pERK levels. Assays were performed as described in

Figure 1F. The boundary was drawn according to control cells.

(F) Membrane localization of endogenous Rasa2. Cells after 24h of NGF stimulation were left untreated (left) or treated with PI3K inhibitor (LY294002 at 25 mM) for

5 min before subjected to Rasa2 antibody staining. The scale bar represents 10 mm.
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Figure 3. siRNA Perturbation Analysis Validates the Use of the Signaling Response Map to Predict Cell Fate
(A) Protocol used to screen for siRNAs that change the fraction of proliferating and differentiating cells.

(B) Knockdown images of selected genes identified in the siRNA screen of regulators of NGF-induced differentiation. Arf5 reduces differentiation and Tao1K

increases differentiation. The scale bar represents 40 mm.

(C) Perturbation analysis with 54 siRNAs showing the correlation between proliferation and the induction of differentiation (data were from duplicate wells; robust

z score, the median absolute deviation from the control median).

(D) NGF signaling scheme and the corresponding secondary assays used to link different signaling processes to differentiation.

(E) Perturbation parameter cross-correlation analysis showing that the 24 hr pERK is the most predictive parameter for neurite extension (Nrt) and proliferation

(%S), both measured at 48 hr. All 54 siRNAs were used for the analysis. ERK50, ERK1h, and ERK24h denote measurements of pERK at 5 min, 1 hr, and 24 hr after

NGF stimulation. EGR1 is the induction of the early growth response 1 transcription factor. ‘‘AKT24h’’ represents AKT phosphorylation at 24 hr of NGF stimulation.

Color bar represents the cross-correlation values (Pearson’s correlation coefficients).
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Figure 5. Rasa2 Increases the Number of Proliferating Cells after NGF Stimulation by Adding a Negative Feedback fromPI3K to Ras and ERK
Signaling
(A) Heat-map analysis of PTEN and TrkA siRNA effects on pERK-pAKT signaling and proliferation. Assays were performed as described in Figure 1F.

(B) Changes in PIP3 levels cause a shift of the activation vector orthogonal to NGF activation. Data from Figures 1F and 5A were normalized to their respective

control and plotted together with robust z score units. The large ovals represent the population distributions and the small filled circles represent the centroids of

each population.

(C) Domain structure of Rasa2.

(D) Quantitative analysis of the effect of Rasa2 knockdown on reducing proliferation and increasing differentiation (mean ± SD of triplicate wells).

(E) Heat-map analysis of the Rasa2 siRNA-mediated shift of the population distribution toward higher pERK levels. Assays were performed as described in

Figure 1F. The boundary was drawn according to control cells.

(F) Membrane localization of endogenous Rasa2. Cells after 24h of NGF stimulation were left untreated (left) or treated with PI3K inhibitor (LY294002 at 25 mM) for

5 min before subjected to Rasa2 antibody staining. The scale bar represents 10 mm.
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Figure 5. Rasa2 Increases the Number of Proliferating Cells after NGF Stimulation by Adding a Negative Feedback fromPI3K to Ras and ERK
Signaling
(A) Heat-map analysis of PTEN and TrkA siRNA effects on pERK-pAKT signaling and proliferation. Assays were performed as described in Figure 1F.

(B) Changes in PIP3 levels cause a shift of the activation vector orthogonal to NGF activation. Data from Figures 1F and 5A were normalized to their respective

control and plotted together with robust z score units. The large ovals represent the population distributions and the small filled circles represent the centroids of

each population.

(C) Domain structure of Rasa2.

(D) Quantitative analysis of the effect of Rasa2 knockdown on reducing proliferation and increasing differentiation (mean ± SD of triplicate wells).

(E) Heat-map analysis of the Rasa2 siRNA-mediated shift of the population distribution toward higher pERK levels. Assays were performed as described in

Figure 1F. The boundary was drawn according to control cells.

(F) Membrane localization of endogenous Rasa2. Cells after 24h of NGF stimulation were left untreated (left) or treated with PI3K inhibitor (LY294002 at 25 mM) for

5 min before subjected to Rasa2 antibody staining. The scale bar represents 10 mm.
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Rasa2 provides a potential mechanism of 
PI3K induced pERK inhibition

Figure 5. Rasa2 Increases the Number of Proliferating Cells after NGF Stimulation by Adding a Negative Feedback fromPI3K to Ras and ERK
Signaling
(A) Heat-map analysis of PTEN and TrkA siRNA effects on pERK-pAKT signaling and proliferation. Assays were performed as described in Figure 1F.

(B) Changes in PIP3 levels cause a shift of the activation vector orthogonal to NGF activation. Data from Figures 1F and 5A were normalized to their respective

control and plotted together with robust z score units. The large ovals represent the population distributions and the small filled circles represent the centroids of

each population.

(C) Domain structure of Rasa2.

(D) Quantitative analysis of the effect of Rasa2 knockdown on reducing proliferation and increasing differentiation (mean ± SD of triplicate wells).

(E) Heat-map analysis of the Rasa2 siRNA-mediated shift of the population distribution toward higher pERK levels. Assays were performed as described in

Figure 1F. The boundary was drawn according to control cells.

(F) Membrane localization of endogenous Rasa2. Cells after 24h of NGF stimulation were left untreated (left) or treated with PI3K inhibitor (LY294002 at 25 mM) for

5 min before subjected to Rasa2 antibody staining. The scale bar represents 10 mm.
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Rasa2 blocks the activity of Ras

Figure 5. Rasa2 Increases the Number of Proliferating Cells after NGF Stimulation by Adding a Negative Feedback fromPI3K to Ras and ERK
Signaling
(A) Heat-map analysis of PTEN and TrkA siRNA effects on pERK-pAKT signaling and proliferation. Assays were performed as described in Figure 1F.

(B) Changes in PIP3 levels cause a shift of the activation vector orthogonal to NGF activation. Data from Figures 1F and 5A were normalized to their respective

control and plotted together with robust z score units. The large ovals represent the population distributions and the small filled circles represent the centroids of

each population.

(C) Domain structure of Rasa2.

(D) Quantitative analysis of the effect of Rasa2 knockdown on reducing proliferation and increasing differentiation (mean ± SD of triplicate wells).

(E) Heat-map analysis of the Rasa2 siRNA-mediated shift of the population distribution toward higher pERK levels. Assays were performed as described in

Figure 1F. The boundary was drawn according to control cells.

(F) Membrane localization of endogenous Rasa2. Cells after 24h of NGF stimulation were left untreated (left) or treated with PI3K inhibitor (LY294002 at 25 mM) for

5 min before subjected to Rasa2 antibody staining. The scale bar represents 10 mm.
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Figure S3.  Rasa2 Functions as a PI3K-Regulated RasGAP, Related to Figure 5 

(A) Fluorescence images of cells treated with control and Rasa2 siRNAs. Cells treated 

with NGF for 48h were analyzed as described in Fig. 1C. Scale bar: 40µm.  (B) 
Quantification showing that two independent siRNAs against Rasa2 significantly 
knocked down mRNA (top, mean ±SEM of four replicate wells) and protein levels 
(bottom).  (C) Quantification showing that the knockdown of Rasa2 can be rescued by 
overexpression of YFP-Rasa2 but not an YFP-Rasa2 GAP mutant (Rasa2-RQ) (mean 
±SD from over 3000 YFP-positive cells).  (D) Ras pull-down assay combined with 
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Figure 5. Rasa2 Increases the Number of Proliferating Cells after NGF Stimulation by Adding a Negative Feedback fromPI3K to Ras and ERK
Signaling
(A) Heat-map analysis of PTEN and TrkA siRNA effects on pERK-pAKT signaling and proliferation. Assays were performed as described in Figure 1F.

(B) Changes in PIP3 levels cause a shift of the activation vector orthogonal to NGF activation. Data from Figures 1F and 5A were normalized to their respective

control and plotted together with robust z score units. The large ovals represent the population distributions and the small filled circles represent the centroids of

each population.

(C) Domain structure of Rasa2.

(D) Quantitative analysis of the effect of Rasa2 knockdown on reducing proliferation and increasing differentiation (mean ± SD of triplicate wells).

