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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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4 transcription factors can reprogram 
a somatic cell into an embryonic state

• Yamanaka factors (2006)

Oct4 Sox2 Klf4 Myc

fibroblasts

stomach, liver, skin, 
blood, prostate, 
urinary tract cells

iPS cells mouse

Takahashi, K; Yamanaka, S Cell 126 (4): 663–76, 2006

Okita K. et al, Nature 448: 260–262, 2007

Zhou H, Wu S, Joo JY et al. Cell Stem Cell 4(5): 381–4, 2009
• Can be achieved with recombinant protein (no 

genomic change) 
• Can be done without Myc - no cancer in iPS-

derived mice! Nakagawa, M. et al, Nature biotechnology 26(1):101-106, 2008



However, only a few cells become 
iPS cells, very slowly

• Aside from annoying 
people and limiting 
applications

WHY?

Hanna, J. et al, Nature 462, 595–601, 2009

ARTICLES

Direct cell reprogramming is a stochastic
process amenable to acceleration
Jacob Hanna1*, Krishanu Saha1*, Bernardo Pando2, Jeroen van Zon2,3, Christopher J. Lengner1,
Menno P. Creyghton1, Alexander van Oudenaarden2,3 & Rudolf Jaenisch1,3

Direct reprogramming of somatic cells into induced pluripotent stem (iPS) cells can be achieved by overexpression of Oct4,
Sox2, Klf4 and c-Myc transcription factors, but only a minority of donor somatic cells can be reprogrammed to pluripotency.
Here we demonstrate that reprogramming by these transcription factors is a continuous stochastic process where almost all
mouse donor cells eventually give rise to iPS cells on continued growth and transcription factor expression. Additional inhibition
of the p53/p21 pathway or overexpression of Lin28 increased the cell division rate and resulted in an accelerated kinetics of iPS
cell formation that was directly proportional to the increase in cell proliferation. In contrast, Nanog overexpression accelerated
reprogramming in a predominantly cell-division-rate-independent manner. Quantitative analyses define distinct
cell-division-rate-dependent and -independent modes for accelerating the stochastic course of reprogramming, and suggest
that the number of cell divisions is a key parameter driving epigenetic reprogramming to pluripotency.

Quantifying the efficiency and timescales of crucial events occurring
during in vitro reprogramming to pluripotency1–5 has been problematic
due to the cellular and genetic heterogeneity of de novo infected somatic
cells6,7. To circumvent the need for virus-mediated transduction
and reduce the heterogeneity of reprogramming factor expression, a
‘secondary’ reprogramming transgenic system was devised where all
somatic cells carry the same integration pattern of drug-inducible
Oct4, Sox2, Klf4 and c-Myc viral transgenes8–11. Although reprogram-
ming of somatic cells from secondary mice was two orders of magnitude
higher than in freshly infected somatic cells, only 1–20% of the induced
cells generated iPS cells after 3–4 weeks of factor expression9–13.
Furthermore, partially reprogrammed ‘intermediate’ cell lines have
been derived in different experimental settings, some of which can give
rise much later to fully reprogrammed iPS cells either spontaneously or
upon additional manipulations14,15. Given that the timescale of several
weeks and relatively low efficiencies persist even after controlling for
adequate Oct4, Sox2, Klf4 and c-Myc transgene expression, these studies
left important questions relevant to the basic mechanisms of epigenetic
reprogramming unresolved: how does the reprogramming process
progress over time and what happens to the majority of the cells that
do not become reprogrammed upon continued cell growth and
expression of the reprogramming factors? Why do some somatic cells
that circumvent senescence or apoptosis induced by Oct4, Sox2, Klf4
and c-Myc convert into iPS cells earlier than others? Do all adult donor
cells expressing Oct4, Sox2, Klf4 and c-Myc reprogramming factors
eventually give rise to iPS cells or would this be achieved only upon
additional genetic or small molecule manipulation? Is high reprogram-
ming efficiency restricted to non-lineage committed or adult stem
cells6,7,13,16,17?

Models to account for the reprogramming process fall into two
categories (models i–iv in Fig. 1). ‘Deterministic’ models posit that
either ‘all’ (model i) or only a subset of ‘elite’ or ‘stem-like’ cells
(model ii) within a donor population have the potential to generate
iPS cells and are reprogrammed with a fixed latency. We define
latency as the absolute time or the number of cell divisions that an
individual donor cell undergoes until it gives rise to a daughter iPS

cell. ‘Stochastic’ models posit that most if not all (model iii) or only a
subset of ‘elite’ somatic cells (model iv) within a donor population
have the potential to generate iPS cells, albeit with different latencies.

*These authors contributed equally to this work.

1The Whitehead Institute for Biomedical Research, 2Department of Physics, 3Department of Biology, Massachusetts Institute of Technology, Cambridge, Massachusetts 02142, USA.
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Figure 1 | Models of progressing to a pluripotent state during direct
reprogramming. Four different models (i–iv) to account for the latency of
donor somatic cells in progressing towards the iPS cell state following the
expression of Oct4, Sox2, Klf4 and c-Myc reprogramming factors. Latency can
be measured in units of absolute time or cell divisions until the first iPS cell is
generated from a monoclonal population. Graphs display the general shape of
the reprogramming kinetics in the different models. Note that elite models do
not necessarily reprogram more slowly as shown in the bottom plots.
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• deterministic for an 
elite set of cells? 

• stochastic for all? 
• stochastic for elite?



iPS reprogramming is a stochastic 
process, accessible to every cell

Hanna, J. et al, Nature 462, 595–601, 2009

To gain insight into the mechanism of reprogramming and to
address some of these questions, we have characterized the repro-
gramming efficiency and kinetics of over 1,000 somatic-cell-derived
monoclonal populations expressing Oct4, Sox2, Klf4 and c-Myc over
an extended period of time and quantitatively defined distinct modes
for changing the course of the reprogramming process upon addi-
tional genetic perturbations.

Reprogramming of monoclonal populations

We followed the reprogramming of individual somatic donor cells and
studied their potential to generate iPS cells. Unlike fibroblasts, B-cell
lineage-committed cells at the early pre-B-cell stage can be efficiently
cloned as single cells immediately after isolation and were used as a
defined, homogenous starting cell population for reprogramming into
iPS cells. The NGFP1 iPS cell line was generated by infecting fibroblasts
from Nanog–GFP reporter mice with doxycycline-inducible lentiviral
vectors encoding the Oct4, Sox2, Klf4 and c-Myc transcription factors
and injected into host blastocysts to generate secondary chimaeras9,18,19

(Fig. 2a). NGFP1-derived secondary pre-B cells were single-cell sorted
into individual wells and exhibited high cloning efficiency on doxycy-
cline (.80%). Populations were serially passaged and monitored
weekly for reactivation of the endogenous Nanog–GFP knock-in
reporter (Supplementary Fig. 1), which represents one of the final
events during reprogramming4,20–22. We defined reprogramming
efficiency as the long-term potential of a cell to generate iPS daughter
cells. A detection value of .0.5% for Nanog–GFP1 cells per well

reproducibly allowed for stable derivation of Nanog–GFP1 iPS cells
upon doxycycline withdrawal (Supplementary Fig. 2), and was set as
the minimal threshold for defining positive detection of iPS cells in
clonal populations.

Nanog–GFP1 cells were detected after 2 weeks of doxycycline
induction, with ,3–5% of the wells generating Nanog–GFP1 cells
at 2 weeks10–12 (Fig. 2b). The remaining wells contained viable cells,
could be propagated in the presence of doxycycline, and uniformly
silenced somatic/haematopoietic surface markers15,22 (Supplementary
Fig. 3). Upon extended culture, the fraction of wells with iPS cells
gradually increased and by 18 weeks after doxycycline addition
.92% of the wells had produced Nanog–GFP1 cells (Fig. 2b), demon-
strating that most if not all donor cells have the potential to generate
iPS cells. The reprogramming kinetics were reproducible in indepen-
dent experiments (Fig. 2b) and were not restricted to B cells, as CD11b1

monocytes that showed comparable transgene induction levels gener-
ated iPS cells with similar kinetics and efficiency (Supplementary Fig. 4).
Nanog–GFP1 cell populations selected at random gave rise to stable
doxycycline-independent iPS cell lines. Furthermore, all tested iPS cell
lines had normal karyotypes and generated teratomas and chimaeras
irrespective of whether they were derived at early or late time points
during the process (Fig. 2c and Supplementary Fig. 5). The iPS cell lines
carried distinct genetic heavy-chain rearrangements verifying their
independent clonal origin (Fig. 2d). We assessed whether transgene
expression levels or increased proliferation rate could underlie the
well-to-well differences seen in the latency of reprogramming. The
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Figure 2 | Long-term analysis of reprogramming monoclonal populations.
a, Schematic of experiments. b, Reprogramming of pre-B-cell monoclonal
populations measured as the cumulative number of wells that became
Nanog–GFP1. n indicates number of populations monitored. Asterisk
indicates flow cytometry for GFP detection was performed every 4 weeks.
c, Chimaeric mice with agouti coat colour from iPS cells derived after
12–13 weeks of doxycycline (DOX). d, Heavy-chain rearrangements in iPS
cells. Genetic rearrangements were confirmed by sequencing to distinguish
them from background signals, and are highlighted with red triangles.

e, Relative transgene induction levels of monoclonal populations on
doxycycline. Time is shown in weeks (w). Error bars indicate standard
deviation (s.d.; n 5 3). f, The population-averaged doubling time, td, for each
clonal population. Boxes delineate cases where the same clonal population
was measured at different times during doxycycline induction. The lower
two rows (green) represent subcloned iPS cell lines. From left to right,
columns show: clone number; weeks on doxycycline; Nanog–GFP .0.5%
status (1/2); population-averaged doubling time (h).
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To gain insight into the mechanism of reprogramming and to
address some of these questions, we have characterized the repro-
gramming efficiency and kinetics of over 1,000 somatic-cell-derived
monoclonal populations expressing Oct4, Sox2, Klf4 and c-Myc over
an extended period of time and quantitatively defined distinct modes
for changing the course of the reprogramming process upon addi-
tional genetic perturbations.

Reprogramming of monoclonal populations

We followed the reprogramming of individual somatic donor cells and
studied their potential to generate iPS cells. Unlike fibroblasts, B-cell
lineage-committed cells at the early pre-B-cell stage can be efficiently
cloned as single cells immediately after isolation and were used as a
defined, homogenous starting cell population for reprogramming into
iPS cells. The NGFP1 iPS cell line was generated by infecting fibroblasts
from Nanog–GFP reporter mice with doxycycline-inducible lentiviral
vectors encoding the Oct4, Sox2, Klf4 and c-Myc transcription factors
and injected into host blastocysts to generate secondary chimaeras9,18,19

(Fig. 2a). NGFP1-derived secondary pre-B cells were single-cell sorted
into individual wells and exhibited high cloning efficiency on doxycy-
cline (.80%). Populations were serially passaged and monitored
weekly for reactivation of the endogenous Nanog–GFP knock-in
reporter (Supplementary Fig. 1), which represents one of the final
events during reprogramming4,20–22. We defined reprogramming
efficiency as the long-term potential of a cell to generate iPS daughter
cells. A detection value of .0.5% for Nanog–GFP1 cells per well

reproducibly allowed for stable derivation of Nanog–GFP1 iPS cells
upon doxycycline withdrawal (Supplementary Fig. 2), and was set as
the minimal threshold for defining positive detection of iPS cells in
clonal populations.

Nanog–GFP1 cells were detected after 2 weeks of doxycycline
induction, with ,3–5% of the wells generating Nanog–GFP1 cells
at 2 weeks10–12 (Fig. 2b). The remaining wells contained viable cells,
could be propagated in the presence of doxycycline, and uniformly
silenced somatic/haematopoietic surface markers15,22 (Supplementary
Fig. 3). Upon extended culture, the fraction of wells with iPS cells
gradually increased and by 18 weeks after doxycycline addition
.92% of the wells had produced Nanog–GFP1 cells (Fig. 2b), demon-
strating that most if not all donor cells have the potential to generate
iPS cells. The reprogramming kinetics were reproducible in indepen-
dent experiments (Fig. 2b) and were not restricted to B cells, as CD11b1

monocytes that showed comparable transgene induction levels gener-
ated iPS cells with similar kinetics and efficiency (Supplementary Fig. 4).
Nanog–GFP1 cell populations selected at random gave rise to stable
doxycycline-independent iPS cell lines. Furthermore, all tested iPS cell
lines had normal karyotypes and generated teratomas and chimaeras
irrespective of whether they were derived at early or late time points
during the process (Fig. 2c and Supplementary Fig. 5). The iPS cell lines
carried distinct genetic heavy-chain rearrangements verifying their
independent clonal origin (Fig. 2d). We assessed whether transgene
expression levels or increased proliferation rate could underlie the
well-to-well differences seen in the latency of reprogramming. The
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Figure 2 | Long-term analysis of reprogramming monoclonal populations.
a, Schematic of experiments. b, Reprogramming of pre-B-cell monoclonal
populations measured as the cumulative number of wells that became
Nanog–GFP1. n indicates number of populations monitored. Asterisk
indicates flow cytometry for GFP detection was performed every 4 weeks.
c, Chimaeric mice with agouti coat colour from iPS cells derived after
12–13 weeks of doxycycline (DOX). d, Heavy-chain rearrangements in iPS
cells. Genetic rearrangements were confirmed by sequencing to distinguish
them from background signals, and are highlighted with red triangles.

e, Relative transgene induction levels of monoclonal populations on
doxycycline. Time is shown in weeks (w). Error bars indicate standard
deviation (s.d.; n 5 3). f, The population-averaged doubling time, td, for each
clonal population. Boxes delineate cases where the same clonal population
was measured at different times during doxycycline induction. The lower
two rows (green) represent subcloned iPS cell lines. From left to right,
columns show: clone number; weeks on doxycycline; Nanog–GFP .0.5%
status (1/2); population-averaged doubling time (h).
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• NGFP1 iPS cell line  
➡ Nanog–GFP fibroblasts  
➡ dox-inducible lentiviral 
vector (Oct4, Sox2, Klf4, c-Myc) 

➡ injected into host blastocysts 
➡ secondary chimaeras

To gain insight into the mechanism of reprogramming and to
address some of these questions, we have characterized the repro-
gramming efficiency and kinetics of over 1,000 somatic-cell-derived
monoclonal populations expressing Oct4, Sox2, Klf4 and c-Myc over
an extended period of time and quantitatively defined distinct modes
for changing the course of the reprogramming process upon addi-
tional genetic perturbations.

Reprogramming of monoclonal populations

We followed the reprogramming of individual somatic donor cells and
studied their potential to generate iPS cells. Unlike fibroblasts, B-cell
lineage-committed cells at the early pre-B-cell stage can be efficiently
cloned as single cells immediately after isolation and were used as a
defined, homogenous starting cell population for reprogramming into
iPS cells. The NGFP1 iPS cell line was generated by infecting fibroblasts
from Nanog–GFP reporter mice with doxycycline-inducible lentiviral
vectors encoding the Oct4, Sox2, Klf4 and c-Myc transcription factors
and injected into host blastocysts to generate secondary chimaeras9,18,19

(Fig. 2a). NGFP1-derived secondary pre-B cells were single-cell sorted
into individual wells and exhibited high cloning efficiency on doxycy-
cline (.80%). Populations were serially passaged and monitored
weekly for reactivation of the endogenous Nanog–GFP knock-in
reporter (Supplementary Fig. 1), which represents one of the final
events during reprogramming4,20–22. We defined reprogramming
efficiency as the long-term potential of a cell to generate iPS daughter
cells. A detection value of .0.5% for Nanog–GFP1 cells per well

reproducibly allowed for stable derivation of Nanog–GFP1 iPS cells
upon doxycycline withdrawal (Supplementary Fig. 2), and was set as
the minimal threshold for defining positive detection of iPS cells in
clonal populations.