(E) Heat-map analysis of the Rasa2 siRNA-mediated shift of the population distribution toward higher pERK levels. Assays were performed as described in

Figure 1F. The boundary was drawn according to control cells.

(F) Membrane localization of endogenous Rasa2. Cells after 24h of NGF stimulation were left untreated (left) or treated with PI3K inhibitor (LY294002 at 25 mM) for

5 min before subjected to Rasa2 antibody staining. The scale bar represents 10 mm.
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Figure 5. Rasa2 Increases the Number of Proliferating Cells after NGF Stimulation by Adding a Negative Feedback fromPI3K to Ras and ERK
Signaling
(A) Heat-map analysis of PTEN and TrkA siRNA effects on pERK-pAKT signaling and proliferation. Assays were performed as described in Figure 1F.

(B) Changes in PIP3 levels cause a shift of the activation vector orthogonal to NGF activation. Data from Figures 1F and 5A were normalized to their respective

control and plotted together with robust z score units. The large ovals represent the population distributions and the small filled circles represent the centroids of

each population.

(C) Domain structure of Rasa2.

(D) Quantitative analysis of the effect of Rasa2 knockdown on reducing proliferation and increasing differentiation (mean ± SD of triplicate wells).

(E) Heat-map analysis of the Rasa2 siRNA-mediated shift of the population distribution toward higher pERK levels. Assays were performed as described in

Figure 1F. The boundary was drawn according to control cells.

(F) Membrane localization of endogenous Rasa2. Cells after 24h of NGF stimulation were left untreated (left) or treated with PI3K inhibitor (LY294002 at 25 mM) for

5 min before subjected to Rasa2 antibody staining. The scale bar represents 10 mm.
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Figure 5. Rasa2 Increases the Number of Proliferating Cells after NGF Stimulation by Adding a Negative Feedback fromPI3K to Ras and ERK
Signaling
(A) Heat-map analysis of PTEN and TrkA siRNA effects on pERK-pAKT signaling and proliferation. Assays were performed as described in Figure 1F.

(B) Changes in PIP3 levels cause a shift of the activation vector orthogonal to NGF activation. Data from Figures 1F and 5A were normalized to their respective

control and plotted together with robust z score units. The large ovals represent the population distributions and the small filled circles represent the centroids of

each population.

(C) Domain structure of Rasa2.

(D) Quantitative analysis of the effect of Rasa2 knockdown on reducing proliferation and increasing differentiation (mean ± SD of triplicate wells).

(E) Heat-map analysis of the Rasa2 siRNA-mediated shift of the population distribution toward higher pERK levels. Assays were performed as described in

Figure 1F. The boundary was drawn according to control cells.

(F) Membrane localization of endogenous Rasa2. Cells after 24h of NGF stimulation were left untreated (left) or treated with PI3K inhibitor (LY294002 at 25 mM) for

5 min before subjected to Rasa2 antibody staining. The scale bar represents 10 mm.
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(bottom).  (C) Quantification showing that the knockdown of Rasa2 can be rescued by 
overexpression of YFP-Rasa2 but not an YFP-Rasa2 GAP mutant (Rasa2-RQ) (mean 
±SD from over 3000 YFP-positive cells).  (D) Ras pull-down assay combined with 
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All together (Take-home V.):

Figure 5. Rasa2 Increases the Number of Proliferating Cells after NGF Stimulation by Adding a Negative Feedback fromPI3K to Ras and ERK
Signaling
(A) Heat-map analysis of PTEN and TrkA siRNA effects on pERK-pAKT signaling and proliferation. Assays were performed as described in Figure 1F.

(B) Changes in PIP3 levels cause a shift of the activation vector orthogonal to NGF activation. Data from Figures 1F and 5A were normalized to their respective

control and plotted together with robust z score units. The large ovals represent the population distributions and the small filled circles represent the centroids of

each population.

(C) Domain structure of Rasa2.

(D) Quantitative analysis of the effect of Rasa2 knockdown on reducing proliferation and increasing differentiation (mean ± SD of triplicate wells).

(E) Heat-map analysis of the Rasa2 siRNA-mediated shift of the population distribution toward higher pERK levels. Assays were performed as described in

Figure 1F. The boundary was drawn according to control cells.

(F) Membrane localization of endogenous Rasa2. Cells after 24h of NGF stimulation were left untreated (left) or treated with PI3K inhibitor (LY294002 at 25 mM) for

5 min before subjected to Rasa2 antibody staining. The scale bar represents 10 mm.
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Figure 5. Rasa2 Increases the Number of Proliferating Cells after NGF Stimulation by Adding a Negative Feedback fromPI3K to Ras and ERK
Signaling
(A) Heat-map analysis of PTEN and TrkA siRNA effects on pERK-pAKT signaling and proliferation. Assays were performed as described in Figure 1F.

(B) Changes in PIP3 levels cause a shift of the activation vector orthogonal to NGF activation. Data from Figures 1F and 5A were normalized to their respective

control and plotted together with robust z score units. The large ovals represent the population distributions and the small filled circles represent the centroids of

each population.

(C) Domain structure of Rasa2.

(D) Quantitative analysis of the effect of Rasa2 knockdown on reducing proliferation and increasing differentiation (mean ± SD of triplicate wells).

(E) Heat-map analysis of the Rasa2 siRNA-mediated shift of the population distribution toward higher pERK levels. Assays were performed as described in

Figure 1F. The boundary was drawn according to control cells.

(F) Membrane localization of endogenous Rasa2. Cells after 24h of NGF stimulation were left untreated (left) or treated with PI3K inhibitor (LY294002 at 25 mM) for

5 min before subjected to Rasa2 antibody staining. The scale bar represents 10 mm.
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When does Rasa2 regulate 
cell fate?



NGF induces two waves of RAS activity

their expression (Figure 6E). Thus, Rasa2 functions as a nega-
tive feedback regulator that begins to lower Ras activity a few
hours after NGF stimulation when Rasa2 expression increases
(Figures 6F and 6G). As an added note, given the unimodal
population distributions shown in Figure 2A, the positive feed-
back resulting from NGF upregulating its own TrkA receptor
is primarily a mechanism to amplify the long term NGF signaling

response rather than creating a bistable switch for ERK and
AKT activation.

Role of Rasa2 in Expanding the Number of Cells during
Differentiation
The feedback mediated by Rasa2 changes the direction of the
pERK-pAKT activity vector by reducing pERK signals as PI3K

(G) Time series of images showing YFP-Rasa2 (top) and CFP-RBD (bottom) translocation after NGF stimulation and subsequently, after PI3K inhibitor (LY294002)

addition. Cells were cotransfected with YFP-Rasa2, CFP-RBD (Raf), and H-Ras. CFP and YFP confocal images were taken from the same representative cell.

NGF and LY (100 mM) were added as indicated. Ras activity was monitored using the relative plasma membrane translocation of CFP-RBD. The scale bar

represents 5 mm.

(H) Ras pull-down followed by western blotting showing that inhibition of PI3K is paralleled by an increase of GTP-bound Ras level. Cells were treated with

increasing dose of PI3K inhibitor (0 to 6.25 mM, 2-fold dilution from the right) for 15 min at 24 hr after NGF stimulation.

(I) Analysis of control and Rasa2 siRNA effect on ERK activity changes in response to PI3K inhibition. Cells were treated as described in (H) and assayed by

western blotting.

See also Figure S3.

Figure 6. NGF-Triggered Expression of Rasa2 and TrkA Directs the pERK-pAKT Activation Vector Close to the Boundary
(A) NGF stimulation triggers two waves of Ras activation.

(B) Knockdown of Rasa2 enhances Ras and pERK activities during the second wave.

(A and B) Ras pull-down assays were performed at the indicated time and assayed by western blotting.

(C) Knockdown of Rasa2 selectively enhances a second wave of pERK activation with little effect on the first peak (mean ± SD of triplicate wells).

(D) Time-course analysis of Rasa2 and TrkA expression compared to pERK and pAKT activation. Cells were assayed by western blotting. HSP90 was shown as

a protein loading control.