Nanog–GFP1 cells were detected after 2 weeks of doxycycline
induction, with ,3–5% of the wells generating Nanog–GFP1 cells
at 2 weeks10–12 (Fig. 2b). The remaining wells contained viable cells,
could be propagated in the presence of doxycycline, and uniformly
silenced somatic/haematopoietic surface markers15,22 (Supplementary
Fig. 3). Upon extended culture, the fraction of wells with iPS cells
gradually increased and by 18 weeks after doxycycline addition
.92% of the wells had produced Nanog–GFP1 cells (Fig. 2b), demon-
strating that most if not all donor cells have the potential to generate
iPS cells. The reprogramming kinetics were reproducible in indepen-
dent experiments (Fig. 2b) and were not restricted to B cells, as CD11b1

monocytes that showed comparable transgene induction levels gener-
ated iPS cells with similar kinetics and efficiency (Supplementary Fig. 4).
Nanog–GFP1 cell populations selected at random gave rise to stable
doxycycline-independent iPS cell lines. Furthermore, all tested iPS cell
lines had normal karyotypes and generated teratomas and chimaeras
irrespective of whether they were derived at early or late time points
during the process (Fig. 2c and Supplementary Fig. 5). The iPS cell lines
carried distinct genetic heavy-chain rearrangements verifying their
independent clonal origin (Fig. 2d). We assessed whether transgene
expression levels or increased proliferation rate could underlie the
well-to-well differences seen in the latency of reprogramming. The
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Figure 2 | Long-term analysis of reprogramming monoclonal populations.
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Nanog–GFP1. n indicates number of populations monitored. Asterisk
indicates flow cytometry for GFP detection was performed every 4 weeks.
c, Chimaeric mice with agouti coat colour from iPS cells derived after
12–13 weeks of doxycycline (DOX). d, Heavy-chain rearrangements in iPS
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e, Relative transgene induction levels of monoclonal populations on
doxycycline. Time is shown in weeks (w). Error bars indicate standard
deviation (s.d.; n 5 3). f, The population-averaged doubling time, td, for each
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Direct cell reprogramming is a stochastic
process amenable to acceleration
Jacob Hanna1*, Krishanu Saha1*, Bernardo Pando2, Jeroen van Zon2,3, Christopher J. Lengner1,
Menno P. Creyghton1, Alexander van Oudenaarden2,3 & Rudolf Jaenisch1,3

Direct reprogramming of somatic cells into induced pluripotent stem (iPS) cells can be achieved by overexpression of Oct4,
Sox2, Klf4 and c-Myc transcription factors, but only a minority of donor somatic cells can be reprogrammed to pluripotency.
Here we demonstrate that reprogramming by these transcription factors is a continuous stochastic process where almost all
mouse donor cells eventually give rise to iPS cells on continued growth and transcription factor expression. Additional inhibition
of the p53/p21 pathway or overexpression of Lin28 increased the cell division rate and resulted in an accelerated kinetics of iPS
cell formation that was directly proportional to the increase in cell proliferation. In contrast, Nanog overexpression accelerated
reprogramming in a predominantly cell-division-rate-independent manner. Quantitative analyses define distinct
cell-division-rate-dependent and -independent modes for accelerating the stochastic course of reprogramming, and suggest
that the number of cell divisions is a key parameter driving epigenetic reprogramming to pluripotency.

Quantifying the efficiency and timescales of crucial events occurring
during in vitro reprogramming to pluripotency1–5 has been problematic
due to the cellular and genetic heterogeneity of de novo infected somatic
cells6,7. To circumvent the need for virus-mediated transduction
and reduce the heterogeneity of reprogramming factor expression, a
‘secondary’ reprogramming transgenic system was devised where all
somatic cells carry the same integration pattern of drug-inducible
Oct4, Sox2, Klf4 and c-Myc viral transgenes8–11. Although reprogram-
ming of somatic cells from secondary mice was two orders of magnitude
higher than in freshly infected somatic cells, only 1–20% of the induced
cells generated iPS cells after 3–4 weeks of factor expression9–13.
Furthermore, partially reprogrammed ‘intermediate’ cell lines have
been derived in different experimental settings, some of which can give
rise much later to fully reprogrammed iPS cells either spontaneously or
upon additional manipulations14,15. Given that the timescale of several
weeks and relatively low efficiencies persist even after controlling for
adequate Oct4, Sox2, Klf4 and c-Myc transgene expression, these studies
left important questions relevant to the basic mechanisms of epigenetic
reprogramming unresolved: how does the reprogramming process
progress over time and what happens to the majority of the cells that
do not become reprogrammed upon continued cell growth and
expression of the reprogramming factors? Why do some somatic cells
that circumvent senescence or apoptosis induced by Oct4, Sox2, Klf4
and c-Myc convert into iPS cells earlier than others? Do all adult donor
cells expressing Oct4, Sox2, Klf4 and c-Myc reprogramming factors
eventually give rise to iPS cells or would this be achieved only upon
additional genetic or small molecule manipulation? Is high reprogram-
ming efficiency restricted to non-lineage committed or adult stem
cells6,7,13,16,17?

Models to account for the reprogramming process fall into two
categories (models i–iv in Fig. 1). ‘Deterministic’ models posit that
either ‘all’ (model i) or only a subset of ‘elite’ or ‘stem-like’ cells
(model ii) within a donor population have the potential to generate
iPS cells and are reprogrammed with a fixed latency. We define
latency as the absolute time or the number of cell divisions that an
individual donor cell undergoes until it gives rise to a daughter iPS

cell. ‘Stochastic’ models posit that most if not all (model iii) or only a
subset of ‘elite’ somatic cells (model iv) within a donor population
have the potential to generate iPS cells, albeit with different latencies.

*These authors contributed equally to this work.

1The Whitehead Institute for Biomedical Research, 2Department of Physics, 3Department of Biology, Massachusetts Institute of Technology, Cambridge, Massachusetts 02142, USA.
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Figure 1 | Models of progressing to a pluripotent state during direct
reprogramming. Four different models (i–iv) to account for the latency of
donor somatic cells in progressing towards the iPS cell state following the
expression of Oct4, Sox2, Klf4 and c-Myc reprogramming factors. Latency can
be measured in units of absolute time or cell divisions until the first iPS cell is
generated from a monoclonal population. Graphs display the general shape of
the reprogramming kinetics in the different models. Note that elite models do
not necessarily reprogram more slowly as shown in the bottom plots.
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Reprogrammed cells emerge more 
often if cells proliferate more often

Hanna, J. et al, Nature 462, 595–601, 2009

population-averaged cell doubling times (td) and transgene induction
levels during the reprogramming process were similar in NGFP1 clonal
populations irrespective of time on doxycycline or whether these popu-
lations contained a Nanog–GFP1 fraction (Fig. 2e, f).

These results suggest the following: (1) reprogramming of somatic
cells is a continuous stochastic process where nearly all somatic
donor cells have the ability to give rise to iPS cells upon continuous
passaging and expression of Oct4, Sox2, Klf4 and c-Myc. (2) Although
reprogrammed cells do not appear before 8–10 days of Oct4, Sox2,
Klf4 and c-Myc expression21,22, the time of doxycycline exposure or
number of cell divisions achieved before a given clonal population
generates iPS cells varies widely. (3) Our data are not consistent with
an ‘elite component’ in reprogramming, as most if not all lineage-
committed B cells or monocytes are able to generate iPS cells rather
than only a small fraction of putative somatic stem cells present in the
donor cell population7,12,13. (4) Finally, somatic cells reprogram with
different latencies that cannot be predicted on the basis of time of
doxycycline exposure or proliferation rate, consistent with undefined
stochastic events driving the process (model iii in Fig. 1).

Cell division rate and reprogramming

We next characterized parameters of the reprogramming process by
introducing defined genetic perturbations. Recently, p53 (also called
Trp53) inhibition has been shown to enhance the efficiency of iPS cell
formation from fibroblasts by direct viral infection or transient trans-
fection protocols by reducing apoptosis after initial transgene induc-
tion16,23–27. We tested whether and how p53 inhibition would influence
the reprogramming of secondary transgenic NGFP1 iPS-cell-derived
pre-B cells that have a high single-cell cloning efficiency and stably grow
in the presence of doxycycline without requiring additional immorta-
lization and with only background apoptosis levels (Supplementary
Fig. 6). NGFP1 iPS cells were infected with a constitutively expressed
lentiviral vector encoding a short interfering RNA (siRNA) hairpin for
p53 (Supplementary Fig. 7)28. Infected cells were injected into host
blastocysts and NGFP1-p53 knockdown (p53KD) B cells were single-
cell sorted and cultured in doxycycline. p53 inhibition did not alter
transgene expression levels or affect the already residual levels of

apoptosis (Fig. 3a and Supplementary Figs 6 and 8), but rather
shortened the cell-population-averaged doubling time of p53KD cells in
the presence of doxycycline by ,2-fold as compared to control NGFP1-
derived cells (Fig. 3b and Supplementary Fig. 9). The kinetics of iPS cell
formation proceeded with a significantly accelerated rate, with 93% of
the wells producing Nanog–GFP1 cells within 8 weeks of doxycycline,
as compared to 17 weeks for the control cells (Fig. 3c). The iPS cell lines
were doxycycline independent, expressed pluripotency markers and
generated teratomas and mouse chimaeras (Supplementary Fig. 10).

To assess whether the enhanced reprogramming could be attributed
to the effect of p53 inhibition on proliferation rate, we estimated, based
on the population-averaged doubling times measured throughout the
process, how many cell divisions have occurred for each NGFP1 and
NGFP1-p53KD clonal population during the latency period. Upon
rescaling of latency by the doubling time (Fig. 3c, d), the cumulative
fraction of wells generating iPS cells collapsed to the same statistically
significant distribution with cell division number for both the NGFP1
and NGFP1-p53KD wells (log-rank test for dissimilarity, P 5 0.518). A
similar analysis on NGFP1 and NGFP1-p53KD CD11b1 cell-derived
clonal populations showed a comparable distribution (log-rank test for
dissimilarity, P 5 0.209; Supplementary Fig. 11). Latencies were not
normally distributed about the mean latency, but rather were better fit
with a gamma distribution (Supplementary Figs 12 and 13). Knock-
down of the p21 gene, a downstream effector of p53 which regulates
cell-cycle progression29, recapitulated the change in cell division rate
and acceleration of reprogramming dynamics upon Oct4, Sox2, Klf4
and c-Myc expression (Fig. 3a–d and Supplementary Figs 6–9 and 14),
further substantiating that change in cell division rate directly rescales
the kinetics of reprogramming to distributions similar to Oct4, Sox2,
Klf4 and c-Myc alone. Finally, we studied the effect of Lin28 over-
expression on the reprogramming dynamics, as it enhances the re-
programming of human fibroblasts and acts as an oncogene by modu-
lating the expression of cell-cycle regulators5,30. NGFP1-Lin28OE

(Lin28 overexpresser)-derived B-cell populations demonstrated accel-
erated reprogramming kinetics that directly correlated with the
observed increase in cell division rate on doxycycline (P 5 0.327;
Fig. 3a–d). In summary, our data demonstrate that both p53/p21
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Figure 3 | Cell-division-rate-dependent and -independent acceleration of
reprogramming. a, Average induction levels for transgenes in different
NGFP1 cell populations. n indicates number of populations sampled per
group, presented as mean 6 s.d. b, Growth curves for cells on doxycycline.
Exponential growth (dashed line) described the data well (R2 5 0.97–1.0),
and the population-averaged doubling times (td) were calculated from these
fits (Supplementary Fig. 9). c, As in Fig. 2b, latencies for reprogramming
various clonal B-cell-derived populations. NGFP1-p53KD, NGFP1-p21KD

and NGFP1-Lin28OE wells were statistically distinct from the NGFP1 and
NGFP1-control hairpin wells (P , 0.0001, log-rank test for dissimilarity).
d, Rescaling time by td provides an estimate for the number of cell divisions
occurring during latency. Cd, population-averaged number of cell divisions
on doxycycline before Nanog–GFP detection. No statistical difference
between groups was observed after rescaling time by td (P . 0.1). e, f, As in
c, d, but for NGFP1-NanogOE wells. n indicates number of populations
monitored.
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population-averaged cell doubling times (td) and transgene induction
levels during the reprogramming process were similar in NGFP1 clonal
populations irrespective of time on doxycycline or whether these popu-
lations contained a Nanog–GFP1 fraction (Fig. 2e, f).

These results suggest the following: (1) reprogramming of somatic
cells is a continuous stochastic process where nearly all somatic
donor cells have the ability to give rise to iPS cells upon continuous
passaging and expression of Oct4, Sox2, Klf4 and c-Myc. (2) Although
reprogrammed cells do not appear before 8–10 days of Oct4, Sox2,
Klf4 and c-Myc expression21,22, the time of doxycycline exposure or
number of cell divisions achieved before a given clonal population
generates iPS cells varies widely. (3) Our data are not consistent with
an ‘elite component’ in reprogramming, as most if not all lineage-
committed B cells or monocytes are able to generate iPS cells rather
than only a small fraction of putative somatic stem cells present in the
donor cell population7,12,13. (4) Finally, somatic cells reprogram with
different latencies that cannot be predicted on the basis of time of
doxycycline exposure or proliferation rate, consistent with undefined
stochastic events driving the process (model iii in Fig. 1).

Cell division rate and reprogramming

We next characterized parameters of the reprogramming process by
introducing defined genetic perturbations. Recently, p53 (also called
Trp53) inhibition has been shown to enhance the efficiency of iPS cell
formation from fibroblasts by direct viral infection or transient trans-
fection protocols by reducing apoptosis after initial transgene induc-
tion16,23–27. We tested whether and how p53 inhibition would influence
the reprogramming of secondary transgenic NGFP1 iPS-cell-derived
pre-B cells that have a high single-cell cloning efficiency and stably grow
in the presence of doxycycline without requiring additional immorta-
lization and with only background apoptosis levels (Supplementary
Fig. 6). NGFP1 iPS cells were infected with a constitutively expressed
lentiviral vector encoding a short interfering RNA (siRNA) hairpin for
p53 (Supplementary Fig. 7)28. Infected cells were injected into host
blastocysts and NGFP1-p53 knockdown (p53KD) B cells were single-
cell sorted and cultured in doxycycline. p53 inhibition did not alter
transgene expression levels or affect the already residual levels of

apoptosis (Fig. 3a and Supplementary Figs 6 and 8), but rather
shortened the cell-population-averaged doubling time of p53KD cells in
the presence of doxycycline by ,2-fold as compared to control NGFP1-
derived cells (Fig. 3b and Supplementary Fig. 9). The kinetics of iPS cell
formation proceeded with a significantly accelerated rate, with 93% of
the wells producing Nanog–GFP1 cells within 8 weeks of doxycycline,
as compared to 17 weeks for the control cells (Fig. 3c). The iPS cell lines
were doxycycline independent, expressed pluripotency markers and
generated teratomas and mouse chimaeras (Supplementary Fig. 10).