(E) TrkA and Rasa2 upregulation is partially dependent on MEK signaling. U0126 was used at 10 mM.

(F) Schematic representation of the feedback between PI3K, Rasa2, and Ras.

(G) Schematic model of the roles of the positive TrkA expression feedback, which increases the amplitude of the activation vector, and the negative Rasa2

expression feedback that turns the activation vector closer to the proliferation boundary.
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(H) Ras pull-down followed by western blotting showing that inhibition of PI3K is paralleled by an increase of GTP-bound Ras level. Cells were treated with

increasing dose of PI3K inhibitor (0 to 6.25 mM, 2-fold dilution from the right) for 15 min at 24 hr after NGF stimulation.
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(D) Time-course analysis of Rasa2 and TrkA expression compared to pERK and pAKT activation. Cells were assayed by western blotting. HSP90 was shown as

a protein loading control.

(E) TrkA and Rasa2 upregulation is partially dependent on MEK signaling. U0126 was used at 10 mM.

(F) Schematic representation of the feedback between PI3K, Rasa2, and Ras.

(G) Schematic model of the roles of the positive TrkA expression feedback, which increases the amplitude of the activation vector, and the negative Rasa2

expression feedback that turns the activation vector closer to the proliferation boundary.
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Second wave: NGF induces expression of 
its receptor, TrkA, via pERK

their expression (Figure 6E). Thus, Rasa2 functions as a nega-
tive feedback regulator that begins to lower Ras activity a few
hours after NGF stimulation when Rasa2 expression increases
(Figures 6F and 6G). As an added note, given the unimodal
population distributions shown in Figure 2A, the positive feed-
back resulting from NGF upregulating its own TrkA receptor
is primarily a mechanism to amplify the long term NGF signaling

response rather than creating a bistable switch for ERK and
AKT activation.

Role of Rasa2 in Expanding the Number of Cells during
Differentiation
The feedback mediated by Rasa2 changes the direction of the
pERK-pAKT activity vector by reducing pERK signals as PI3K

(G) Time series of images showing YFP-Rasa2 (top) and CFP-RBD (bottom) translocation after NGF stimulation and subsequently, after PI3K inhibitor (LY294002)

addition. Cells were cotransfected with YFP-Rasa2, CFP-RBD (Raf), and H-Ras. CFP and YFP confocal images were taken from the same representative cell.

NGF and LY (100 mM) were added as indicated. Ras activity was monitored using the relative plasma membrane translocation of CFP-RBD. The scale bar

represents 5 mm.

(H) Ras pull-down followed by western blotting showing that inhibition of PI3K is paralleled by an increase of GTP-bound Ras level. Cells were treated with

increasing dose of PI3K inhibitor (0 to 6.25 mM, 2-fold dilution from the right) for 15 min at 24 hr after NGF stimulation.

(I) Analysis of control and Rasa2 siRNA effect on ERK activity changes in response to PI3K inhibition. Cells were treated as described in (H) and assayed by

western blotting.

See also Figure S3.

Figure 6. NGF-Triggered Expression of Rasa2 and TrkA Directs the pERK-pAKT Activation Vector Close to the Boundary
(A) NGF stimulation triggers two waves of Ras activation.

(B) Knockdown of Rasa2 enhances Ras and pERK activities during the second wave.

(A and B) Ras pull-down assays were performed at the indicated time and assayed by western blotting.

(C) Knockdown of Rasa2 selectively enhances a second wave of pERK activation with little effect on the first peak (mean ± SD of triplicate wells).

(D) Time-course analysis of Rasa2 and TrkA expression compared to pERK and pAKT activation. Cells were assayed by western blotting. HSP90 was shown as

a protein loading control.

(E) TrkA and Rasa2 upregulation is partially dependent on MEK signaling. U0126 was used at 10 mM.

(F) Schematic representation of the feedback between PI3K, Rasa2, and Ras.

(G) Schematic model of the roles of the positive TrkA expression feedback, which increases the amplitude of the activation vector, and the negative Rasa2

expression feedback that turns the activation vector closer to the proliferation boundary.

Molecular Cell

Cell Fate-Signaling Code

Molecular Cell 45, 196–209, January 27, 2012 ª2012 Elsevier Inc. 205



Take-home VI.

their expression (Figure 6E). Thus, Rasa2 functions as a nega-
tive feedback regulator that begins to lower Ras activity a few
hours after NGF stimulation when Rasa2 expression increases
(Figures 6F and 6G). As an added note, given the unimodal
population distributions shown in Figure 2A, the positive feed-
back resulting from NGF upregulating its own TrkA receptor
is primarily a mechanism to amplify the long term NGF signaling

response rather than creating a bistable switch for ERK and
AKT activation.

Role of Rasa2 in Expanding the Number of Cells during
Differentiation
The feedback mediated by Rasa2 changes the direction of the
pERK-pAKT activity vector by reducing pERK signals as PI3K

(G) Time series of images showing YFP-Rasa2 (top) and CFP-RBD (bottom) translocation after NGF stimulation and subsequently, after PI3K inhibitor (LY294002)

addition. Cells were cotransfected with YFP-Rasa2, CFP-RBD (Raf), and H-Ras. CFP and YFP confocal images were taken from the same representative cell.

NGF and LY (100 mM) were added as indicated. Ras activity was monitored using the relative plasma membrane translocation of CFP-RBD. The scale bar

represents 5 mm.

(H) Ras pull-down followed by western blotting showing that inhibition of PI3K is paralleled by an increase of GTP-bound Ras level. Cells were treated with

increasing dose of PI3K inhibitor (0 to 6.25 mM, 2-fold dilution from the right) for 15 min at 24 hr after NGF stimulation.

(I) Analysis of control and Rasa2 siRNA effect on ERK activity changes in response to PI3K inhibition. Cells were treated as described in (H) and assayed by

western blotting.

See also Figure S3.

Figure 6. NGF-Triggered Expression of Rasa2 and TrkA Directs the pERK-pAKT Activation Vector Close to the Boundary
(A) NGF stimulation triggers two waves of Ras activation.

(B) Knockdown of Rasa2 enhances Ras and pERK activities during the second wave.

(A and B) Ras pull-down assays were performed at the indicated time and assayed by western blotting.

(C) Knockdown of Rasa2 selectively enhances a second wave of pERK activation with little effect on the first peak (mean ± SD of triplicate wells).

(D) Time-course analysis of Rasa2 and TrkA expression compared to pERK and pAKT activation. Cells were assayed by western blotting. HSP90 was shown as

a protein loading control.

(E) TrkA and Rasa2 upregulation is partially dependent on MEK signaling. U0126 was used at 10 mM.

(F) Schematic representation of the feedback between PI3K, Rasa2, and Ras.

(G) Schematic model of the roles of the positive TrkA expression feedback, which increases the amplitude of the activation vector, and the negative Rasa2

expression feedback that turns the activation vector closer to the proliferation boundary.
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their expression (Figure 6E). Thus, Rasa2 functions as a nega-
tive feedback regulator that begins to lower Ras activity a few
hours after NGF stimulation when Rasa2 expression increases
(Figures 6F and 6G). As an added note, given the unimodal
population distributions shown in Figure 2A, the positive feed-
back resulting from NGF upregulating its own TrkA receptor
is primarily a mechanism to amplify the long term NGF signaling

response rather than creating a bistable switch for ERK and
AKT activation.

Role of Rasa2 in Expanding the Number of Cells during
Differentiation
The feedback mediated by Rasa2 changes the direction of the
pERK-pAKT activity vector by reducing pERK signals as PI3K

(G) Time series of images showing YFP-Rasa2 (top) and CFP-RBD (bottom) translocation after NGF stimulation and subsequently, after PI3K inhibitor (LY294002)

addition. Cells were cotransfected with YFP-Rasa2, CFP-RBD (Raf), and H-Ras. CFP and YFP confocal images were taken from the same representative cell.

NGF and LY (100 mM) were added as indicated. Ras activity was monitored using the relative plasma membrane translocation of CFP-RBD. The scale bar

represents 5 mm.

(H) Ras pull-down followed by western blotting showing that inhibition of PI3K is paralleled by an increase of GTP-bound Ras level. Cells were treated with

increasing dose of PI3K inhibitor (0 to 6.25 mM, 2-fold dilution from the right) for 15 min at 24 hr after NGF stimulation.

(I) Analysis of control and Rasa2 siRNA effect on ERK activity changes in response to PI3K inhibition. Cells were treated as described in (H) and assayed by

western blotting.

See also Figure S3.

Figure 6. NGF-Triggered Expression of Rasa2 and TrkA Directs the pERK-pAKT Activation Vector Close to the Boundary
(A) NGF stimulation triggers two waves of Ras activation.

(B) Knockdown of Rasa2 enhances Ras and pERK activities during the second wave.

(A and B) Ras pull-down assays were performed at the indicated time and assayed by western blotting.

(C) Knockdown of Rasa2 selectively enhances a second wave of pERK activation with little effect on the first peak (mean ± SD of triplicate wells).

(D) Time-course analysis of Rasa2 and TrkA expression compared to pERK and pAKT activation. Cells were assayed by western blotting. HSP90 was shown as

a protein loading control.

(E) TrkA and Rasa2 upregulation is partially dependent on MEK signaling. U0126 was used at 10 mM.

(F) Schematic representation of the feedback between PI3K, Rasa2, and Ras.

(G) Schematic model of the roles of the positive TrkA expression feedback, which increases the amplitude of the activation vector, and the negative Rasa2

expression feedback that turns the activation vector closer to the proliferation boundary.
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signaling increases. This leaves a significantly larger fraction of
cells in the proliferation region by forcing the activation vector
to turn and stay closer to the boundary as TrkA expression
increases during the 7–24 hr time window (Figure 6G). We
hypothesized that cells benefit from having the center of the
pERK-pAKT vector close to the boundary by maintaining a
balance between cell number expansion (proliferation) and
differentiation.

Indeed, we found that Rasa2 has a role in maintaining a pool of
proliferating cells when wemonitored the fraction of proliferating
cells over a 60 hr period after NGF stimulation. Rather than
observing a near complete drop in the number of proliferating
cells by 36 hr as observed in Rasa2 knockdown cells, control
cells maintained a fraction of proliferating cells for more than
60 hr (Figure 7A). The continued proliferation comes at a small
cost since cells that upregulate Rasa2 expression take longer
to differentiate (Figure 7B). However, the continued proliferation
provides a benefit since a larger number of differentiated cells
are generated after this period in control cells compared to

Figure 7. Function of the pERK-pAKT Response
Map in Balancing Cell Number Expansion and
Differentiation
(A and B) Time-course analysis of proliferation (A) and

neurite extension (B) in control and Rasa2 knockdown

cells after NGF stimulation (mean ± SD of four replicate

wells). In (A), subpopulations of control cells stay prolifer-

ative over a period of 60 hr, whereas Rasa2 knockdown

cells cease to proliferate after 48 hr of NGF stimulation.

(C) Quantification of Rasa2 knockdown effect on cell

number expansion after NGF stimulation. Cells trans-

fected with control or Rasa2 siRNA were treated with

Mock or NGF for 3 days before counting of cell number

(mean ± SD of four replicate wells).

(D) Landscape scheme of the 2D pERK-pAKT response

map emphasizes the boundary between the two regions

that predict the proliferation and differentiation outcomes.

The purple circle depicts the variation of the NGF-induced

signaling response that spreads the population of cells

across the boundary. The white dashed arrow reflects the

NGF-induced shift of the activation vector and the black

solid arrow depicts the path to differentiation.

(E) Schematic showing how Rasa2 maintains a balance

between cell number expansion and differentiation.

Rasa2 knockdown cells (Figure 7C). Thus, by
positioning the population near the proliferation
boundary, Rasa2 maintains proliferation
competent precursor cells to create more differ-
entiated cells.

DISCUSSION

Significance of a pERK-pAKT Signaling
Code
When we initiated our studies, we considered
that the level of sustained ERK activation alone
might predict the decision between differentia-
tion and proliferation (Marshall, 1995). Our study

showed instead that pERK and pAKT are both critical interme-
diate signaling steps and single-cell measurements are needed
to reveal the relationship between signaling and cell fate. We
found that the position of the activation vector relative to the
boundary in the pERK-pAKT response map determines whether
a particular cell differentiates or proliferates. This boundary idea
can be applied to the probability response map because the
transition from non-proliferating to proliferating cells is steep
(Figures 2A and 2B). Our model of a response map that defines
the paths to differentiation or proliferation is schematically
shown in a landscape representation in Figure 7D. This concept
shares some similarity to the idea that complex systems use
hubs to process information (Albert, 2005; Barabási and Oltvai,
2004).
Using different stimuli, small molecule inhibitors, and siRNA

knockdown of signaling proteins, we found that the curved
boundary between the regions was independent of the cellular
signaling processes that activate cells (Figures 1F and 2B),
arguing for a separation of upstream and downstream
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signaling increases. This leaves a significantly larger fraction of
cells in the proliferation region by forcing the activation vector
to turn and stay closer to the boundary as TrkA expression
increases during the 7–24 hr time window (Figure 6G). We
hypothesized that cells benefit from having the center of the
pERK-pAKT vector close to the boundary by maintaining a
balance between cell number expansion (proliferation) and
differentiation.

Indeed, we found that Rasa2 has a role in maintaining a pool of
proliferating cells when wemonitored the fraction of proliferating
cells over a 60 hr period after NGF stimulation. Rather than
observing a near complete drop in the number of proliferating
cells by 36 hr as observed in Rasa2 knockdown cells, control
cells maintained a fraction of proliferating cells for more than
60 hr (Figure 7A). The continued proliferation comes at a small
cost since cells that upregulate Rasa2 expression take longer
to differentiate (Figure 7B). However, the continued proliferation
provides a benefit since a larger number of differentiated cells
are generated after this period in control cells compared to

Figure 7. Function of the pERK-pAKT Response
Map in Balancing Cell Number Expansion and
Differentiation
(A and B) Time-course analysis of proliferation (A) and

neurite extension (B) in control and Rasa2 knockdown

cells after NGF stimulation (mean ± SD of four replicate

wells). In (A), subpopulations of control cells stay prolifer-

ative over a period of 60 hr, whereas Rasa2 knockdown

cells cease to proliferate after 48 hr of NGF stimulation.

(C) Quantification of Rasa2 knockdown effect on cell

number expansion after NGF stimulation. Cells trans-

fected with control or Rasa2 siRNA were treated with

Mock or NGF for 3 days before counting of cell number

(mean ± SD of four replicate wells).

(D) Landscape scheme of the 2D pERK-pAKT response

map emphasizes the boundary between the two regions

that predict the proliferation and differentiation outcomes.

The purple circle depicts the variation of the NGF-induced

signaling response that spreads the population of cells

across the boundary. The white dashed arrow reflects the

NGF-induced shift of the activation vector and the black

solid arrow depicts the path to differentiation.

(E) Schematic showing how Rasa2 maintains a balance

between cell number expansion and differentiation.

Rasa2 knockdown cells (Figure 7C). Thus, by
positioning the population near the proliferation
boundary, Rasa2 maintains proliferation
competent precursor cells to create more differ-
entiated cells.

DISCUSSION

Significance of a pERK-pAKT Signaling
Code
When we initiated our studies, we considered
that the level of sustained ERK activation alone
might predict the decision between differentia-
tion and proliferation (Marshall, 1995). Our study

showed instead that pERK and pAKT are both critical interme-
diate signaling steps and single-cell measurements are needed
to reveal the relationship between signaling and cell fate. We
found that the position of the activation vector relative to the
boundary in the pERK-pAKT response map determines whether
a particular cell differentiates or proliferates. This boundary idea
can be applied to the probability response map because the
transition from non-proliferating to proliferating cells is steep
(Figures 2A and 2B). Our model of a response map that defines
the paths to differentiation or proliferation is schematically
shown in a landscape representation in Figure 7D. This concept
shares some similarity to the idea that complex systems use
hubs to process information (Albert, 2005; Barabási and Oltvai,
2004).
Using different stimuli, small molecule inhibitors, and siRNA

knockdown of signaling proteins, we found that the curved
boundary between the regions was independent of the cellular
signaling processes that activate cells (Figures 1F and 2B),
arguing for a separation of upstream and downstream
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Figure 1. Identification of a Two-Dimensional pERK and pAKT Signaling Response Map
(A) Schematics of growth factors (GFs) induced receptor signaling. RTKs, receptor tyrosine kinases. Inhibitors used in the study are marked in red.