To assess whether the enhanced reprogramming could be attributed
to the effect of p53 inhibition on proliferation rate, we estimated, based
on the population-averaged doubling times measured throughout the
process, how many cell divisions have occurred for each NGFP1 and
NGFP1-p53KD clonal population during the latency period. Upon
rescaling of latency by the doubling time (Fig. 3c, d), the cumulative
fraction of wells generating iPS cells collapsed to the same statistically
significant distribution with cell division number for both the NGFP1
and NGFP1-p53KD wells (log-rank test for dissimilarity, P 5 0.518). A
similar analysis on NGFP1 and NGFP1-p53KD CD11b1 cell-derived
clonal populations showed a comparable distribution (log-rank test for
dissimilarity, P 5 0.209; Supplementary Fig. 11). Latencies were not
normally distributed about the mean latency, but rather were better fit
with a gamma distribution (Supplementary Figs 12 and 13). Knock-
down of the p21 gene, a downstream effector of p53 which regulates
cell-cycle progression29, recapitulated the change in cell division rate
and acceleration of reprogramming dynamics upon Oct4, Sox2, Klf4
and c-Myc expression (Fig. 3a–d and Supplementary Figs 6–9 and 14),
further substantiating that change in cell division rate directly rescales
the kinetics of reprogramming to distributions similar to Oct4, Sox2,
Klf4 and c-Myc alone. Finally, we studied the effect of Lin28 over-
expression on the reprogramming dynamics, as it enhances the re-
programming of human fibroblasts and acts as an oncogene by modu-
lating the expression of cell-cycle regulators5,30. NGFP1-Lin28OE

(Lin28 overexpresser)-derived B-cell populations demonstrated accel-
erated reprogramming kinetics that directly correlated with the
observed increase in cell division rate on doxycycline (P 5 0.327;
Fig. 3a–d). In summary, our data demonstrate that both p53/p21
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Figure 3 | Cell-division-rate-dependent and -independent acceleration of
reprogramming. a, Average induction levels for transgenes in different
NGFP1 cell populations. n indicates number of populations sampled per
group, presented as mean 6 s.d. b, Growth curves for cells on doxycycline.
Exponential growth (dashed line) described the data well (R2 5 0.97–1.0),
and the population-averaged doubling times (td) were calculated from these
fits (Supplementary Fig. 9). c, As in Fig. 2b, latencies for reprogramming
various clonal B-cell-derived populations. NGFP1-p53KD, NGFP1-p21KD

and NGFP1-Lin28OE wells were statistically distinct from the NGFP1 and
NGFP1-control hairpin wells (P , 0.0001, log-rank test for dissimilarity).
d, Rescaling time by td provides an estimate for the number of cell divisions
occurring during latency. Cd, population-averaged number of cell divisions
on doxycycline before Nanog–GFP detection. No statistical difference
between groups was observed after rescaling time by td (P . 0.1). e, f, As in
c, d, but for NGFP1-NanogOE wells. n indicates number of populations
monitored.
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• p21 or p53 knockdown



Stochastic   versus   privileged  
reprogramming

RESULTS

Nonstochastic Reprogramming from a Subpopulation of
Bone Marrow GMP Cells
To identify the existence of privileged somatic cells, we first took
a live-cell imaging approach, with which the behaviors of single
cells can be faithfully tracked with high resolution (Megyola
et al., 2013). We focused on the well-defined granulocyte mono-
cyte progenitors (GMP) because they support rapid and efficient
reprogramming (Eminli et al., 2009; Megyola et al., 2013) and are
more likely to contain privileged cells. Specifically, GMPs from
mice that carry both Rosa26:rtTA and Oct4:GFP alleles were
used as source cells for reprogramming (FACS-sorting scheme
in Figure S1B available online) so that activation of endogenous
Oct4 locus can be detected as green fluorescence in live cells.
The Yamanaka factors were introduced by a doxycycline
(Dox)-inducible polycistronic lentivirus (Carey et al., 2009) so
that factor expression could be initiated by adding Dox, with
image acquisition starting about 1 hr later (the time required to
calibrate the imaging system). The reprogramming cultures
were imaged at 5–15min intervals for!5 days, when Oct4:GFP+
cells display typical features of mouse pluripotent cells. These
Oct4:GFP+ cells, though still Dox dependent, progress with re-
programming highly efficiently (Table S1) without any obvious
bottleneck restrictions, reaching a pluripotent state that can
support chimeric mice formation and germline transmission
(Megyola et al., 2013).

Using this imaging approach, we mapped the entire fate tran-
sition process from single founder GMPs to Oct4:GFP+ progeny

(Movie S1 and Figures S1A and 2A) and constructed 14 success-
fully reprogrammed cell lineages from 5 independent experi-
ments. Strikingly, these reprogrammed GMP lineages displayed
a behavior that is consistent with features of the privileged state
(Figure 1). All live progeny from theseGMPs turned onOct4:GFP,
yielding multiple sister colonies with homogeneous Oct4:GFP
fluorescence (Movie S1). No progeny retained hematopoietic
appearance or became ‘‘stuck’’ in intermediate steps, which is
prevalent in the stochastic reprogramming systems (Chen
et al., 2013; Mikkelsen et al., 2008). Because we added Dox
within 1 hr of imaging and because it would take time before fac-
tor expression amounted to significant levels, we could ascertain
with good confidence that the initial somatic cell state was
captured in the imaging process. Taken together, live-cell imag-
ing at single-cell resolution supports that some GMPs exist in a
privileged state (Figures 2A and S1A and Movie S1).
To further validate that a subset of GMPs is privileged, factor-

transduced GMPs were FACS sorted as single cells into 96-well
plates to achieve clonal reprogramming (experimental scheme in
Figure S5A). When 420 total wells were examined after 5 days of
Dox induction, 71 wells (17%) gave rise to Oct4:GFP+ colonies.
The majority of wells (97%) positive for Oct4:GFP+ colonies did
not contain noticeable numbers of cells bearing hematopoietic
morphology (Figure 2B), confirming our observation that most
progeny became reprogrammed using the imaging approach
(Movie S1). Many of these wells contained multiple sister
colonies, with small numbers of round-shaped cells (also
Oct4:GFP+) in close proximity to the larger colonies (Figure 2B),
which we have described previously to result from the dynamic
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(B) Contrasting stochastic and privileged reprogramming with regard to their efficiency and latency.
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Approach: Oct4:GFP cells + virus 
with inducible Yamanaka factors
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A subset bone marrow GMPs show 
non-stochastic reprogramming
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For certain parent cells, every 
descendant was reprogrammed!
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Figure 2. Nonstochastic Reprogramming from a Subset of GMPs
(A) A representative lineagemap from a single GMP toOct4:GFP+ progeny. The color of the circles corresponds to the color of arrows inMovie S1 and Figure S1A.

Lines denote lineage relationship. Filled green circles denote Oct4:GFP fluorescence as detectible by time-lapse imaging. The numbers (hr:min) at each

branching point indicate the time when mitosis occurred and were used to derive cell-cycle lengths. Red blocks on the horizontal block arrow indicate reporter

signals of a G1 phase reporter (see Figure S2 and Movie S2).

(B) GMPs were transduced with Dox-inducible Yamanaka factors and single cell sorted into 96-well plates in reprogramming conditions (scheme in Figure S5A).

Representative images of the reprogramming product of a single GMP are shown. Note the presence of multiple sister colonies and that many of the round-

shaped cells in the vicinity of Oct4:GFP+ colonies are also GFP+ (zoom in, red arrows).

(C) GMP and LKS cells from H2B-GFPmice were reprogrammed as single cells. Representative images of the reprogramming culture from a single GMP (top) or

LKS cell (bottom) after 6 days of Dox induction are shown. Note the presence of H2B-GFP+, alkaline phosphatase (AP)-negative cells in LKS-initiated culture, but

not in the GMP-initiated culture. A slight increase in colony sizes was noted after fixation/staining.

(legend continued on next page)
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Really?  — Single-cell approach

Rep. medium 

A  Reprogramming from single cells (fresh cells)   
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Figure S5. Reprogramming Single Hematopoietic Stem and Progenitors and Definition of Reprogramming Efficiency, Related to Figures 2, 3
and 4
(A) Scheme of reprogramming fresh HSPCs. HSPCs were sorted frommouse bone marrow and transduced with the polycistronic reprogramming virus (day!1).

On the following day (day 0), all cells were washed and single cell sorted into 96-well plates in reprogramming conditions (MEF feeders + mESC medium + Dox).

Oct4:GFP+ colonies were scored after 5-7 days. A well scores positive if it contained at least one Oct4:GFP+ colony. A well scores as one reprogramming event

even if it contained multiple Oct4:GFP+ colonies. Note the definition of reprogramming efficiency.

(B) Scheme of reprogramming cultured HSPCs. HSPCs were sorted from mouse bone marrow and transduced with the polycistronic reprogramming virus

(day!6). On the following day (day!5), all cells were washed and single cell sorted into 96-well plates in hematopoietic growth factors for activation culture. After

five days (day 0), activated cells were plated in new wells in reprogramming conditions. Oct4:GFP+ colonies were scored after another 5-7 days (day 5-7). A well

scores positive if it contained at least one Oct4:GFP+ colony. A well scores as one reprogramming event even if it contained multiple Oct4:GFP+ colonies. Note

the definition of reprogramming efficiency.

(C) LKS cellswere sorted from the bonemarrowof aRosa26:rtTA xH2B-GFP transgenicmouse, transducedwith the polycistronic reprogramming virus and single

cell sorted into 96-well plates to be activated with hematopoietic growth factors. Progeny of the activated LKS cell were then transferred into reprogramming

conditions in a well on a new 96-well plate. Shown are representative images at 10x (top) and 20x magnifications (bottom) demonstrating predominantly re-

programmed progeny. Note that essentially all H2B-GFP+ cells situated in or close to colonies, which were already well developed on day 5 of Dox induction.

(D) A representative FACS plot for the cells in one of such wells after staining with antibodies against CD45 and SSEA1.
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97% of GFP (Oct4)+ colonies had 
no hematopoietic cell left!
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Figure 2. Nonstochastic Reprogramming from a Subset of GMPs
(A) A representative lineagemap from a single GMP toOct4:GFP+ progeny. The color of the circles corresponds to the color of arrows inMovie S1 and Figure S1A.

Lines denote lineage relationship. Filled green circles denote Oct4:GFP fluorescence as detectible by time-lapse imaging. The numbers (hr:min) at each

branching point indicate the time when mitosis occurred and were used to derive cell-cycle lengths. Red blocks on the horizontal block arrow indicate reporter

signals of a G1 phase reporter (see Figure S2 and Movie S2).

(B) GMPs were transduced with Dox-inducible Yamanaka factors and single cell sorted into 96-well plates in reprogramming conditions (scheme in Figure S5A).

Representative images of the reprogramming product of a single GMP are shown. Note the presence of multiple sister colonies and that many of the round-

shaped cells in the vicinity of Oct4:GFP+ colonies are also GFP+ (zoom in, red arrows).

(C) GMP and LKS cells from H2B-GFPmice were reprogrammed as single cells. Representative images of the reprogramming culture from a single GMP (top) or

LKS cell (bottom) after 6 days of Dox induction are shown. Note the presence of H2B-GFP+, alkaline phosphatase (AP)-negative cells in LKS-initiated culture, but

not in the GMP-initiated culture. A slight increase in colony sizes was noted after fixation/staining.

(legend continued on next page)
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Figure 2. Nonstochastic Reprogramming from a Subset of GMPs
(A) A representative lineagemap from a single GMP toOct4:GFP+ progeny. The color of the circles corresponds to the color of arrows inMovie S1 and Figure S1A.

Lines denote lineage relationship. Filled green circles denote Oct4:GFP fluorescence as detectible by time-lapse imaging. The numbers (hr:min) at each

branching point indicate the time when mitosis occurred and were used to derive cell-cycle lengths. Red blocks on the horizontal block arrow indicate reporter

signals of a G1 phase reporter (see Figure S2 and Movie S2).

(B) GMPs were transduced with Dox-inducible Yamanaka factors and single cell sorted into 96-well plates in reprogramming conditions (scheme in Figure S5A).

Representative images of the reprogramming product of a single GMP are shown. Note the presence of multiple sister colonies and that many of the round-

shaped cells in the vicinity of Oct4:GFP+ colonies are also GFP+ (zoom in, red arrows).

(C) GMP and LKS cells from H2B-GFPmice were reprogrammed as single cells. Representative images of the reprogramming culture from a single GMP (top) or

LKS cell (bottom) after 6 days of Dox induction are shown. Note the presence of H2B-GFP+, alkaline phosphatase (AP)-negative cells in LKS-initiated culture, but

not in the GMP-initiated culture. A slight increase in colony sizes was noted after fixation/staining.

(legend continued on next page)

652 Cell 156, 649–662, February 13, 2014 ª2014 Elsevier Inc.

• no alkaline-phosphatase 
(AP) negative cells left! 



GMP or iPS - there is no third option
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Figure 2. Nonstochastic Reprogramming from a Subset of GMPs
(A) A representative lineagemap from a single GMP toOct4:GFP+ progeny. The color of the circles corresponds to the color of arrows inMovie S1 and Figure S1A.

Lines denote lineage relationship. Filled green circles denote Oct4:GFP fluorescence as detectible by time-lapse imaging. The numbers (hr:min) at each

branching point indicate the time when mitosis occurred and were used to derive cell-cycle lengths. Red blocks on the horizontal block arrow indicate reporter

signals of a G1 phase reporter (see Figure S2 and Movie S2).

(B) GMPs were transduced with Dox-inducible Yamanaka factors and single cell sorted into 96-well plates in reprogramming conditions (scheme in Figure S5A).

Representative images of the reprogramming product of a single GMP are shown. Note the presence of multiple sister colonies and that many of the round-

shaped cells in the vicinity of Oct4:GFP+ colonies are also GFP+ (zoom in, red arrows).

(C) GMP and LKS cells from H2B-GFPmice were reprogrammed as single cells. Representative images of the reprogramming culture from a single GMP (top) or

LKS cell (bottom) after 6 days of Dox induction are shown. Note the presence of H2B-GFP+, alkaline phosphatase (AP)-negative cells in LKS-initiated culture, but

not in the GMP-initiated culture. A slight increase in colony sizes was noted after fixation/staining.

(legend continued on next page)
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Reprogramming from privileged 
state => short, uniform latency

• all progeny -> Oct4:GFP+ 
within 46.0 ± 6.8 hr (n = 38) 

• highly consistent among 
the 14 GMP lineages 
across five experiments
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Figure 2. Nonstochastic Reprogramming from a Subset of GMPs
(A) A representative lineagemap from a single GMP toOct4:GFP+ progeny. The color of the circles corresponds to the color of arrows inMovie S1 and Figure S1A.

Lines denote lineage relationship. Filled green circles denote Oct4:GFP fluorescence as detectible by time-lapse imaging. The numbers (hr:min) at each

branching point indicate the time when mitosis occurred and were used to derive cell-cycle lengths. Red blocks on the horizontal block arrow indicate reporter

signals of a G1 phase reporter (see Figure S2 and Movie S2).

(B) GMPs were transduced with Dox-inducible Yamanaka factors and single cell sorted into 96-well plates in reprogramming conditions (scheme in Figure S5A).

Representative images of the reprogramming product of a single GMP are shown. Note the presence of multiple sister colonies and that many of the round-

shaped cells in the vicinity of Oct4:GFP+ colonies are also GFP+ (zoom in, red arrows).