(B) Automated image analysis of differentiation and proliferation after 24 hr of NGF treatment. Representative images used for the analysis are shown. Left:

Detected neurites (white) were superimposed over a merged tubulin and BrdU-stained image. Right: Overlay of BrdU and DNA-stained image. The scale bar

represents 40 mm.

(C) Time courses of differentiation and proliferation after NGF stimulation (mean ± SD of triplicate wells).

(D) Automated image analysis monitors pAKT, pERK and proliferation after 24 hr of NGF treatment.

(E) Single-cell analysis of pERK level versus the fraction of cells in S phase shows only little correlation. The percent of cells in S phase (%S) was calculated for

equally spaced bins of the ERK activity (top, mean ± 95% bootstrap confidence interval) or from the bottom and top 10 percentile of the ERK activity (bottom,

mean ± SD of five replicate wells) after NGF stimulation for 24 hr.

(F) Heat-map analysis of pERK-pAKT signaling and proliferation shows a clear boundary between proliferation and differentiation regions. Contour plots of cell

density are shown in the lower panels. The %S was calculated for equally spaced bins of the ERK and AKT activity and is marked in a color code. Cells were left

untreated (mock) or stimulated as indicated for 24 hr before analysis. U0126 and LY294002were addedwith NGF for 24 hr at 3.3 mMand 6.3 mM, respectively. The

boundary (green line) was drawn across the black colored bins on the NGF heat map and overlaid on top of other plots. Each panel contains!40,000 cells. Note

that due to day-to-day staining and imaging variations, the boundary position compares experiments done at the same time.
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signaling increases. This leaves a significantly larger fraction of
cells in the proliferation region by forcing the activation vector
to turn and stay closer to the boundary as TrkA expression
increases during the 7–24 hr time window (Figure 6G). We
hypothesized that cells benefit from having the center of the
pERK-pAKT vector close to the boundary by maintaining a
balance between cell number expansion (proliferation) and
differentiation.

Indeed, we found that Rasa2 has a role in maintaining a pool of
proliferating cells when wemonitored the fraction of proliferating
cells over a 60 hr period after NGF stimulation. Rather than
observing a near complete drop in the number of proliferating
cells by 36 hr as observed in Rasa2 knockdown cells, control
cells maintained a fraction of proliferating cells for more than
60 hr (Figure 7A). The continued proliferation comes at a small
cost since cells that upregulate Rasa2 expression take longer
to differentiate (Figure 7B). However, the continued proliferation
provides a benefit since a larger number of differentiated cells
are generated after this period in control cells compared to

Figure 7. Function of the pERK-pAKT Response
Map in Balancing Cell Number Expansion and
Differentiation
(A and B) Time-course analysis of proliferation (A) and

neurite extension (B) in control and Rasa2 knockdown

cells after NGF stimulation (mean ± SD of four replicate

wells). In (A), subpopulations of control cells stay prolifer-

ative over a period of 60 hr, whereas Rasa2 knockdown

cells cease to proliferate after 48 hr of NGF stimulation.

(C) Quantification of Rasa2 knockdown effect on cell

number expansion after NGF stimulation. Cells trans-

fected with control or Rasa2 siRNA were treated with

Mock or NGF for 3 days before counting of cell number

(mean ± SD of four replicate wells).

(D) Landscape scheme of the 2D pERK-pAKT response

map emphasizes the boundary between the two regions

that predict the proliferation and differentiation outcomes.

The purple circle depicts the variation of the NGF-induced

signaling response that spreads the population of cells

across the boundary. The white dashed arrow reflects the

NGF-induced shift of the activation vector and the black

solid arrow depicts the path to differentiation.

(E) Schematic showing how Rasa2 maintains a balance

between cell number expansion and differentiation.

Rasa2 knockdown cells (Figure 7C). Thus, by
positioning the population near the proliferation
boundary, Rasa2 maintains proliferation
competent precursor cells to create more differ-
entiated cells.

DISCUSSION

Significance of a pERK-pAKT Signaling
Code
When we initiated our studies, we considered
that the level of sustained ERK activation alone
might predict the decision between differentia-
tion and proliferation (Marshall, 1995). Our study

showed instead that pERK and pAKT are both critical interme-
diate signaling steps and single-cell measurements are needed
to reveal the relationship between signaling and cell fate. We
found that the position of the activation vector relative to the
boundary in the pERK-pAKT response map determines whether
a particular cell differentiates or proliferates. This boundary idea
can be applied to the probability response map because the
transition from non-proliferating to proliferating cells is steep
(Figures 2A and 2B). Our model of a response map that defines
the paths to differentiation or proliferation is schematically
shown in a landscape representation in Figure 7D. This concept
shares some similarity to the idea that complex systems use
hubs to process information (Albert, 2005; Barabási and Oltvai,
2004).
Using different stimuli, small molecule inhibitors, and siRNA

knockdown of signaling proteins, we found that the curved
boundary between the regions was independent of the cellular
signaling processes that activate cells (Figures 1F and 2B),
arguing for a separation of upstream and downstream
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Figure 4. The Cell-Fate Decision Is in Part Mediated by pERK and pAKT-Control of Cyclin D1 Protein Stability
(A) Quantitative analysis of the effect of cyclin D1/D3 single and coknockdown on proliferation. siRNA-treated cells were stimulated with NGF for 24 hr before

analysis (mean ± SD of triplicate wells).

(B) Heat-map analysis of the cyclinD1/D3 knockdown effect on pERK-pAKT signaling and proliferation. The knockdown (right) shifted the boundary to the top-left

between the differentiation and proliferation regions without significantly changing the pERK and pAKT distribution itself. Assays were performed as described in

Figures 1D and 1F.

(C) Evidence of the boundary shift with cyclin D1/D3 coknockdown. Proliferation changes were calculated from cells located in the region orthogonal to the

boundary as shown in Figure 2A (mean ± 95% bootstrap confidence interval).

(D) Time courses of the effects of PI3K (LY294002) and MEK inhibition (U0126) on cyclin D1 protein levels. LY294002 (12.5 mM) or U0126 (10 mM) was added at

24 hr after NGF stimulation for different lengths of time as indicated before immunostaining. Cyclin D1 levels were measured by automated image analysis

(mean ± SD of triplicate wells).

(E) Dose effects of U0126 and LY294002 on cyclin D1 protein level changes. Cells were treated with increasing doses of U0126 or LY294002 together with

NGF for 4 hr.

(F) Knockdown of AKT or ERK mimics the LY294002 and U0126 drug effects on cyclin D1 protein level changes. Knockdown cells were subjected to 24 hr of

NGF stimulation before analysis.

(G) The opposing regulation of cyclin D1 protein level by LY294002 and U0126 is proteasome-dependent. Cells were stimulated with NGF for 4 hr with the drug

combination as indicated. MG132 was used at 50 mM. LY294002 and U0126 were used at 12.5 mM and 10 mM, respectively.

(H) Schematics of signaling diagram showing cyclin D1 as one of the downstream mediators linking the pERK-pAKT response map to cell fates.

See also Figure S2.
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signaling increases. This leaves a significantly larger fraction of
cells in the proliferation region by forcing the activation vector
to turn and stay closer to the boundary as TrkA expression
increases during the 7–24 hr time window (Figure 6G). We
hypothesized that cells benefit from having the center of the
pERK-pAKT vector close to the boundary by maintaining a
balance between cell number expansion (proliferation) and
differentiation.

Indeed, we found that Rasa2 has a role in maintaining a pool of
proliferating cells when wemonitored the fraction of proliferating
cells over a 60 hr period after NGF stimulation. Rather than
observing a near complete drop in the number of proliferating
cells by 36 hr as observed in Rasa2 knockdown cells, control
cells maintained a fraction of proliferating cells for more than
60 hr (Figure 7A). The continued proliferation comes at a small
cost since cells that upregulate Rasa2 expression take longer
to differentiate (Figure 7B). However, the continued proliferation
provides a benefit since a larger number of differentiated cells
are generated after this period in control cells compared to

Figure 7. Function of the pERK-pAKT Response
Map in Balancing Cell Number Expansion and
Differentiation
(A and B) Time-course analysis of proliferation (A) and

neurite extension (B) in control and Rasa2 knockdown

cells after NGF stimulation (mean ± SD of four replicate

wells). In (A), subpopulations of control cells stay prolifer-

ative over a period of 60 hr, whereas Rasa2 knockdown

cells cease to proliferate after 48 hr of NGF stimulation.

(C) Quantification of Rasa2 knockdown effect on cell

number expansion after NGF stimulation. Cells trans-

fected with control or Rasa2 siRNA were treated with

Mock or NGF for 3 days before counting of cell number

(mean ± SD of four replicate wells).

(D) Landscape scheme of the 2D pERK-pAKT response

map emphasizes the boundary between the two regions

that predict the proliferation and differentiation outcomes.

The purple circle depicts the variation of the NGF-induced

signaling response that spreads the population of cells

across the boundary. The white dashed arrow reflects the

NGF-induced shift of the activation vector and the black

solid arrow depicts the path to differentiation.

(E) Schematic showing how Rasa2 maintains a balance

between cell number expansion and differentiation.

Rasa2 knockdown cells (Figure 7C). Thus, by
positioning the population near the proliferation
boundary, Rasa2 maintains proliferation
competent precursor cells to create more differ-
entiated cells.

DISCUSSION

Significance of a pERK-pAKT Signaling
Code
When we initiated our studies, we considered
that the level of sustained ERK activation alone
might predict the decision between differentia-
tion and proliferation (Marshall, 1995). Our study

showed instead that pERK and pAKT are both critical interme-
diate signaling steps and single-cell measurements are needed
to reveal the relationship between signaling and cell fate. We
found that the position of the activation vector relative to the
boundary in the pERK-pAKT response map determines whether
a particular cell differentiates or proliferates. This boundary idea
can be applied to the probability response map because the
transition from non-proliferating to proliferating cells is steep
(Figures 2A and 2B). Our model of a response map that defines
the paths to differentiation or proliferation is schematically
shown in a landscape representation in Figure 7D. This concept
shares some similarity to the idea that complex systems use
hubs to process information (Albert, 2005; Barabási and Oltvai,
2004).
Using different stimuli, small molecule inhibitors, and siRNA

knockdown of signaling proteins, we found that the curved
boundary between the regions was independent of the cellular
signaling processes that activate cells (Figures 1F and 2B),
arguing for a separation of upstream and downstream
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signaling increases. This leaves a significantly larger fraction of
cells in the proliferation region by forcing the activation vector
to turn and stay closer to the boundary as TrkA expression
increases during the 7–24 hr time window (Figure 6G). We
hypothesized that cells benefit from having the center of the
pERK-pAKT vector close to the boundary by maintaining a
balance between cell number expansion (proliferation) and
differentiation.

Indeed, we found that Rasa2 has a role in maintaining a pool of
proliferating cells when wemonitored the fraction of proliferating
cells over a 60 hr period after NGF stimulation. Rather than
observing a near complete drop in the number of proliferating
cells by 36 hr as observed in Rasa2 knockdown cells, control
cells maintained a fraction of proliferating cells for more than
60 hr (Figure 7A). The continued proliferation comes at a small
cost since cells that upregulate Rasa2 expression take longer
to differentiate (Figure 7B). However, the continued proliferation
provides a benefit since a larger number of differentiated cells
are generated after this period in control cells compared to

Figure 7. Function of the pERK-pAKT Response
Map in Balancing Cell Number Expansion and
Differentiation
(A and B) Time-course analysis of proliferation (A) and

neurite extension (B) in control and Rasa2 knockdown

cells after NGF stimulation (mean ± SD of four replicate

wells). In (A), subpopulations of control cells stay prolifer-

ative over a period of 60 hr, whereas Rasa2 knockdown

cells cease to proliferate after 48 hr of NGF stimulation.

(C) Quantification of Rasa2 knockdown effect on cell

number expansion after NGF stimulation. Cells trans-

fected with control or Rasa2 siRNA were treated with

Mock or NGF for 3 days before counting of cell number

(mean ± SD of four replicate wells).

(D) Landscape scheme of the 2D pERK-pAKT response

map emphasizes the boundary between the two regions

that predict the proliferation and differentiation outcomes.

The purple circle depicts the variation of the NGF-induced

signaling response that spreads the population of cells

across the boundary. The white dashed arrow reflects the

NGF-induced shift of the activation vector and the black

solid arrow depicts the path to differentiation.

(E) Schematic showing how Rasa2 maintains a balance

between cell number expansion and differentiation.

Rasa2 knockdown cells (Figure 7C). Thus, by
positioning the population near the proliferation
boundary, Rasa2 maintains proliferation
competent precursor cells to create more differ-
entiated cells.

DISCUSSION

Significance of a pERK-pAKT Signaling
Code
When we initiated our studies, we considered
that the level of sustained ERK activation alone
might predict the decision between differentia-
tion and proliferation (Marshall, 1995). Our study

showed instead that pERK and pAKT are both critical interme-
diate signaling steps and single-cell measurements are needed
to reveal the relationship between signaling and cell fate. We
found that the position of the activation vector relative to the
boundary in the pERK-pAKT response map determines whether
a particular cell differentiates or proliferates. This boundary idea
can be applied to the probability response map because the
transition from non-proliferating to proliferating cells is steep
(Figures 2A and 2B). Our model of a response map that defines
the paths to differentiation or proliferation is schematically
shown in a landscape representation in Figure 7D. This concept
shares some similarity to the idea that complex systems use
hubs to process information (Albert, 2005; Barabási and Oltvai,
2004).
Using different stimuli, small molecule inhibitors, and siRNA

knockdown of signaling proteins, we found that the curved
boundary between the regions was independent of the cellular
signaling processes that activate cells (Figures 1F and 2B),
arguing for a separation of upstream and downstream
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signaling increases. This leaves a significantly larger fraction of
cells in the proliferation region by forcing the activation vector
to turn and stay closer to the boundary as TrkA expression
increases during the 7–24 hr time window (Figure 6G). We
hypothesized that cells benefit from having the center of the
pERK-pAKT vector close to the boundary by maintaining a
balance between cell number expansion (proliferation) and
differentiation.

Indeed, we found that Rasa2 has a role in maintaining a pool of
proliferating cells when wemonitored the fraction of proliferating
cells over a 60 hr period after NGF stimulation. Rather than
observing a near complete drop in the number of proliferating
cells by 36 hr as observed in Rasa2 knockdown cells, control
cells maintained a fraction of proliferating cells for more than
60 hr (Figure 7A). The continued proliferation comes at a small
cost since cells that upregulate Rasa2 expression take longer
to differentiate (Figure 7B). However, the continued proliferation
provides a benefit since a larger number of differentiated cells
are generated after this period in control cells compared to

Figure 7. Function of the pERK-pAKT Response
Map in Balancing Cell Number Expansion and
Differentiation
(A and B) Time-course analysis of proliferation (A) and

neurite extension (B) in control and Rasa2 knockdown

cells after NGF stimulation (mean ± SD of four replicate

wells). In (A), subpopulations of control cells stay prolifer-

ative over a period of 60 hr, whereas Rasa2 knockdown

cells cease to proliferate after 48 hr of NGF stimulation.

(C) Quantification of Rasa2 knockdown effect on cell

number expansion after NGF stimulation. Cells trans-

fected with control or Rasa2 siRNA were treated with

Mock or NGF for 3 days before counting of cell number

(mean ± SD of four replicate wells).