(C) GMP and LKS cells from H2B-GFPmice were reprogrammed as single cells. Representative images of the reprogramming culture from a single GMP (top) or

LKS cell (bottom) after 6 days of Dox induction are shown. Note the presence of H2B-GFP+, alkaline phosphatase (AP)-negative cells in LKS-initiated culture, but

not in the GMP-initiated culture. A slight increase in colony sizes was noted after fixation/staining.

(legend continued on next page)
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Privileged GMPs have a very short 
cell cycle, especially G1

ultrafast cycling cells as compared to GMPs (Figures 4A, black
bars, and S4 and Table S3). Accordingly, LKS cells reprog-
rammed with much lower (7.6-fold) efficiency than did GMPs in
single-cell reprogramming assays (Figure 4B, black bars and
Table S4), consistent with a previous report (Eminli et al.,
2009). Importantly, LKS cells mostly reprogrammed in a sto-
chastic manner, i.e., single LKS cells gave rise to both reprog-

rammed cells and substantial numbers of nonreprogrammed
cells (Figure 2C, bottom).
While the fast cycling of GMPs is required to sustain rapid tis-

sue turnover, stem cells remain largely quiescent to sustain life-
long tissue homeostasis and injury repair and only begin cycling
in response to proper cues (Greco and Guo, 2010). Thus, we
tested whether culturing LKS cells in growth factors/cytokines

(D) GMP-initiated reprogramming culture were trypsinized after 6 days of Dox induction and were stained with a CD45 antibody. A representative FACS plot

shows that CD45+ hematopoietic cells and Oct4:GFP+ cells make up !97% of the culture.

(E) The number of mitotic divisions before Oct4:GFP became detectible by imaging (n = 38).

See also Figures S1, S2, S5A, Table S1 and Movies S1, S2.
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Figure 3. Privileged GMPs Display an Ultrafast Cell Cycle
(A) Cell cycle lengths of successfully reprogrammedGMP lineages. Each dot represents amitotic event that gave rise to Oct4:GFP+ cells. More dots were scored

for cell cycles 2 and 3 due to cell number increase following previous divisions. Within the same imaging experiments, the first cell cycle of randomGMPs (n = 54)

was also measured. Pooled data of 14 lineages from five independent imaging experiments are shown. *p < 0.001.

(B) A G1 phase reporter was used to measure G1 duration by time-lapse imaging. Each dot represents a mitotic event that gave rise to Oct4:GFP+ cells.

(C) Representative FACS plots of GMPs immediately after CFSE label (top) and following 24 hr of dye dilution (bottom). The gating strategy for sorting fast and

slow cycling cells is shown.

(D) The fast and slow cycling GMPs were single cell sorted into 96-well plates in reprogramming conditions. The number of wells that contained Oct4:GFP+

colonies and the total number of plated wells are indicated, separated by a slash.

See also Figures S2, S3, Table S2, and Movie S2.
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ultrafast cycling cells as compared to GMPs (Figures 4A, black
bars, and S4 and Table S3). Accordingly, LKS cells reprog-
rammed with much lower (7.6-fold) efficiency than did GMPs in
single-cell reprogramming assays (Figure 4B, black bars and
Table S4), consistent with a previous report (Eminli et al.,
2009). Importantly, LKS cells mostly reprogrammed in a sto-
chastic manner, i.e., single LKS cells gave rise to both reprog-

rammed cells and substantial numbers of nonreprogrammed
cells (Figure 2C, bottom).
While the fast cycling of GMPs is required to sustain rapid tis-

sue turnover, stem cells remain largely quiescent to sustain life-
long tissue homeostasis and injury repair and only begin cycling
in response to proper cues (Greco and Guo, 2010). Thus, we
tested whether culturing LKS cells in growth factors/cytokines

(D) GMP-initiated reprogramming culture were trypsinized after 6 days of Dox induction and were stained with a CD45 antibody. A representative FACS plot

shows that CD45+ hematopoietic cells and Oct4:GFP+ cells make up !97% of the culture.

(E) The number of mitotic divisions before Oct4:GFP became detectible by imaging (n = 38).

See also Figures S1, S2, S5A, Table S1 and Movies S1, S2.
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Figure 3. Privileged GMPs Display an Ultrafast Cell Cycle
(A) Cell cycle lengths of successfully reprogrammedGMP lineages. Each dot represents amitotic event that gave rise to Oct4:GFP+ cells. More dots were scored

for cell cycles 2 and 3 due to cell number increase following previous divisions. Within the same imaging experiments, the first cell cycle of randomGMPs (n = 54)

was also measured. Pooled data of 14 lineages from five independent imaging experiments are shown. *p < 0.001.

(B) A G1 phase reporter was used to measure G1 duration by time-lapse imaging. Each dot represents a mitotic event that gave rise to Oct4:GFP+ cells.

(C) Representative FACS plots of GMPs immediately after CFSE label (top) and following 24 hr of dye dilution (bottom). The gating strategy for sorting fast and

slow cycling cells is shown.

(D) The fast and slow cycling GMPs were single cell sorted into 96-well plates in reprogramming conditions. The number of wells that contained Oct4:GFP+

colonies and the total number of plated wells are indicated, separated by a slash.

See also Figures S2, S3, Table S2, and Movie S2.
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ultrafast cycling cells as compared to GMPs (Figures 4A, black
bars, and S4 and Table S3). Accordingly, LKS cells reprog-
rammed with much lower (7.6-fold) efficiency than did GMPs in
single-cell reprogramming assays (Figure 4B, black bars and
Table S4), consistent with a previous report (Eminli et al.,
2009). Importantly, LKS cells mostly reprogrammed in a sto-
chastic manner, i.e., single LKS cells gave rise to both reprog-

rammed cells and substantial numbers of nonreprogrammed
cells (Figure 2C, bottom).
While the fast cycling of GMPs is required to sustain rapid tis-

sue turnover, stem cells remain largely quiescent to sustain life-
long tissue homeostasis and injury repair and only begin cycling
in response to proper cues (Greco and Guo, 2010). Thus, we
tested whether culturing LKS cells in growth factors/cytokines

(D) GMP-initiated reprogramming culture were trypsinized after 6 days of Dox induction and were stained with a CD45 antibody. A representative FACS plot

shows that CD45+ hematopoietic cells and Oct4:GFP+ cells make up !97% of the culture.

(E) The number of mitotic divisions before Oct4:GFP became detectible by imaging (n = 38).

See also Figures S1, S2, S5A, Table S1 and Movies S1, S2.
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Figure 3. Privileged GMPs Display an Ultrafast Cell Cycle
(A) Cell cycle lengths of successfully reprogrammedGMP lineages. Each dot represents amitotic event that gave rise to Oct4:GFP+ cells. More dots were scored

for cell cycles 2 and 3 due to cell number increase following previous divisions. Within the same imaging experiments, the first cell cycle of randomGMPs (n = 54)

was also measured. Pooled data of 14 lineages from five independent imaging experiments are shown. *p < 0.001.

(B) A G1 phase reporter was used to measure G1 duration by time-lapse imaging. Each dot represents a mitotic event that gave rise to Oct4:GFP+ cells.

(C) Representative FACS plots of GMPs immediately after CFSE label (top) and following 24 hr of dye dilution (bottom). The gating strategy for sorting fast and

slow cycling cells is shown.

(D) The fast and slow cycling GMPs were single cell sorted into 96-well plates in reprogramming conditions. The number of wells that contained Oct4:GFP+

colonies and the total number of plated wells are indicated, separated by a slash.

See also Figures S2, S3, Table S2, and Movie S2.
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ultrafast cycling cells as compared to GMPs (Figures 4A, black
bars, and S4 and Table S3). Accordingly, LKS cells reprog-
rammed with much lower (7.6-fold) efficiency than did GMPs in
single-cell reprogramming assays (Figure 4B, black bars and
Table S4), consistent with a previous report (Eminli et al.,
2009). Importantly, LKS cells mostly reprogrammed in a sto-
chastic manner, i.e., single LKS cells gave rise to both reprog-

rammed cells and substantial numbers of nonreprogrammed
cells (Figure 2C, bottom).
While the fast cycling of GMPs is required to sustain rapid tis-

sue turnover, stem cells remain largely quiescent to sustain life-
long tissue homeostasis and injury repair and only begin cycling
in response to proper cues (Greco and Guo, 2010). Thus, we
tested whether culturing LKS cells in growth factors/cytokines

(D) GMP-initiated reprogramming culture were trypsinized after 6 days of Dox induction and were stained with a CD45 antibody. A representative FACS plot

shows that CD45+ hematopoietic cells and Oct4:GFP+ cells make up !97% of the culture.

(E) The number of mitotic divisions before Oct4:GFP became detectible by imaging (n = 38).

See also Figures S1, S2, S5A, Table S1 and Movies S1, S2.
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Figure 3. Privileged GMPs Display an Ultrafast Cell Cycle
(A) Cell cycle lengths of successfully reprogrammedGMP lineages. Each dot represents amitotic event that gave rise to Oct4:GFP+ cells. More dots were scored

for cell cycles 2 and 3 due to cell number increase following previous divisions. Within the same imaging experiments, the first cell cycle of randomGMPs (n = 54)

was also measured. Pooled data of 14 lineages from five independent imaging experiments are shown. *p < 0.001.

(B) A G1 phase reporter was used to measure G1 duration by time-lapse imaging. Each dot represents a mitotic event that gave rise to Oct4:GFP+ cells.

(C) Representative FACS plots of GMPs immediately after CFSE label (top) and following 24 hr of dye dilution (bottom). The gating strategy for sorting fast and

slow cycling cells is shown.

(D) The fast and slow cycling GMPs were single cell sorted into 96-well plates in reprogramming conditions. The number of wells that contained Oct4:GFP+

colonies and the total number of plated wells are indicated, separated by a slash.

See also Figures S2, S3, Table S2, and Movie S2.
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ultrafast cycling cells as compared to GMPs (Figures 4A, black
bars, and S4 and Table S3). Accordingly, LKS cells reprog-
rammed with much lower (7.6-fold) efficiency than did GMPs in
single-cell reprogramming assays (Figure 4B, black bars and
Table S4), consistent with a previous report (Eminli et al.,
2009). Importantly, LKS cells mostly reprogrammed in a sto-
chastic manner, i.e., single LKS cells gave rise to both reprog-

rammed cells and substantial numbers of nonreprogrammed
cells (Figure 2C, bottom).
While the fast cycling of GMPs is required to sustain rapid tis-

sue turnover, stem cells remain largely quiescent to sustain life-
long tissue homeostasis and injury repair and only begin cycling
in response to proper cues (Greco and Guo, 2010). Thus, we
tested whether culturing LKS cells in growth factors/cytokines

(D) GMP-initiated reprogramming culture were trypsinized after 6 days of Dox induction and were stained with a CD45 antibody. A representative FACS plot

shows that CD45+ hematopoietic cells and Oct4:GFP+ cells make up !97% of the culture.

(E) The number of mitotic divisions before Oct4:GFP became detectible by imaging (n = 38).

See also Figures S1, S2, S5A, Table S1 and Movies S1, S2.
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Figure 3. Privileged GMPs Display an Ultrafast Cell Cycle
(A) Cell cycle lengths of successfully reprogrammedGMP lineages. Each dot represents amitotic event that gave rise to Oct4:GFP+ cells. More dots were scored

for cell cycles 2 and 3 due to cell number increase following previous divisions. Within the same imaging experiments, the first cell cycle of randomGMPs (n = 54)

was also measured. Pooled data of 14 lineages from five independent imaging experiments are shown. *p < 0.001.

(B) A G1 phase reporter was used to measure G1 duration by time-lapse imaging. Each dot represents a mitotic event that gave rise to Oct4:GFP+ cells.

(C) Representative FACS plots of GMPs immediately after CFSE label (top) and following 24 hr of dye dilution (bottom). The gating strategy for sorting fast and

slow cycling cells is shown.

(D) The fast and slow cycling GMPs were single cell sorted into 96-well plates in reprogramming conditions. The number of wells that contained Oct4:GFP+

colonies and the total number of plated wells are indicated, separated by a slash.

See also Figures S2, S3, Table S2, and Movie S2.
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Privileged GMPs have a very short 
cell cycle, especially G1

ultrafast cycling cells as compared to GMPs (Figures 4A, black
bars, and S4 and Table S3). Accordingly, LKS cells reprog-
rammed with much lower (7.6-fold) efficiency than did GMPs in
single-cell reprogramming assays (Figure 4B, black bars and
Table S4), consistent with a previous report (Eminli et al.,
2009). Importantly, LKS cells mostly reprogrammed in a sto-
chastic manner, i.e., single LKS cells gave rise to both reprog-

rammed cells and substantial numbers of nonreprogrammed
cells (Figure 2C, bottom).
While the fast cycling of GMPs is required to sustain rapid tis-

sue turnover, stem cells remain largely quiescent to sustain life-
long tissue homeostasis and injury repair and only begin cycling
in response to proper cues (Greco and Guo, 2010). Thus, we
tested whether culturing LKS cells in growth factors/cytokines

(D) GMP-initiated reprogramming culture were trypsinized after 6 days of Dox induction and were stained with a CD45 antibody. A representative FACS plot

shows that CD45+ hematopoietic cells and Oct4:GFP+ cells make up !97% of the culture.

(E) The number of mitotic divisions before Oct4:GFP became detectible by imaging (n = 38).

See also Figures S1, S2, S5A, Table S1 and Movies S1, S2.
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Figure 3. Privileged GMPs Display an Ultrafast Cell Cycle
(A) Cell cycle lengths of successfully reprogrammedGMP lineages. Each dot represents amitotic event that gave rise to Oct4:GFP+ cells. More dots were scored

for cell cycles 2 and 3 due to cell number increase following previous divisions. Within the same imaging experiments, the first cell cycle of randomGMPs (n = 54)

was also measured. Pooled data of 14 lineages from five independent imaging experiments are shown. *p < 0.001.

(B) A G1 phase reporter was used to measure G1 duration by time-lapse imaging. Each dot represents a mitotic event that gave rise to Oct4:GFP+ cells.

(C) Representative FACS plots of GMPs immediately after CFSE label (top) and following 24 hr of dye dilution (bottom). The gating strategy for sorting fast and

slow cycling cells is shown.

(D) The fast and slow cycling GMPs were single cell sorted into 96-well plates in reprogramming conditions. The number of wells that contained Oct4:GFP+

colonies and the total number of plated wells are indicated, separated by a slash.

See also Figures S2, S3, Table S2, and Movie S2.
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ultrafast cycling cells as compared to GMPs (Figures 4A, black
bars, and S4 and Table S3). Accordingly, LKS cells reprog-
rammed with much lower (7.6-fold) efficiency than did GMPs in
single-cell reprogramming assays (Figure 4B, black bars and
Table S4), consistent with a previous report (Eminli et al.,
2009). Importantly, LKS cells mostly reprogrammed in a sto-
chastic manner, i.e., single LKS cells gave rise to both reprog-

rammed cells and substantial numbers of nonreprogrammed
cells (Figure 2C, bottom).
While the fast cycling of GMPs is required to sustain rapid tis-

sue turnover, stem cells remain largely quiescent to sustain life-
long tissue homeostasis and injury repair and only begin cycling
in response to proper cues (Greco and Guo, 2010). Thus, we
tested whether culturing LKS cells in growth factors/cytokines

(D) GMP-initiated reprogramming culture were trypsinized after 6 days of Dox induction and were stained with a CD45 antibody. A representative FACS plot

shows that CD45+ hematopoietic cells and Oct4:GFP+ cells make up !97% of the culture.

(E) The number of mitotic divisions before Oct4:GFP became detectible by imaging (n = 38).