(D) Landscape scheme of the 2D pERK-pAKT response

map emphasizes the boundary between the two regions

that predict the proliferation and differentiation outcomes.

The purple circle depicts the variation of the NGF-induced

signaling response that spreads the population of cells

across the boundary. The white dashed arrow reflects the

NGF-induced shift of the activation vector and the black

solid arrow depicts the path to differentiation.

(E) Schematic showing how Rasa2 maintains a balance

between cell number expansion and differentiation.

Rasa2 knockdown cells (Figure 7C). Thus, by
positioning the population near the proliferation
boundary, Rasa2 maintains proliferation
competent precursor cells to create more differ-
entiated cells.

DISCUSSION

Significance of a pERK-pAKT Signaling
Code
When we initiated our studies, we considered
that the level of sustained ERK activation alone
might predict the decision between differentia-
tion and proliferation (Marshall, 1995). Our study

showed instead that pERK and pAKT are both critical interme-
diate signaling steps and single-cell measurements are needed
to reveal the relationship between signaling and cell fate. We
found that the position of the activation vector relative to the
boundary in the pERK-pAKT response map determines whether
a particular cell differentiates or proliferates. This boundary idea
can be applied to the probability response map because the
transition from non-proliferating to proliferating cells is steep
(Figures 2A and 2B). Our model of a response map that defines
the paths to differentiation or proliferation is schematically
shown in a landscape representation in Figure 7D. This concept
shares some similarity to the idea that complex systems use
hubs to process information (Albert, 2005; Barabási and Oltvai,
2004).
Using different stimuli, small molecule inhibitors, and siRNA

knockdown of signaling proteins, we found that the curved
boundary between the regions was independent of the cellular
signaling processes that activate cells (Figures 1F and 2B),
arguing for a separation of upstream and downstream
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Strengths and weaknesses (cont.)

Weaknesses: 
• Experimental? (still not quite qualified to 
really know...)

• Conceptual (small weakness, in discussion)

network perturbation tool. By comparing the effect of the
different siRNAs on proliferation versus neurite growth, we con-
firmed that the coupling between differentiation and suppres-

sion of proliferation is indeed very close. Most siRNAs shifted
proliferation and differentiation responses in opposite directions
(Figure 3C).

Figure 2. A Sharp Boundary in the pERK-pAKT Response Map Separates Proliferating from Differentiating Cells
(A) Quantitative analysis of NGF-triggered cell-to-cell signal variation and proliferation probabilities in the pERK-pAKT plane. The population distributions of pERK

and pAKT are shown in the subpanel top and right (gray histograms). The same histogram includes a graph (green curves) of the%S calculated from cells located

in the green band (orthogonal to the boundary shown in Figure 1F).

(B) Evidence of an invariant 2D signaling response map that determines proliferative cell fate. Proliferation changes were analyzed as shown in (A) from cells

treated with different stimuli. The analysis only included cells located within the green band. In (A) and (B), data are mean ± 95% bootstrap confidence interval.

(C) The proliferative status is better predicted by the 2D response map compared to pERK level shown in Figure 1E (bottom). The %S was compared for the

10 percentile of cells farthest above (Low) and below (High) the boundary. Inset shows the schematic diagram of the analysis region. Data are shown as the

mean ± SD of five replicate wells.

(D) Heat-map analysis showing proliferation (top) and differentiation (bottom) as a function of ERK and AKT activity at a single-cell level after 24 hr of NGF

stimulation. %S was quantified as shown in Figure 1F. Quantification of the integrated single-cell neurite parameter was achieved by measuring the presence of

neurites proximal to the cell body of each cell and calculatingmean neurite intensity for each cell as a function of pERK and pAKT levels. Each bin contains at least

300 cells.

(E) Different directions and amplitudes of pERK-pAKT activity vectors correlate with cell fates. The schematic also shows a quiescent state for low pERK and

pAKT levels. EGF andNGF not only trigger different amplitudes of signal activation but also have different directions of pERK-pAKT activity vector in the 2D plane.
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laser-Doppler perfusion imaging (Supplemental Figure 3). GS4898 
treatment significantly improved perfusion as early as day 7,  
with perfusion returning to the normal preligation level, whereas 
GS4898 treatment of control mice had little effect (Figure 6A). 
Such a dramatic restoration of flow implies an increase in arterial 
growth. This was confirmed by μCT imaging that demonstrated 
increased arterial morphogenesis and branching in hindlimbs of 
GS4898-treated compared with untreated control synectin-null 
mice (Figure 6B). Quantitative analysis of μCT images demon-
strated a significant increase in the number of smaller (24–72 μm) 
arteries in both the ischemic (below the knee) and nonischemic 
(above the knee) portions of the hindlimb (Figure 6C).

We then tested the ability of PI3K activity downregulation to 
stimulate arteriogenesis in Ldlr–/– ApoB48-modified mice. In 
agreement with previous results, 11 weeks of high-fat diet feed-
ing led to a marked reduction in flow recovery that was fully 
restored by treatment with GS4898 (Figure 6D). μCT imaging 
confirmed extensive arterial morphogenesis in GS4898-treated 
mice compared with control mice (Figure 6E).

ERK1/2 restores arterial vascular development in synectin-knockdown 
zebrafish embryos. Given the suppressed ERK1/2 activation and 
abnormal arterial morphogenesis in synectin-knockdown zebraf-
ish embryos, we used downtitration of PI3K to evaluate the effect of 
ERK1/2 on arterial morphogenesis. During this process in zebraf-
ish, intersegmental vessel (ISV) sprouting led to formation of dor-
sal longitudinal anastomotic vessels (DLAVs; Figure 7A). Injection 
of zebrafish embryos with a synectin morpholino oligonucleotide 
(MO) reduced ISV branching to 37% of controls and impaired DLAV 
formation (Figure 7, B and E), consistent with prior observations 
(15). Exposure of the synectin MO–injected embryos to progres-
sively higher dosages of GS4898 or LY294002 resulted in a marked 
increase in ISV branching and restoration of DLAV formation (Figure  
7, C–E). To confirm that this effect was in fact dependent on res-
toration of ERK activity, WT and synectin MO–injected embryos 
were treated with GS4898 or LY294002 in the presence or absence 
of U0126. Inhibition of ERK activation with U0126 fully blocked 
GS4898- and LY294002-mediated restoration of ISV branching in 
synectin-knockdown embryos (Figure 7F).

μ

Ren, B. et al. ERK1/2-Akt1 crosstalk 
regulates arteriogenesis in mice 
and zebrafish. J Clin Invest 120, 

1217–1228 (2010).

Vascular 
remodeling

Hayashi, H. & Kume, T. Foxc transcription factors 
directly regulate Dll4 and Hey2 expression by 

interacting with the VEGF-Notch signaling pathways 
in endothelial cells. PLoS ONE 3, e2401 (2008).

be attributable to diverse C-terminal regions in the two Foxc
proteins (,30% homology), compared with their N-terminal and
DNA-binding domains (56% and 97% homology, respectively). It
is worth noting that compound Foxc1+/2; Foxc22/2 mutants
have much more severe defects in the cardiovascular system than
compound Foxc12/2; Foxc2+/2 mutants [16–18]. While we
cannot rule out the possibility that Foxc1 is involved in non-
canonical Notch signaling [35], it has also been shown that Hey2
expression is Notch-independent in some cases [36,37].