See also Figures S1, S2, S5A, Table S1 and Movies S1, S2.
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Figure 3. Privileged GMPs Display an Ultrafast Cell Cycle
(A) Cell cycle lengths of successfully reprogrammedGMP lineages. Each dot represents amitotic event that gave rise to Oct4:GFP+ cells. More dots were scored

for cell cycles 2 and 3 due to cell number increase following previous divisions. Within the same imaging experiments, the first cell cycle of randomGMPs (n = 54)

was also measured. Pooled data of 14 lineages from five independent imaging experiments are shown. *p < 0.001.

(B) A G1 phase reporter was used to measure G1 duration by time-lapse imaging. Each dot represents a mitotic event that gave rise to Oct4:GFP+ cells.

(C) Representative FACS plots of GMPs immediately after CFSE label (top) and following 24 hr of dye dilution (bottom). The gating strategy for sorting fast and

slow cycling cells is shown.

(D) The fast and slow cycling GMPs were single cell sorted into 96-well plates in reprogramming conditions. The number of wells that contained Oct4:GFP+

colonies and the total number of plated wells are indicated, separated by a slash.

See also Figures S2, S3, Table S2, and Movie S2.
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ultrafast cycling cells as compared to GMPs (Figures 4A, black
bars, and S4 and Table S3). Accordingly, LKS cells reprog-
rammed with much lower (7.6-fold) efficiency than did GMPs in
single-cell reprogramming assays (Figure 4B, black bars and
Table S4), consistent with a previous report (Eminli et al.,
2009). Importantly, LKS cells mostly reprogrammed in a sto-
chastic manner, i.e., single LKS cells gave rise to both reprog-

rammed cells and substantial numbers of nonreprogrammed
cells (Figure 2C, bottom).
While the fast cycling of GMPs is required to sustain rapid tis-

sue turnover, stem cells remain largely quiescent to sustain life-
long tissue homeostasis and injury repair and only begin cycling
in response to proper cues (Greco and Guo, 2010). Thus, we
tested whether culturing LKS cells in growth factors/cytokines

(D) GMP-initiated reprogramming culture were trypsinized after 6 days of Dox induction and were stained with a CD45 antibody. A representative FACS plot

shows that CD45+ hematopoietic cells and Oct4:GFP+ cells make up !97% of the culture.

(E) The number of mitotic divisions before Oct4:GFP became detectible by imaging (n = 38).

See also Figures S1, S2, S5A, Table S1 and Movies S1, S2.

p = 4.4 x 10-8

Random
GMPsCell cycles of successfully

reprogrammed GMPs

C
el

lc
yc

le
du

ra
tio

n
(h

ou
rs

)

0

5

10

15

20

25

30

1st 2nd 3rd 4th

A

0

5

10

15

1st 2nd 3rd

G
1

du
ra

tio
n

(h
ou

rs
)

B

*
*

* Unlabeled control
CFSE

Fast

C

Slow

CFSE

Post label

Post 24h dilution

0

2

4

6

Fast Slow

D

R
ep

ro
gr

am
m

in
g

ef
fic

ie
nc

y
(%

) GMP single cell reprogramming

Cell cycles of successfully
reprogrammed GMPs

%
of

M
ax

%
of

M
ax

23/360

7/360

Figure 3. Privileged GMPs Display an Ultrafast Cell Cycle
(A) Cell cycle lengths of successfully reprogrammedGMP lineages. Each dot represents amitotic event that gave rise to Oct4:GFP+ cells. More dots were scored

for cell cycles 2 and 3 due to cell number increase following previous divisions. Within the same imaging experiments, the first cell cycle of randomGMPs (n = 54)

was also measured. Pooled data of 14 lineages from five independent imaging experiments are shown. *p < 0.001.

(B) A G1 phase reporter was used to measure G1 duration by time-lapse imaging. Each dot represents a mitotic event that gave rise to Oct4:GFP+ cells.

(C) Representative FACS plots of GMPs immediately after CFSE label (top) and following 24 hr of dye dilution (bottom). The gating strategy for sorting fast and

slow cycling cells is shown.

(D) The fast and slow cycling GMPs were single cell sorted into 96-well plates in reprogramming conditions. The number of wells that contained Oct4:GFP+

colonies and the total number of plated wells are indicated, separated by a slash.

See also Figures S2, S3, Table S2, and Movie S2.

Cell 156, 649–662, February 13, 2014 ª2014 Elsevier Inc. 653

ultrafast cycling cells as compared to GMPs (Figures 4A, black
bars, and S4 and Table S3). Accordingly, LKS cells reprog-
rammed with much lower (7.6-fold) efficiency than did GMPs in
single-cell reprogramming assays (Figure 4B, black bars and
Table S4), consistent with a previous report (Eminli et al.,
2009). Importantly, LKS cells mostly reprogrammed in a sto-
chastic manner, i.e., single LKS cells gave rise to both reprog-

rammed cells and substantial numbers of nonreprogrammed
cells (Figure 2C, bottom).
While the fast cycling of GMPs is required to sustain rapid tis-

sue turnover, stem cells remain largely quiescent to sustain life-
long tissue homeostasis and injury repair and only begin cycling
in response to proper cues (Greco and Guo, 2010). Thus, we
tested whether culturing LKS cells in growth factors/cytokines

(D) GMP-initiated reprogramming culture were trypsinized after 6 days of Dox induction and were stained with a CD45 antibody. A representative FACS plot

shows that CD45+ hematopoietic cells and Oct4:GFP+ cells make up !97% of the culture.

(E) The number of mitotic divisions before Oct4:GFP became detectible by imaging (n = 38).

See also Figures S1, S2, S5A, Table S1 and Movies S1, S2.
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Figure 3. Privileged GMPs Display an Ultrafast Cell Cycle
(A) Cell cycle lengths of successfully reprogrammedGMP lineages. Each dot represents amitotic event that gave rise to Oct4:GFP+ cells. More dots were scored

for cell cycles 2 and 3 due to cell number increase following previous divisions. Within the same imaging experiments, the first cell cycle of randomGMPs (n = 54)

was also measured. Pooled data of 14 lineages from five independent imaging experiments are shown. *p < 0.001.

(B) A G1 phase reporter was used to measure G1 duration by time-lapse imaging. Each dot represents a mitotic event that gave rise to Oct4:GFP+ cells.

(C) Representative FACS plots of GMPs immediately after CFSE label (top) and following 24 hr of dye dilution (bottom). The gating strategy for sorting fast and

slow cycling cells is shown.

(D) The fast and slow cycling GMPs were single cell sorted into 96-well plates in reprogramming conditions. The number of wells that contained Oct4:GFP+

colonies and the total number of plated wells are indicated, separated by a slash.

See also Figures S2, S3, Table S2, and Movie S2.
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ultrafast cycling cells as compared to GMPs (Figures 4A, black
bars, and S4 and Table S3). Accordingly, LKS cells reprog-
rammed with much lower (7.6-fold) efficiency than did GMPs in
single-cell reprogramming assays (Figure 4B, black bars and
Table S4), consistent with a previous report (Eminli et al.,
2009). Importantly, LKS cells mostly reprogrammed in a sto-
chastic manner, i.e., single LKS cells gave rise to both reprog-

rammed cells and substantial numbers of nonreprogrammed
cells (Figure 2C, bottom).
While the fast cycling of GMPs is required to sustain rapid tis-

sue turnover, stem cells remain largely quiescent to sustain life-
long tissue homeostasis and injury repair and only begin cycling
in response to proper cues (Greco and Guo, 2010). Thus, we
tested whether culturing LKS cells in growth factors/cytokines

(D) GMP-initiated reprogramming culture were trypsinized after 6 days of Dox induction and were stained with a CD45 antibody. A representative FACS plot

shows that CD45+ hematopoietic cells and Oct4:GFP+ cells make up !97% of the culture.

(E) The number of mitotic divisions before Oct4:GFP became detectible by imaging (n = 38).

See also Figures S1, S2, S5A, Table S1 and Movies S1, S2.
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Figure 3. Privileged GMPs Display an Ultrafast Cell Cycle
(A) Cell cycle lengths of successfully reprogrammedGMP lineages. Each dot represents amitotic event that gave rise to Oct4:GFP+ cells. More dots were scored

for cell cycles 2 and 3 due to cell number increase following previous divisions. Within the same imaging experiments, the first cell cycle of randomGMPs (n = 54)

was also measured. Pooled data of 14 lineages from five independent imaging experiments are shown. *p < 0.001.

(B) A G1 phase reporter was used to measure G1 duration by time-lapse imaging. Each dot represents a mitotic event that gave rise to Oct4:GFP+ cells.

(C) Representative FACS plots of GMPs immediately after CFSE label (top) and following 24 hr of dye dilution (bottom). The gating strategy for sorting fast and

slow cycling cells is shown.

(D) The fast and slow cycling GMPs were single cell sorted into 96-well plates in reprogramming conditions. The number of wells that contained Oct4:GFP+

colonies and the total number of plated wells are indicated, separated by a slash.

See also Figures S2, S3, Table S2, and Movie S2.
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Conversely: are GMPs with short 
cell cycle privileged?

• die dilution experiment!

Cell division #  0                 1                 2                3                        4

CFSE labeled cell

CFSE label Label dilu!on period

FACS Sort

CFSE 
intensity

Relative 
Cell cycle 

speed

Low Fast

Int. Med.
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Label dilution period

CFSE labeled cell Heterogeneous CFSE level

Figure S3. Fractionating Cells Based on Their Cycling Speed, Related to Figures 3, 5, and 6
(A) Schematic illustration of the dye (CFSE) dilution by cell divisions. Each time when a labeled cell divides, the dye is equally distributed to the two daughter cells

resulting in halving of the CFSE intensity which could be measured by flow cytometry. After a period of cell proliferation, faster cycling cells undergo more cell

divisions and retain less CFSE.

(B) Cells with heterogeneous CFSE intensities arise from a homogeneously labeled population following different number of divisions. The retaining dye intensity

serves as a sorting strategy for separating cells of different cycling speed.
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Indeed, faster cycling cells 
reprogram more often

ultrafast cycling cells as compared to GMPs (Figures 4A, black
bars, and S4 and Table S3). Accordingly, LKS cells reprog-
rammed with much lower (7.6-fold) efficiency than did GMPs in
single-cell reprogramming assays (Figure 4B, black bars and
Table S4), consistent with a previous report (Eminli et al.,
2009). Importantly, LKS cells mostly reprogrammed in a sto-
chastic manner, i.e., single LKS cells gave rise to both reprog-

rammed cells and substantial numbers of nonreprogrammed
cells (Figure 2C, bottom).
While the fast cycling of GMPs is required to sustain rapid tis-

sue turnover, stem cells remain largely quiescent to sustain life-
long tissue homeostasis and injury repair and only begin cycling
in response to proper cues (Greco and Guo, 2010). Thus, we
tested whether culturing LKS cells in growth factors/cytokines

(D) GMP-initiated reprogramming culture were trypsinized after 6 days of Dox induction and were stained with a CD45 antibody. A representative FACS plot

shows that CD45+ hematopoietic cells and Oct4:GFP+ cells make up !97% of the culture.

(E) The number of mitotic divisions before Oct4:GFP became detectible by imaging (n = 38).

See also Figures S1, S2, S5A, Table S1 and Movies S1, S2.

p = 4.4 x 10-8

Random
GMPsCell cycles of successfully

reprogrammed GMPs

C
el

lc
yc

le
du

ra
tio

n
(h

ou
rs

)

0

5

10

15

20

25

30

1st 2nd 3rd 4th

A

0

5

10

15

1st 2nd 3rd

G
1

du
ra

tio
n

(h
ou

rs
)

B

*
*

* Unlabeled control
CFSE

Fast

C

Slow

CFSE

Post label

Post 24h dilution

0

2

4

6

Fast Slow

D

R
ep

ro
gr

am
m

in
g

ef
fic

ie
nc

y
(%

) GMP single cell reprogramming

Cell cycles of successfully
reprogrammed GMPs

%
of

M
ax

%
of

M
ax

23/360

7/360

Figure 3. Privileged GMPs Display an Ultrafast Cell Cycle
(A) Cell cycle lengths of successfully reprogrammedGMP lineages. Each dot represents amitotic event that gave rise to Oct4:GFP+ cells. More dots were scored

for cell cycles 2 and 3 due to cell number increase following previous divisions. Within the same imaging experiments, the first cell cycle of randomGMPs (n = 54)

was also measured. Pooled data of 14 lineages from five independent imaging experiments are shown. *p < 0.001.

(B) A G1 phase reporter was used to measure G1 duration by time-lapse imaging. Each dot represents a mitotic event that gave rise to Oct4:GFP+ cells.

(C) Representative FACS plots of GMPs immediately after CFSE label (top) and following 24 hr of dye dilution (bottom). The gating strategy for sorting fast and

slow cycling cells is shown.

(D) The fast and slow cycling GMPs were single cell sorted into 96-well plates in reprogramming conditions. The number of wells that contained Oct4:GFP+

colonies and the total number of plated wells are indicated, separated by a slash.

See also Figures S2, S3, Table S2, and Movie S2.
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ultrafast cycling cells as compared to GMPs (Figures 4A, black
bars, and S4 and Table S3). Accordingly, LKS cells reprog-
rammed with much lower (7.6-fold) efficiency than did GMPs in
single-cell reprogramming assays (Figure 4B, black bars and
Table S4), consistent with a previous report (Eminli et al.,
2009). Importantly, LKS cells mostly reprogrammed in a sto-
chastic manner, i.e., single LKS cells gave rise to both reprog-

rammed cells and substantial numbers of nonreprogrammed
cells (Figure 2C, bottom).
While the fast cycling of GMPs is required to sustain rapid tis-

sue turnover, stem cells remain largely quiescent to sustain life-
long tissue homeostasis and injury repair and only begin cycling
in response to proper cues (Greco and Guo, 2010). Thus, we
tested whether culturing LKS cells in growth factors/cytokines

(D) GMP-initiated reprogramming culture were trypsinized after 6 days of Dox induction and were stained with a CD45 antibody. A representative FACS plot

shows that CD45+ hematopoietic cells and Oct4:GFP+ cells make up !97% of the culture.

(E) The number of mitotic divisions before Oct4:GFP became detectible by imaging (n = 38).

See also Figures S1, S2, S5A, Table S1 and Movies S1, S2.
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Figure 3. Privileged GMPs Display an Ultrafast Cell Cycle
(A) Cell cycle lengths of successfully reprogrammedGMP lineages. Each dot represents amitotic event that gave rise to Oct4:GFP+ cells. More dots were scored

for cell cycles 2 and 3 due to cell number increase following previous divisions. Within the same imaging experiments, the first cell cycle of randomGMPs (n = 54)

was also measured. Pooled data of 14 lineages from five independent imaging experiments are shown. *p < 0.001.

(B) A G1 phase reporter was used to measure G1 duration by time-lapse imaging. Each dot represents a mitotic event that gave rise to Oct4:GFP+ cells.

(C) Representative FACS plots of GMPs immediately after CFSE label (top) and following 24 hr of dye dilution (bottom). The gating strategy for sorting fast and

slow cycling cells is shown.

(D) The fast and slow cycling GMPs were single cell sorted into 96-well plates in reprogramming conditions. The number of wells that contained Oct4:GFP+

colonies and the total number of plated wells are indicated, separated by a slash.

See also Figures S2, S3, Table S2, and Movie S2.
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Indeed, faster cycling cells 
reprogram more often

ultrafast cycling cells as compared to GMPs (Figures 4A, black
bars, and S4 and Table S3). Accordingly, LKS cells reprog-
rammed with much lower (7.6-fold) efficiency than did GMPs in
single-cell reprogramming assays (Figure 4B, black bars and
Table S4), consistent with a previous report (Eminli et al.,
2009). Importantly, LKS cells mostly reprogrammed in a sto-
chastic manner, i.e., single LKS cells gave rise to both reprog-

rammed cells and substantial numbers of nonreprogrammed
cells (Figure 2C, bottom).
While the fast cycling of GMPs is required to sustain rapid tis-

sue turnover, stem cells remain largely quiescent to sustain life-
long tissue homeostasis and injury repair and only begin cycling
in response to proper cues (Greco and Guo, 2010). Thus, we
tested whether culturing LKS cells in growth factors/cytokines

(D) GMP-initiated reprogramming culture were trypsinized after 6 days of Dox induction and were stained with a CD45 antibody. A representative FACS plot

shows that CD45+ hematopoietic cells and Oct4:GFP+ cells make up !97% of the culture.

(E) The number of mitotic divisions before Oct4:GFP became detectible by imaging (n = 38).

See also Figures S1, S2, S5A, Table S1 and Movies S1, S2.
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Figure 3. Privileged GMPs Display an Ultrafast Cell Cycle
(A) Cell cycle lengths of successfully reprogrammedGMP lineages. Each dot represents amitotic event that gave rise to Oct4:GFP+ cells. More dots were scored

for cell cycles 2 and 3 due to cell number increase following previous divisions. Within the same imaging experiments, the first cell cycle of randomGMPs (n = 54)

was also measured. Pooled data of 14 lineages from five independent imaging experiments are shown. *p < 0.001.

(B) A G1 phase reporter was used to measure G1 duration by time-lapse imaging. Each dot represents a mitotic event that gave rise to Oct4:GFP+ cells.

(C) Representative FACS plots of GMPs immediately after CFSE label (top) and following 24 hr of dye dilution (bottom). The gating strategy for sorting fast and

slow cycling cells is shown.

(D) The fast and slow cycling GMPs were single cell sorted into 96-well plates in reprogramming conditions. The number of wells that contained Oct4:GFP+

colonies and the total number of plated wells are indicated, separated by a slash.

See also Figures S2, S3, Table S2, and Movie S2.
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ultrafast cycling cells as compared to GMPs (Figures 4A, black
bars, and S4 and Table S3). Accordingly, LKS cells reprog-
rammed with much lower (7.6-fold) efficiency than did GMPs in
single-cell reprogramming assays (Figure 4B, black bars and
Table S4), consistent with a previous report (Eminli et al.,
2009). Importantly, LKS cells mostly reprogrammed in a sto-
chastic manner, i.e., single LKS cells gave rise to both reprog-

rammed cells and substantial numbers of nonreprogrammed
cells (Figure 2C, bottom).
While the fast cycling of GMPs is required to sustain rapid tis-

sue turnover, stem cells remain largely quiescent to sustain life-
long tissue homeostasis and injury repair and only begin cycling
in response to proper cues (Greco and Guo, 2010). Thus, we
tested whether culturing LKS cells in growth factors/cytokines

(D) GMP-initiated reprogramming culture were trypsinized after 6 days of Dox induction and were stained with a CD45 antibody. A representative FACS plot

shows that CD45+ hematopoietic cells and Oct4:GFP+ cells make up !97% of the culture.

(E) The number of mitotic divisions before Oct4:GFP became detectible by imaging (n = 38).

See also Figures S1, S2, S5A, Table S1 and Movies S1, S2.
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Figure 3. Privileged GMPs Display an Ultrafast Cell Cycle
(A) Cell cycle lengths of successfully reprogrammedGMP lineages. Each dot represents amitotic event that gave rise to Oct4:GFP+ cells. More dots were scored

for cell cycles 2 and 3 due to cell number increase following previous divisions. Within the same imaging experiments, the first cell cycle of randomGMPs (n = 54)

was also measured. Pooled data of 14 lineages from five independent imaging experiments are shown. *p < 0.001.

(B) A G1 phase reporter was used to measure G1 duration by time-lapse imaging. Each dot represents a mitotic event that gave rise to Oct4:GFP+ cells.

(C) Representative FACS plots of GMPs immediately after CFSE label (top) and following 24 hr of dye dilution (bottom). The gating strategy for sorting fast and

slow cycling cells is shown.

(D) The fast and slow cycling GMPs were single cell sorted into 96-well plates in reprogramming conditions. The number of wells that contained Oct4:GFP+

colonies and the total number of plated wells are indicated, separated by a slash.

See also Figures S2, S3, Table S2, and Movie S2.
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So, can we speed up the cell cycle to 
help reprogramming?

increases the ultrafast cycling cells (Figure S4). Indeed, after
5 days of culture, an ultrafast cycling population (>16%)
emerged from the LKS culture to a level even higher than freshly
isolated GMPs (Figure 4A, red bars). In contrast, GMPs cultured
under the same condition resulted in a drastic loss of the ultrafast

cells (Figure 4B, red bars). We then tested the reprogramming
efficiency of these cultured cells in the stringent clonal reprog-
ramming assay (scheme in Figure S5B). As a comparison, the
transduced LKS or GMP cells from the same experiment were
single cell sorted and reprogrammed directly without preculture
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Figure 4. Accelerating HSPC Cycling Increases Reprogramming Efficiency and Induces the Emergence of Privileged Cells
(A) The cell-cycle speeds of LKS andGMP cells weremeasured, either fresh (black bars) or after 5 days of culture (red bars). The percentage of cells with indicated

cell-cycle speed is plotted (details in Extended Experimental Procedures and Figure S4). Note that fresh GMPs and cultured LKS cells contain ultrafast cycling

cells (red boxes), which were low/absent in fresh LKS cells and cultured GMPs.

(B) The reprogramming efficiency of fresh or cultured LKS andGMP cells were compared in single cell reprogramming assays. The number of wells that contained

Oct4:GFP+ colonies and the total number of plated wells are indicated, separated by a slash.

(C) Singly sorted LKS cells were cultured for 5 days and their somatic progeny transferred into reprogramming conditions for another 5 days (scheme shown in

Figure S5B). Shown is one representative well dominated by Oct4:GFP+ colonies and lacking hematopoietic-like cells.!15% of the wells containing Oct4:GFP+

colonies (or 3.6% of total wells) displayed this privileged reprogramming behavior.

Images were captured with 103 magnification. See also Figures S4 and S5 and Tables S3 and S4.
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increases the ultrafast cycling cells (Figure S4). Indeed, after
5 days of culture, an ultrafast cycling population (>16%)
emerged from the LKS culture to a level even higher than freshly
isolated GMPs (Figure 4A, red bars). In contrast, GMPs cultured
under the same condition resulted in a drastic loss of the ultrafast

cells (Figure 4B, red bars). We then tested the reprogramming
efficiency of these cultured cells in the stringent clonal reprog-
ramming assay (scheme in Figure S5B). As a comparison, the
transduced LKS or GMP cells from the same experiment were
single cell sorted and reprogrammed directly without preculture
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Figure 4. Accelerating HSPC Cycling Increases Reprogramming Efficiency and Induces the Emergence of Privileged Cells
(A) The cell-cycle speeds of LKS andGMP cells weremeasured, either fresh (black bars) or after 5 days of culture (red bars). The percentage of cells with indicated

cell-cycle speed is plotted (details in Extended Experimental Procedures and Figure S4). Note that fresh GMPs and cultured LKS cells contain ultrafast cycling

cells (red boxes), which were low/absent in fresh LKS cells and cultured GMPs.

(B) The reprogramming efficiency of fresh or cultured LKS andGMP cells were compared in single cell reprogramming assays. The number of wells that contained

Oct4:GFP+ colonies and the total number of plated wells are indicated, separated by a slash.

(C) Singly sorted LKS cells were cultured for 5 days and their somatic progeny transferred into reprogramming conditions for another 5 days (scheme shown in

Figure S5B). Shown is one representative well dominated by Oct4:GFP+ colonies and lacking hematopoietic-like cells.!15% of the wells containing Oct4:GFP+

colonies (or 3.6% of total wells) displayed this privileged reprogramming behavior.

Images were captured with 103 magnification. See also Figures S4 and S5 and Tables S3 and S4.
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• HSPCs after 5 days in culture (GF + cytokines)

increases the ultrafast cycling cells (Figure S4). Indeed, after
5 days of culture, an ultrafast cycling population (>16%)
emerged from the LKS culture to a level even higher than freshly
isolated GMPs (Figure 4A, red bars). In contrast, GMPs cultured
under the same condition resulted in a drastic loss of the ultrafast

cells (Figure 4B, red bars). We then tested the reprogramming
efficiency of these cultured cells in the stringent clonal reprog-
ramming assay (scheme in Figure S5B). As a comparison, the
transduced LKS or GMP cells from the same experiment were
single cell sorted and reprogrammed directly without preculture
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Figure 4. Accelerating HSPC Cycling Increases Reprogramming Efficiency and Induces the Emergence of Privileged Cells
(A) The cell-cycle speeds of LKS andGMP cells weremeasured, either fresh (black bars) or after 5 days of culture (red bars). The percentage of cells with indicated

cell-cycle speed is plotted (details in Extended Experimental Procedures and Figure S4). Note that fresh GMPs and cultured LKS cells contain ultrafast cycling

cells (red boxes), which were low/absent in fresh LKS cells and cultured GMPs.

(B) The reprogramming efficiency of fresh or cultured LKS andGMP cells were compared in single cell reprogramming assays. The number of wells that contained

Oct4:GFP+ colonies and the total number of plated wells are indicated, separated by a slash.

(C) Singly sorted LKS cells were cultured for 5 days and their somatic progeny transferred into reprogramming conditions for another 5 days (scheme shown in

Figure S5B). Shown is one representative well dominated by Oct4:GFP+ colonies and lacking hematopoietic-like cells.!15% of the wells containing Oct4:GFP+

colonies (or 3.6% of total wells) displayed this privileged reprogramming behavior.

Images were captured with 103 magnification. See also Figures S4 and S5 and Tables S3 and S4.
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Figure 2. Nonstochastic Reprogramming from a Subset of GMPs
(A) A representative lineagemap from a single GMP toOct4:GFP+ progeny. The color of the circles corresponds to the color of arrows inMovie S1 and Figure S1A.

Lines denote lineage relationship. Filled green circles denote Oct4:GFP fluorescence as detectible by time-lapse imaging. The numbers (hr:min) at each

branching point indicate the time when mitosis occurred and were used to derive cell-cycle lengths. Red blocks on the horizontal block arrow indicate reporter

signals of a G1 phase reporter (see Figure S2 and Movie S2).

(B) GMPs were transduced with Dox-inducible Yamanaka factors and single cell sorted into 96-well plates in reprogramming conditions (scheme in Figure S5A).

Representative images of the reprogramming product of a single GMP are shown. Note the presence of multiple sister colonies and that many of the round-

shaped cells in the vicinity of Oct4:GFP+ colonies are also GFP+ (zoom in, red arrows).

(C) GMP and LKS cells from H2B-GFPmice were reprogrammed as single cells. Representative images of the reprogramming culture from a single GMP (top) or

LKS cell (bottom) after 6 days of Dox induction are shown. Note the presence of H2B-GFP+, alkaline phosphatase (AP)-negative cells in LKS-initiated culture, but

not in the GMP-initiated culture. A slight increase in colony sizes was noted after fixation/staining.

(legend continued on next page)
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• progeny of a single 
freshly isolated LSK    

• some reprogrammed 

• progeny of a single 
cultured LSK  

• all reprogrammed 
• 15% wells with 

Oct4:GFP+ cells have 
no HPSC!



The Yamanaka factors include c-MYC… 
Can they induce the privileged state?

• MEFs from E13.5 embryos 
➡ 0.1% reprogramming, long latency 
➡ no fast-cycling cells

day-1 day0

d-1: Transduce with 4F
d0: Wash away virus and add reprogramming medium
d4: Trypsinize culture and label with CFSE. Plate labeled cells back in reprogramming medium
d6: Trypsinize culture and FACS sort for fast/intermediate/slow cells based on CFSE intensity. Plate sorted

cells back in reprogramming medium
d8-18: Feed cells with fresh reprogramming medium every 2-3 days
d18-21: Score for Oct4:GFP+ and/or alkaline phosphatase+ colonies
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Figure S6. Experimental Scheme for Isolating and Comparing Cells of Different Cycling Speed in MEF-Initiated Reprogramming Cultures,
Related to Figures 5 and 6
(A) Reprogramming medium contained mESC medium + 2 mg/ml Dox. MEFs were isolated from the Rosa26:rtTA x Oct4:GFP embryos.

(B) Time of the appearance of Oct4:GFP+ cells from MEF-initiated reprogramming cultures. The entire culture was trypsinized and analyzed for Oct4:GFP+ cells

by flow cytometry on day6 and day8 of Dox induction. This strategy enables the detection of small numbers of Oct4:GFP+ progeny not yet visible as distinct

colonies. There were no Oct4:GFP+ cells on day6 but !1% of such cells appeared on day8.

(C) Fast cycling cells arose in MEF-initiated reprogramming cultures in response to Yamanaka factors. The entire culture was trypsinized and analyzed for CFSE

by flow cytometry after 2 days of dye dilution by division (from day 4 to 6 of Dox induction). A fast cycling population (red box) was detected only with continued

Yamanaka factor induction (+Dox) but was absent in the control MEFs that underwent similar CFSE label and dilution (-Dox).
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No Oct4:GFP+ cell yet!



Nearly all MEF reprogramming comes 
from (induced) fast-cycling cells
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1%-6% fast-cycling cells induced by 6 days of dox treatment 
>= 4 divisions in 48h (average = 1 or 2 / 48h)
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Known: increased proliferation => more 
reprogramming. But why? 

       more cells to choose from  ? 
     more fast-cycling cells ?

Q

• MEFs, p53 knockdown => more reprogramming (expected)

control knockdown, a distinct fast cycling population retaining
much less CFSE was clearly identifiable in p53 knockdown cells.
Importantly, this fast cycling population increased with p53
knockdown as compared to the control (Figures 6C and 6D).
These data indicate that p53 knockdown increases the number
of cells cycling past a certain threshold speed.
We then asked whether reprogramming activity is confined

within the fast cycling population or nondiscriminatively in p53
knockdown cultures. With p53 knockdown, the great majority
of the reprogramming activity was again confined to the fast
cells, similar to the situation in controls (Figure 6E). These data

demonstrate that p53 impacts reprogramming by controlling
the emergence of the ultrafast cycling cells. Outside of the fast
cycling population, however, other cells do not become more
likely to reprogram. Taken together, our data suggest that cell-
cycle acceleration toward a critical threshold could be an impor-
tant bottleneck for reprogramming.

Molecular Characterization Confirms Enhanced Cell
Cycle as the Predominant Feature of a Unique Cell State
To gain insights into the molecular nature of the unique cell state
associated with the extraordinary efficiency to transition into

Figure 5. Ultrafast Cycling Cells Emerge from Fibroblasts after Yamanaka Factor Expression and Harbor the Majority of Reprogramming
Activity
Factor-transduced MEFs were treated with Dox for 4 days, labeled with CFSE, and allowed for dye-dilution for 48 hr in the presence of Dox.

(A) The levels of CSFE in nonlabeled MEFs (negative) right after labeling (postlabel) or following 48 hr of dilution (postdilution) are shown. The gates for fast,

medium (med), and slow cycling cells are shown. Note that the fluorescence intensity difference between fast and medium populations indicates more than four

division (div.) differences.