We also show in this paper that Foxc1 and Foxc2 functionally
cooperate with VEGF signaling, through the PI3K pathway, to
induce Dll4 and Hey2 promoter activity. Our results are consistent
with evidence that the VEGF/PI3K-mediated pathway induces
Notch1 and Dll4 expression in cultured human endothelial cells
[30]. In contrast, in the zebrafish embryo, the PI3K pathway
suppresses arterial differentiation by blocking the ERK signaling
cascade [38]. The discrepancy between these in vitro and in vivo
experiments is currently unclear. While the effects of a single
isoform of VEGF on arterial gene expression was tested in the in
vitro experiments, spatiotemporal activity of multiple isoforms of
VEGF in the zebrafish embryo may differently affect activation of
VEGF-dependent intracellular signaling pathways in endothelial
cells in vivo. Interestingly, it is noteworthy that MAPK activity stays
much longer in the zebrafish embryo than in cultured endothelial
cells. In any case, it should be emphasized that in both contexts,
the two VEGF-mediated components, the PI3K and ERK
pathways, appear to have opposing effects [38,39] on arterial
differentiation. One possibility to explain our in vitro studies is that
PI3K-mediated inhibition of the ERK pathway leads to the

activation of Foxc proteins. While we cannot exclude the
possibility that Foxc function is, in part, independent of VEGF
signaling, activity of Foxc proteins may be modulated by
phosphorylation in response to VEGF. This idea is supported by
evidence that human FOXC1 and FOXC2 are phosphorylated by
EGF stimulation [40,41] and that human FOXC1 activity is
elaborately modulated by phosphorylation levels [40,42]. In fact,
both Foxc1 and Foxc2 have 10 potential phosphorylation sites for
ERK that are conserved between human and mouse (data not
shown). While there is no potential ERK1/2 phosphorylation site
in the DNA binding-domains, the distribution of 10 potential sites
in flanking N- and C-terminal regions are rather similar between
the two proteins. It is conceivable that specific residues such as
potential phosphorylation sites are commonly important for the
function of Foxc1 and Foxc2. Further analysis is under way to
define the amino acid residues in Foxc proteins that are
phosphorylated in response to VEGF.

VEGF signaling induces the expression of Neuropilin 1 (Nrp1),
as a positive-feedback loop to promote the arterial program [43].
Given evidence that Nrp1 expression is downregulated in
compound Foxc1; Foxc2 homozygotes [18], we have found that
Foxc2 also upregulates Nrp1 expression in endothelial cells and
that there is a conserved FBE between human and mouse in the 3
kb upstream region of Nrp1 (Figure S2). It is therefore possible
that Foxc transcription factors also regulate Nrp1 expression,
thereby regulating the positive-feedback loop of VEGF signaling
(Figure 5). In conclusion, our results demonstrate that Foxc1 and
Foxc2 are important transcriptional regulators in the arterial
program by interacting with VEGF and Notch signaling.

Supporting Information

Figure S1 Expression levels of Foxc1 and Foxc2 in MEECs
treated with VEGF. RNA samples were prepared after treatment
with VEGF at indicated concentrations for 24 hr, and relative
mRNA levels of Foxc1 and Foxc2 were measured by real-time
RT-PCR. Results are presented as means+/2s.d. from triplicate
experiments.
Found at: doi:10.1371/journal.pone.0002401.s001 (0.02 MB PDF)

Figure S2 Foxc2 upregulates Neuropilin 1 expression in
endothelial cells. MEECs were infected with recombinant
adenovirus expressing Foxc2 and GFP or control adenovirus
expressing GFP only (Mock). Neuropilin 1 (Nrp1) mRNA was
detected by semi-quantitative RT-PCR. Gapdh was used as an
internal control. (B) Identification of a conserved Foxc-binding
element in the upstream region of Neuropilin 1. Human and
mouse sequences in the Neuropilin 1 locus are aligned using
mVISTA to identify highly conserved regions. Putative Fox-biding
elements are marked by red boxes.
Found at: doi:10.1371/journal.pone.0002401.s002 (0.22 MB PDF)
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were treated with VEGF (50 ng/ml) in the presence of Wortmannin or PD98059 for additional 24 h. Luciferase activity was assayed at 48 h after
transfection. Values are means+s.d. of 3 experiments in triplicates. Statistical significance was determined by Student’s t-tests. (*p,0.05, **p,0.01
versus control cells treated with VEGF)
doi:10.1371/journal.pone.0002401.g004

Figure 5. Model for the involvement of Foxc proteins in arterial
gene expression program. Upon VEGF stimulation, the expression of
Notch signaling genes, including the Dll4 ligand and the Notch1/4
receptors, as well as downstream targets of Notch signaling, including
Hey2 and ephrinB2 [44], is induced in endothelial cells. Foxc1 and Foxc2
transcription factors directly control Dll4 and Hey2 transcription, while it
remains speculative whether Foxc proteins function downstream of VEGF.
Foxc2 is involved in the Su(H)-NICD transcriptional complex for the
induction of Hey2 expression. Foxc proteins may also regulate expression
of Nrp1, the arterial-specific co-receptor for VEGF (dashed arrow), thereby
controlling the positive feedback loop of VEGF signaling.
doi:10.1371/journal.pone.0002401.g005
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signaling increases. This leaves a significantly larger fraction of
cells in the proliferation region by forcing the activation vector
to turn and stay closer to the boundary as TrkA expression
increases during the 7–24 hr time window (Figure 6G). We
hypothesized that cells benefit from having the center of the
pERK-pAKT vector close to the boundary by maintaining a
balance between cell number expansion (proliferation) and
differentiation.

Indeed, we found that Rasa2 has a role in maintaining a pool of
proliferating cells when wemonitored the fraction of proliferating
cells over a 60 hr period after NGF stimulation. Rather than
observing a near complete drop in the number of proliferating
cells by 36 hr as observed in Rasa2 knockdown cells, control
cells maintained a fraction of proliferating cells for more than
60 hr (Figure 7A). The continued proliferation comes at a small
cost since cells that upregulate Rasa2 expression take longer
to differentiate (Figure 7B). However, the continued proliferation
provides a benefit since a larger number of differentiated cells
are generated after this period in control cells compared to

Figure 7. Function of the pERK-pAKT Response
Map in Balancing Cell Number Expansion and
Differentiation
(A and B) Time-course analysis of proliferation (A) and

neurite extension (B) in control and Rasa2 knockdown

cells after NGF stimulation (mean ± SD of four replicate

wells). In (A), subpopulations of control cells stay prolifer-

ative over a period of 60 hr, whereas Rasa2 knockdown

cells cease to proliferate after 48 hr of NGF stimulation.

(C) Quantification of Rasa2 knockdown effect on cell

number expansion after NGF stimulation. Cells trans-

fected with control or Rasa2 siRNA were treated with

Mock or NGF for 3 days before counting of cell number

(mean ± SD of four replicate wells).

(D) Landscape scheme of the 2D pERK-pAKT response

map emphasizes the boundary between the two regions

that predict the proliferation and differentiation outcomes.

The purple circle depicts the variation of the NGF-induced

signaling response that spreads the population of cells

across the boundary. The white dashed arrow reflects the

NGF-induced shift of the activation vector and the black

solid arrow depicts the path to differentiation.

(E) Schematic showing how Rasa2 maintains a balance

between cell number expansion and differentiation.

Rasa2 knockdown cells (Figure 7C). Thus, by
positioning the population near the proliferation
boundary, Rasa2 maintains proliferation
competent precursor cells to create more differ-
entiated cells.

DISCUSSION

Significance of a pERK-pAKT Signaling
Code
When we initiated our studies, we considered
that the level of sustained ERK activation alone
might predict the decision between differentia-
tion and proliferation (Marshall, 1995). Our study

showed instead that pERK and pAKT are both critical interme-
diate signaling steps and single-cell measurements are needed
to reveal the relationship between signaling and cell fate. We
found that the position of the activation vector relative to the
boundary in the pERK-pAKT response map determines whether
a particular cell differentiates or proliferates. This boundary idea
can be applied to the probability response map because the
transition from non-proliferating to proliferating cells is steep
(Figures 2A and 2B). Our model of a response map that defines
the paths to differentiation or proliferation is schematically
shown in a landscape representation in Figure 7D. This concept
shares some similarity to the idea that complex systems use
hubs to process information (Albert, 2005; Barabási and Oltvai,
2004).
Using different stimuli, small molecule inhibitors, and siRNA

knockdown of signaling proteins, we found that the curved
boundary between the regions was independent of the cellular
signaling processes that activate cells (Figures 1F and 2B),
arguing for a separation of upstream and downstream
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