(B) Reprogramming efficiency of cells sorted on CFSE. Oct4:GFP+ colonies were scored on day 20 from initial Dox induction (n = 3 per condition; error bars

indicate SD).

(C) Representative images of the reprogramming cultures from cells of different cycling speed. Phase and Oct4:GFP images were captured at 103magnification,

and alkaline phosphatase (AP)-stained dishes were from whole 60 mm plates.

See also Figure S6.

A

β-actin

p53

shCtrl shp53B

CFSE

Po
st

la
be

l
Po

st
48

h
di

lu
tio

n

shControl

shp53

C

0
1
2
3
4
5
6

shControl shp53

Fa
st

ce
lls

(%
)

D

0

0.5

1

1.5

2

Control
Fast

Control
Slow

shp53
Fast

shp53
SlowR

ep
ro

gr
am

m
in

g
ef

fic
ie

nc
y

(%
)

E
0

0.01

0.02

0.03

0.04

shControl shp53

R
ep

ro
gr

am
m

in
g

ef
fic

ie
nc

y
(%

)

shControl shp53

Unlabeled MEFs

Fast

Fast

Slow

Slow

Figure 6. The Ultrafast Cycling Population from MEFs Is Increased by p53 Knockdown and Accounts for Most Reprogramming Activity
MEFs were transduced with either control (shCtrl) or shRNAs targeting p53 (shp53), along with the Dox-inducible reprogramming factors.

(A) p53-knockdown increased reprogramming in unfractionated MEFs.

(B) Western blot analysis confirmed p53 protein downregulation by p53-targeting shRNAs.

(C and D) Factor-transduced MEFs on 4 days of Dox treatment were labeled with CFSE (top) and were allowed to dilute the dye for another 48 hr. The cultures

were then trypsinized andCFSE intensity analyzed by FACS. (C) Representative FACSplots are shown for CSFE levels right after labeling or following 48 hr of dye-

dilution. Gating for fast and slow cells is shown. (D) Quantification of fast cycling cells (n = 3 per condition).

(E) Reprogramming efficiency of the sorted fast and slow cycling MEFs as shown in (C) (n = 3 per condition).

Error bars indicate SD.

Cell 156, 649–662, February 13, 2014 ª2014 Elsevier Inc. 657control knockdown, a distinct fast cycling population retaining
much less CFSE was clearly identifiable in p53 knockdown cells.
Importantly, this fast cycling population increased with p53
knockdown as compared to the control (Figures 6C and 6D).
These data indicate that p53 knockdown increases the number
of cells cycling past a certain threshold speed.
We then asked whether reprogramming activity is confined

within the fast cycling population or nondiscriminatively in p53
knockdown cultures. With p53 knockdown, the great majority
of the reprogramming activity was again confined to the fast
cells, similar to the situation in controls (Figure 6E). These data

demonstrate that p53 impacts reprogramming by controlling
the emergence of the ultrafast cycling cells. Outside of the fast
cycling population, however, other cells do not become more
likely to reprogram. Taken together, our data suggest that cell-
cycle acceleration toward a critical threshold could be an impor-
tant bottleneck for reprogramming.

Molecular Characterization Confirms Enhanced Cell
Cycle as the Predominant Feature of a Unique Cell State
To gain insights into the molecular nature of the unique cell state
associated with the extraordinary efficiency to transition into

Figure 5. Ultrafast Cycling Cells Emerge from Fibroblasts after Yamanaka Factor Expression and Harbor the Majority of Reprogramming
Activity
Factor-transduced MEFs were treated with Dox for 4 days, labeled with CFSE, and allowed for dye-dilution for 48 hr in the presence of Dox.

(A) The levels of CSFE in nonlabeled MEFs (negative) right after labeling (postlabel) or following 48 hr of dilution (postdilution) are shown. The gates for fast,

medium (med), and slow cycling cells are shown. Note that the fluorescence intensity difference between fast and medium populations indicates more than four

division (div.) differences.

(B) Reprogramming efficiency of cells sorted on CFSE. Oct4:GFP+ colonies were scored on day 20 from initial Dox induction (n = 3 per condition; error bars

indicate SD).

(C) Representative images of the reprogramming cultures from cells of different cycling speed. Phase and Oct4:GFP images were captured at 103magnification,

and alkaline phosphatase (AP)-stained dishes were from whole 60 mm plates.

See also Figure S6.
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Figure 6. The Ultrafast Cycling Population from MEFs Is Increased by p53 Knockdown and Accounts for Most Reprogramming Activity
MEFs were transduced with either control (shCtrl) or shRNAs targeting p53 (shp53), along with the Dox-inducible reprogramming factors.

(A) p53-knockdown increased reprogramming in unfractionated MEFs.

(B) Western blot analysis confirmed p53 protein downregulation by p53-targeting shRNAs.

(C and D) Factor-transduced MEFs on 4 days of Dox treatment were labeled with CFSE (top) and were allowed to dilute the dye for another 48 hr. The cultures

were then trypsinized andCFSE intensity analyzed by FACS. (C) Representative FACSplots are shown for CSFE levels right after labeling or following 48 hr of dye-

dilution. Gating for fast and slow cells is shown. (D) Quantification of fast cycling cells (n = 3 per condition).

(E) Reprogramming efficiency of the sorted fast and slow cycling MEFs as shown in (C) (n = 3 per condition).

Error bars indicate SD.
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control knockdown, a distinct fast cycling population retaining
much less CFSE was clearly identifiable in p53 knockdown cells.
Importantly, this fast cycling population increased with p53
knockdown as compared to the control (Figures 6C and 6D).
These data indicate that p53 knockdown increases the number
of cells cycling past a certain threshold speed.
We then asked whether reprogramming activity is confined

within the fast cycling population or nondiscriminatively in p53
knockdown cultures. With p53 knockdown, the great majority
of the reprogramming activity was again confined to the fast
cells, similar to the situation in controls (Figure 6E). These data

demonstrate that p53 impacts reprogramming by controlling
the emergence of the ultrafast cycling cells. Outside of the fast
cycling population, however, other cells do not become more
likely to reprogram. Taken together, our data suggest that cell-
cycle acceleration toward a critical threshold could be an impor-
tant bottleneck for reprogramming.

Molecular Characterization Confirms Enhanced Cell
Cycle as the Predominant Feature of a Unique Cell State
To gain insights into the molecular nature of the unique cell state
associated with the extraordinary efficiency to transition into

Figure 5. Ultrafast Cycling Cells Emerge from Fibroblasts after Yamanaka Factor Expression and Harbor the Majority of Reprogramming
Activity
Factor-transduced MEFs were treated with Dox for 4 days, labeled with CFSE, and allowed for dye-dilution for 48 hr in the presence of Dox.

(A) The levels of CSFE in nonlabeled MEFs (negative) right after labeling (postlabel) or following 48 hr of dilution (postdilution) are shown. The gates for fast,

medium (med), and slow cycling cells are shown. Note that the fluorescence intensity difference between fast and medium populations indicates more than four

division (div.) differences.

(B) Reprogramming efficiency of cells sorted on CFSE. Oct4:GFP+ colonies were scored on day 20 from initial Dox induction (n = 3 per condition; error bars

indicate SD).

(C) Representative images of the reprogramming cultures from cells of different cycling speed. Phase and Oct4:GFP images were captured at 103magnification,

and alkaline phosphatase (AP)-stained dishes were from whole 60 mm plates.

See also Figure S6.
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Figure 6. The Ultrafast Cycling Population from MEFs Is Increased by p53 Knockdown and Accounts for Most Reprogramming Activity
MEFs were transduced with either control (shCtrl) or shRNAs targeting p53 (shp53), along with the Dox-inducible reprogramming factors.

(A) p53-knockdown increased reprogramming in unfractionated MEFs.

(B) Western blot analysis confirmed p53 protein downregulation by p53-targeting shRNAs.

(C and D) Factor-transduced MEFs on 4 days of Dox treatment were labeled with CFSE (top) and were allowed to dilute the dye for another 48 hr. The cultures

were then trypsinized andCFSE intensity analyzed by FACS. (C) Representative FACSplots are shown for CSFE levels right after labeling or following 48 hr of dye-

dilution. Gating for fast and slow cells is shown. (D) Quantification of fast cycling cells (n = 3 per condition).

(E) Reprogramming efficiency of the sorted fast and slow cycling MEFs as shown in (C) (n = 3 per condition).

Error bars indicate SD.
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• fast-cycling cells do 
emerge

vs.



Again, nearly all iPS cells came from 
fast-cycling cells!

control knockdown, a distinct fast cycling population retaining
much less CFSE was clearly identifiable in p53 knockdown cells.
Importantly, this fast cycling population increased with p53
knockdown as compared to the control (Figures 6C and 6D).
These data indicate that p53 knockdown increases the number
of cells cycling past a certain threshold speed.
We then asked whether reprogramming activity is confined

within the fast cycling population or nondiscriminatively in p53
knockdown cultures. With p53 knockdown, the great majority
of the reprogramming activity was again confined to the fast
cells, similar to the situation in controls (Figure 6E). These data

demonstrate that p53 impacts reprogramming by controlling
the emergence of the ultrafast cycling cells. Outside of the fast
cycling population, however, other cells do not become more
likely to reprogram. Taken together, our data suggest that cell-
cycle acceleration toward a critical threshold could be an impor-
tant bottleneck for reprogramming.

Molecular Characterization Confirms Enhanced Cell
Cycle as the Predominant Feature of a Unique Cell State
To gain insights into the molecular nature of the unique cell state
associated with the extraordinary efficiency to transition into

Figure 5. Ultrafast Cycling Cells Emerge from Fibroblasts after Yamanaka Factor Expression and Harbor the Majority of Reprogramming
Activity
Factor-transduced MEFs were treated with Dox for 4 days, labeled with CFSE, and allowed for dye-dilution for 48 hr in the presence of Dox.

(A) The levels of CSFE in nonlabeled MEFs (negative) right after labeling (postlabel) or following 48 hr of dilution (postdilution) are shown. The gates for fast,

medium (med), and slow cycling cells are shown. Note that the fluorescence intensity difference between fast and medium populations indicates more than four

division (div.) differences.

(B) Reprogramming efficiency of cells sorted on CFSE. Oct4:GFP+ colonies were scored on day 20 from initial Dox induction (n = 3 per condition; error bars

indicate SD).

(C) Representative images of the reprogramming cultures from cells of different cycling speed. Phase and Oct4:GFP images were captured at 103magnification,

and alkaline phosphatase (AP)-stained dishes were from whole 60 mm plates.

See also Figure S6.
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Figure 6. The Ultrafast Cycling Population from MEFs Is Increased by p53 Knockdown and Accounts for Most Reprogramming Activity
MEFs were transduced with either control (shCtrl) or shRNAs targeting p53 (shp53), along with the Dox-inducible reprogramming factors.

(A) p53-knockdown increased reprogramming in unfractionated MEFs.

(B) Western blot analysis confirmed p53 protein downregulation by p53-targeting shRNAs.

(C and D) Factor-transduced MEFs on 4 days of Dox treatment were labeled with CFSE (top) and were allowed to dilute the dye for another 48 hr. The cultures

were then trypsinized andCFSE intensity analyzed by FACS. (C) Representative FACSplots are shown for CSFE levels right after labeling or following 48 hr of dye-

dilution. Gating for fast and slow cells is shown. (D) Quantification of fast cycling cells (n = 3 per condition).

(E) Reprogramming efficiency of the sorted fast and slow cycling MEFs as shown in (C) (n = 3 per condition).

Error bars indicate SD.
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control knockdown, a distinct fast cycling population retaining
much less CFSE was clearly identifiable in p53 knockdown cells.
Importantly, this fast cycling population increased with p53
knockdown as compared to the control (Figures 6C and 6D).
These data indicate that p53 knockdown increases the number
of cells cycling past a certain threshold speed.
We then asked whether reprogramming activity is confined

within the fast cycling population or nondiscriminatively in p53
knockdown cultures. With p53 knockdown, the great majority
of the reprogramming activity was again confined to the fast
cells, similar to the situation in controls (Figure 6E). These data

demonstrate that p53 impacts reprogramming by controlling
the emergence of the ultrafast cycling cells. Outside of the fast
cycling population, however, other cells do not become more
likely to reprogram. Taken together, our data suggest that cell-
cycle acceleration toward a critical threshold could be an impor-
tant bottleneck for reprogramming.

Molecular Characterization Confirms Enhanced Cell
Cycle as the Predominant Feature of a Unique Cell State
To gain insights into the molecular nature of the unique cell state
associated with the extraordinary efficiency to transition into

Figure 5. Ultrafast Cycling Cells Emerge from Fibroblasts after Yamanaka Factor Expression and Harbor the Majority of Reprogramming
Activity
Factor-transduced MEFs were treated with Dox for 4 days, labeled with CFSE, and allowed for dye-dilution for 48 hr in the presence of Dox.

(A) The levels of CSFE in nonlabeled MEFs (negative) right after labeling (postlabel) or following 48 hr of dilution (postdilution) are shown. The gates for fast,

medium (med), and slow cycling cells are shown. Note that the fluorescence intensity difference between fast and medium populations indicates more than four

division (div.) differences.

(B) Reprogramming efficiency of cells sorted on CFSE. Oct4:GFP+ colonies were scored on day 20 from initial Dox induction (n = 3 per condition; error bars

indicate SD).

(C) Representative images of the reprogramming cultures from cells of different cycling speed. Phase and Oct4:GFP images were captured at 103magnification,

and alkaline phosphatase (AP)-stained dishes were from whole 60 mm plates.

See also Figure S6.
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Figure 6. The Ultrafast Cycling Population from MEFs Is Increased by p53 Knockdown and Accounts for Most Reprogramming Activity
MEFs were transduced with either control (shCtrl) or shRNAs targeting p53 (shp53), along with the Dox-inducible reprogramming factors.

(A) p53-knockdown increased reprogramming in unfractionated MEFs.

(B) Western blot analysis confirmed p53 protein downregulation by p53-targeting shRNAs.

(C and D) Factor-transduced MEFs on 4 days of Dox treatment were labeled with CFSE (top) and were allowed to dilute the dye for another 48 hr. The cultures

were then trypsinized andCFSE intensity analyzed by FACS. (C) Representative FACSplots are shown for CSFE levels right after labeling or following 48 hr of dye-

dilution. Gating for fast and slow cells is shown. (D) Quantification of fast cycling cells (n = 3 per condition).

(E) Reprogramming efficiency of the sorted fast and slow cycling MEFs as shown in (C) (n = 3 per condition).

Error bars indicate SD.

Cell 156, 649–662, February 13, 2014 ª2014 Elsevier Inc. 657

more fast-cycling cells

only fast-cycling cells 
become iPS cells!



How different are fast-cycling cells?

• RNA-seq on fast vs. slow subpopulations
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Sox2 activation: 
earliest known point 

of commitment



How different are fast-cycling cells?

• RNA-seq on fast vs. slow subpopulations
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fast-
cycling: 
earlier!

Sox2 activation: 
earliest known point 

of commitment

• slow vs. fast MEFs (dox-induced) — quite different 
• slow vs. fast GMPs — not so different!



Naturally, the cell cycle machinery is 
different…
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• in LKS vs. GMP: p57



CycA/Cdk2

p57 helps block LKS reprogramming
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p57

CycE/Cdk2

CycD/Cdk4

• p57 is know to slow HSC cycling



Between stochastic and elite 
reprogramming: a dynamic privileged state
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Figure S7. Molecular Characterization of the Fast Cycling Cells, Related to Figure 7
(A) Two gene clusters (Cluster I and Cluster VI) as described in Polo et al., 2012 were used to gauge the quality of the RNA-seq data. These two signatures were

chosen given their large sizes, which include hundreds of genes showing characteristic expression between reprogramming progressive and refractory cells. Fast

MEFs show enriched Cluster I expression (reprogramming progressive) while bulk MEF and slow MEF are enriched for Cluster VI (reprogramming refractory).

(B) RNA sequencing readsmapped to the 50UTR and 30UTR regions of the Sox2 genes are plotted as an indication for the endogenous Sox2 expression, since the

exogenously expressed Sox2 do not have the UTR sequences.

(C) Representative GSEA plot showing enrichment of a DNA replication signature.

(D–F) The expression level of various cyclins (D), CDKs (E) and CDKIs (F) amongHSPCs. Note that only p57 expression displaysmajor difference between the LKS

and GMP cells.

(G) Stochastic and privileged reprogramming as part of a continuum. Depending on when and which cells reach a privileged state, reprogramming occurs at

different efficiency and latency across cell lineages. The earlier such cells appear, the earlier/more efficient that lineage reprograms. GMPs are privileged before

exposure to reprogramming factor expression and are highly efficient in reprogramming. One striking feature of the privileged cells is an ultrafast cell cycle.

(H) Normalized MBD3 sequence reads from RNA-seq data are plotted.

(I) MBD3 RNA expression as measured by qRT-PCR. Normalization was done using 18S RNA as controls.

(J) Western blot analysis for MBD3 levels in fast and slow MEFs. HSP90 and beta actin were probed as loading controls.
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Strengths

• Conceptual elegance 
➡ does not seek black/white 

answers in place of
fast iPS
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Figure S5. Reprogramming Single Hematopoietic Stem and Progenitors and Definition of Reprogramming Efficiency, Related to Figures 2, 3
and 4
(A) Scheme of reprogramming fresh HSPCs. HSPCs were sorted frommouse bone marrow and transduced with the polycistronic reprogramming virus (day!1).

On the following day (day 0), all cells were washed and single cell sorted into 96-well plates in reprogramming conditions (MEF feeders + mESC medium + Dox).

Oct4:GFP+ colonies were scored after 5-7 days. A well scores positive if it contained at least one Oct4:GFP+ colony. A well scores as one reprogramming event

even if it contained multiple Oct4:GFP+ colonies. Note the definition of reprogramming efficiency.

(B) Scheme of reprogramming cultured HSPCs. HSPCs were sorted from mouse bone marrow and transduced with the polycistronic reprogramming virus

(day!6). On the following day (day!5), all cells were washed and single cell sorted into 96-well plates in hematopoietic growth factors for activation culture. After

five days (day 0), activated cells were plated in new wells in reprogramming conditions. Oct4:GFP+ colonies were scored after another 5-7 days (day 5-7). A well

scores positive if it contained at least one Oct4:GFP+ colony. A well scores as one reprogramming event even if it contained multiple Oct4:GFP+ colonies. Note

the definition of reprogramming efficiency.

(C) LKS cellswere sorted from the bonemarrowof aRosa26:rtTA xH2B-GFP transgenicmouse, transducedwith the polycistronic reprogramming virus and single

cell sorted into 96-well plates to be activated with hematopoietic growth factors. Progeny of the activated LKS cell were then transferred into reprogramming

conditions in a well on a new 96-well plate. Shown are representative images at 10x (top) and 20x magnifications (bottom) demonstrating predominantly re-

programmed progeny. Note that essentially all H2B-GFP+ cells situated in or close to colonies, which were already well developed on day 5 of Dox induction.

(D) A representative FACS plot for the cells in one of such wells after staining with antibodies against CD45 and SSEA1.
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• A substantial advance to how we see reprogramming 
➡ before: large, hard-to-breach epigenetic barrier the 4 

factors need to overcome by accident 
   => slow, random reprogramming 

➡ now: something about a very short cell cycle (especially G1!) 
obliterates this epigenetic barrier!

   => My hypothesis: barrier in uncommitted G1 cells
- cell-wide state of chromatin? 
- cross-talk between cell cycle and iPS switch? 
- metabolic state of the cell?



Drawbacks

• No connection made to the stochastic cell cycle entry 
literature in the discussion 
➡ focus on specific molecules that stop certain cells from 

cycling fast - a limiting trend 
➡ a key unifying feature of fast-cycling cells, commitment 

BEFORE cytokinesis, is missed!

• Experimental drawbacks?
HELP!



So… where does the original 
stochasticity come from?
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(day!6). On the following day (day!5), all cells were washed and single cell sorted into 96-well plates in hematopoietic growth factors for activation culture. After

five days (day 0), activated cells were plated in new wells in reprogramming conditions. Oct4:GFP+ colonies were scored after another 5-7 days (day 5-7). A well

scores positive if it contained at least one Oct4:GFP+ colony. A well scores as one reprogramming event even if it contained multiple Oct4:GFP+ colonies. Note
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cell sorted into 96-well plates to be activated with hematopoietic growth factors. Progeny of the activated LKS cell were then transferred into reprogramming

conditions in a well on a new 96-well plate. Shown are representative images at 10x (top) and 20x magnifications (bottom) demonstrating predominantly re-

programmed progeny. Note that essentially all H2B-GFP+ cells situated in or close to colonies, which were already well developed on day 5 of Dox induction.

(D) A representative FACS plot for the cells in one of such wells after staining with antibodies against CD45 and SSEA1.
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• entry into the 
cell cycle is 
stochastic!



“The proliferation-quiescence decision is 
controlled by a bifurcation in CDK2 activity 
at mitotic exit”

Spencer SL et al. Cell 155(2):369–83, 2013
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Figure 2. A Variable Delay in CDK2 Activation in Cells Emerging from Mitogen Starvation
(A) Literature-based schematic of the signaling pathway involved in emergence frommitogen starvation. Mitogens promote upregulation of cyclin D, which binds

to CDK4/6 to initiate phosphorylation of Rb. This initiates the release of E2F from its Rb-bound state, freeing it to upregulate cyclin E, cyclin A, CDK2, and other

genes needed for S phase. p21 inhibits CDK2.

(B) Tracking of three cells, two of which divide, over 25 frames (5 hr).

(C) Left: images of MCF10A cells emerging from mitogen starvation. An arrow marks the cell tracked in the plot on the right. Top: H2B-Cherry; middle, Cerulean-

Cdt1; bottom, DHB-Venus. Right, traces of the cell marked with the arrow in the images. Cer-Cdt1 is degraded at the start of S phase (vertical dashed line)

(Sakaue-Sawano et al., 2008); at this time, the Cyt/Nuc ratio of DHB-Ven is about one.

(D) Traces of CDK2 activity in individual cells emerging from 45 hr of mitogen starvation that do (blue) or do not (black) enter S phase during the imaging period.

Because there were always a few cells that were not properly starved, only cells with DHB-Ven Cyt/Nuc < 0.8 at t = 0 are included in the plot. A red dot marks the

start of S phase (induction of Cer-Cdt1 degradation) for each cell.

(E) Traces of CDK2 activity in individual cells emerging from mitogen starvation. Cells were treated for 6 hr with a nontargeting siRNA (blue) or with a pool of four

siRNAs against cyclin A2 (green). Cells were then starved for 45 hr then restimulated with full growth media and subjected to time-lapse imaging. Only cells with

DHB-Ven Cyt/Nuc < 0.8 at t = 0 are included in the plot.

All data are from MCF10A cells. See also Figure S2 and Movie S1.
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Figure 3. Bifurcation in CDK2 Activity upon Exit from Mitosis
(A) Single-cell traces of CDK2 activity in proliferating cells. CDK2 activity drops rapidly at mitosis (M) and either immediately builds up again or remains low for a

variable amount of time, reminiscent of a G0-like state.

(B–E) Single-cell traces of CDK2 activity aligned computationally to the time of anaphase for MCF10A (B and C), Hs68 primary human fibroblasts (D), or murine

Swiss 3T3 fibroblasts (E). Traces were colored red if, 2 hr after anaphase the Cyt/Nuc ratio of DHB-Ven fell below 0.55 (MCF10A) or 0.5 (Hs68); otherwise traces

were colored blue. The dashed line marks the cutoff used for the red/blue color scheme. Due to higher noise in Swiss 3T3 traces, we used an expanded rule for

these cells in which traces were colored red if the Cyt/Nuc ratio of DHB-Ven fell below 0.5 at 2 hr after anaphase or below 0.6 at 6 hr after anaphase; otherwise

traces were colored blue. This red/blue color scheme is used in all subsequent figures. In (C), MCF10A cells were preimaged for 8 hr, and then treatedwith 100 nM

(legend continued on next page)
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were colored blue. The dashed line marks the cutoff used for the red/blue color scheme. Due to higher noise in Swiss 3T3 traces, we used an expanded rule for

these cells in which traces were colored red if the Cyt/Nuc ratio of DHB-Ven fell below 0.5 at 2 hr after anaphase or below 0.6 at 6 hr after anaphase; otherwise

traces were colored blue. This red/blue color scheme is used in all subsequent figures. In (C), MCF10A cells were preimaged for 8 hr, and then treatedwith 100 nM

(legend continued on next page)
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variable amount of time, reminiscent of a G0-like state.

(B–E) Single-cell traces of CDK2 activity aligned computationally to the time of anaphase for MCF10A (B and C), Hs68 primary human fibroblasts (D), or murine

Swiss 3T3 fibroblasts (E). Traces were colored red if, 2 hr after anaphase the Cyt/Nuc ratio of DHB-Ven fell below 0.55 (MCF10A) or 0.5 (Hs68); otherwise traces

were colored blue. The dashed line marks the cutoff used for the red/blue color scheme. Due to higher noise in Swiss 3T3 traces, we used an expanded rule for

these cells in which traces were colored red if the Cyt/Nuc ratio of DHB-Ven fell below 0.5 at 2 hr after anaphase or below 0.6 at 6 hr after anaphase; otherwise

traces were colored blue. This red/blue color scheme is used in all subsequent figures. In (C), MCF10A cells were preimaged for 8 hr, and then treatedwith 100 nM

(legend continued on next page)
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to CDK4/6 to initiate phosphorylation of Rb. This initiates the release of E2F from its Rb-bound state, freeing it to upregulate cyclin E, cyclin A, CDK2, and other

genes needed for S phase. p21 inhibits CDK2.

(B) Tracking of three cells, two of which divide, over 25 frames (5 hr).

(C) Left: images of MCF10A cells emerging from mitogen starvation. An arrow marks the cell tracked in the plot on the right. Top: H2B-Cherry; middle, Cerulean-

Cdt1; bottom, DHB-Venus. Right, traces of the cell marked with the arrow in the images. Cer-Cdt1 is degraded at the start of S phase (vertical dashed line)

(Sakaue-Sawano et al., 2008); at this time, the Cyt/Nuc ratio of DHB-Ven is about one.

(D) Traces of CDK2 activity in individual cells emerging from 45 hr of mitogen starvation that do (blue) or do not (black) enter S phase during the imaging period.

Because there were always a few cells that were not properly starved, only cells with DHB-Ven Cyt/Nuc < 0.8 at t = 0 are included in the plot. A red dot marks the

start of S phase (induction of Cer-Cdt1 degradation) for each cell.

(E) Traces of CDK2 activity in individual cells emerging from mitogen starvation. Cells were treated for 6 hr with a nontargeting siRNA (blue) or with a pool of four

siRNAs against cyclin A2 (green). Cells were then starved for 45 hr then restimulated with full growth media and subjected to time-lapse imaging. Only cells with

DHB-Ven Cyt/Nuc < 0.8 at t = 0 are included in the plot.

All data are from MCF10A cells. See also Figure S2 and Movie S1.
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Figure 3. Bifurcation in CDK2 Activity upon Exit from Mitosis
(A) Single-cell traces of CDK2 activity in proliferating cells. CDK2 activity drops rapidly at mitosis (M) and either immediately builds up again or remains low for a

variable amount of time, reminiscent of a G0-like state.

(B–E) Single-cell traces of CDK2 activity aligned computationally to the time of anaphase for MCF10A (B and C), Hs68 primary human fibroblasts (D), or murine

Swiss 3T3 fibroblasts (E). Traces were colored red if, 2 hr after anaphase the Cyt/Nuc ratio of DHB-Ven fell below 0.55 (MCF10A) or 0.5 (Hs68); otherwise traces

were colored blue. The dashed line marks the cutoff used for the red/blue color scheme. Due to higher noise in Swiss 3T3 traces, we used an expanded rule for

these cells in which traces were colored red if the Cyt/Nuc ratio of DHB-Ven fell below 0.5 at 2 hr after anaphase or below 0.6 at 6 hr after anaphase; otherwise

traces were colored blue. This red/blue color scheme is used in all subsequent figures. In (C), MCF10A cells were preimaged for 8 hr, and then treatedwith 100 nM

(legend continued on next page)
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Fast-cycling cells commit to the next 
cycle before the finish Mitosis
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Spencer SL et al. Cell 155(2):369–83, 2013

Restriction point in G1 represents a 
large barrier!
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Figure 3. Bifurcation in CDK2 Activity upon Exit from Mitosis
(A) Single-cell traces of CDK2 activity in proliferating cells. CDK2 activity drops rapidly at mitosis (M) and either immediately builds up again or remains low for a

variable amount of time, reminiscent of a G0-like state.

(B–E) Single-cell traces of CDK2 activity aligned computationally to the time of anaphase for MCF10A (B and C), Hs68 primary human fibroblasts (D), or murine

Swiss 3T3 fibroblasts (E). Traces were colored red if, 2 hr after anaphase the Cyt/Nuc ratio of DHB-Ven fell below 0.55 (MCF10A) or 0.5 (Hs68); otherwise traces

were colored blue. The dashed line marks the cutoff used for the red/blue color scheme. Due to higher noise in Swiss 3T3 traces, we used an expanded rule for

these cells in which traces were colored red if the Cyt/Nuc ratio of DHB-Ven fell below 0.5 at 2 hr after anaphase or below 0.6 at 6 hr after anaphase; otherwise

traces were colored blue. This red/blue color scheme is used in all subsequent figures. In (C), MCF10A cells were preimaged for 8 hr, and then treatedwith 100 nM

(legend continued on next page)
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privileged?

• Restriction Switch 
- committed (past RP) 
- not committed (before RP)

• Phase Switch 
- G0/G1 
- G2 
- SACIs this combination forbidding to 

reprogramming?



Outlook

➡ Something about a very short cell cycle (especially G1!) 
obliterates the epigenetic barrier to reprogramming

    Barrier in uncommitted G1 cells ?
- cell-wide state of chromatin? 
- cross-talk between cell cycle and iPS switch? 
- metabolic state of the cell?



• Could the concept be extended to 
(de)differentiation in general?

➡ are fast-cycling cells more susceptible to large, 
difficult-to-induce cell-state changes?

➡ cancer cells:
-  is there a possible connection to the emergence 

of embyonic-looking “cancer stem cells”? (thank 
you, Carmelo!)
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• New insights into development / differentiation 
➡ critical differences between ESC and somatic cell 

signals for cell cycle entry (Jak/Stat vs. MAPK) 
➡ how is the “handoff” regulated?

Outlook
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!! Nonstochastic Reprogramming from a Privileged Somatic  Cell State!   
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D.S. Krause, R.Fan, J. Lu!
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