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INTRODUCTION: Recent advances in lineage
tracking using DNA-based barcoding technol-
ogies have provided new insights into the
developmental dynamics of cell populations.
Nevertheless, the mechanisms that govern
these dynamics and their relation to clonal
dominance remain unclear. Understanding
the factors that determine the appearance
and disappearance of individual clones and
their derivatives in dynamic, heterogeneous
systems has broad implications for normal
and aberrant tissue development, providing
a new lens with which to understand emer-
gent behaviors in multicellular systems.

The process of reprogramming, whereby
somatic cells are converted to induced pluri-
potent stem cells (iPSCs) through the over-

MEFs

expression of key transcription factors, serves
as a tractable model to probe the connection
between intrinsic and extrinsic factors in-
fluencing cell population dynamics. The field
of reprogramming has largely accepted the
“clonal equipotency” paradigm, in which so-
matic cells have an equal potential to attain an
iPSC state; however, it remains unclear whether
inequalities between the fitness of reprogram-
ming cells drive non-neutral clonal drift.

RATIONALE: This study aimed to quantita-
tively explore the impact of competitive inter-
actions in driving clonal dynamics within a
reprogramming population. A cellular barcod-
ing strategy, whereby heritable DNA tags are
inserted into the genome of mouse embryonic
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Competition during reprogramming results in dominant clones derived from elite cells.
(Top) During reprogramming, when MEFs transition to pluripotency, competition between
cells leads to clonal selection and dominance. Numbered circles represent individual
reprogramming clones; circle size indicates the relative abundance of cells derived from a
clone in the overall population. (Bottom) Mathematical modeling reveals that clonal dynamics
are not driven by stochastic reprogramming latencies, but rather by a subset of elite MEFs
derived from the neural crest (NC) that have an enhanced a priori reprogramming propensity.
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fibroblasts (MEFs), was used to track the rel-
ative contribution of clonal derivatives to the
reprogramming population. Mathematical mod-
eling was used to decouple the effect of stochastic
reprogramming latencies on clonal dynamics,

enabling the identification
of non-neutral clonal dom-
Read the full article inance. Finally, a mouse
at http://dx.doi. model was developed to
org/10.1126/ trace the developmental
science.2an0925 origins of the heteroge-
neous MEF compartment
and investigate the mechanism of cell fitness
inequalities in reprogramming.

RESULTS: Population reprogramming pro-
moted highly selective clonal dynamics, leading
to the elimination of up to 80% of clones after a
week of reprogramming, Single-cell reprogram-
ming studies, on the other hand, suggested that
all MEF-derived clones had a propensity to re-
program when cultured in isolation. Further-
more, an elite subset of dominating clones was
found to drive the dynamics and composition
of the bulk reprogramming pool. Early dominat-
ing clones that emerged after a week of re-
programming exhibited a robust and predictable
propensity to overtake the culture and contribute
to the final successfully reprogrammed iPSC
pool. Our modeling results reveal that neutral
effects did not capture the evolution of clone size
distributions. Indeed, parallel reprogramming
cultures grown from a common pool of barcoded
MEFs demonstrated a correlation in clonal out-
comes, driven by a subset of reprogramming
MEFs. This subset of MEFs exhibited an a priori
propensity for reprogramming and dominance.
Lineage tracing revealed that these MEFs arise
during embryonic development from a Wntl1-
expressing population associable with the neu-
ral crest compartment.

CONCLUSION: This study reveals cell com-
petition as an important parameter that arises in
the population context as a result of genetically
encoded inequalities in cell fitness. Competi-
tion serves as a mechanism by which otherwise
hidden cells with context-specific eliteness emerge
to occupy and dominate the reprogramming
niche. Given the propensity for a small subset
of clones to overtake the population, it is likely
that bulk measurements of the reprogramming
process represent a biased view of the repro-
gramming trajectory. The findings of this study
reveal that cell competition may be a general-
izable and controllable parameter for under-
standing and controlling the dynamics of
multicellular developmental and disease sys-
tems in a quantified manner.
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The ability to generate induced pluripotent stem cells from differentiated cell types has
enabled researchers to engineer cell states. Although studies have identified molecular
networks that reprogram cells to pluripotency, the cellular dynamics of these processes
remain poorly understood. Here, by combining cellular barcoding, mathematical modeling,
and lineage tracing approaches, we demonstrate that reprogramming dynamics in
heterogeneous populations are driven by dominant “elite” clones. Clones arise a priori
from a population of poised mouse embryonic fibroblasts derived from Wntl-expressing
cells that may represent a neural crest—derived population. This work highlights the
importance of cellular dynamics in fate programming outcomes and uncovers cell
competition as a mechanism by which cells with eliteness emerge to occupy and dominate

the reprogramming niche.

he ability to engineer gene regulatory net-
works to control cell fate holds great po-
tential for enabling regenerative medicine
technologies. Perhaps the most prominent
example to date is the discovery that somatic
cells can be reprogrammed to generate induced
pluripotent stem cells (iPSCs) by the overexpres-
sion of four key transcription factors—Oct4, Klf4,,
¢-Myc, and Sox2 (OKMS) (7). Patient-specific iPSCs
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serve as an unlimited source of cells that give rise
to all cell types in the body, with applications in
tissue engineering and drug screening. Addi-
tionally, reprogramming has enhanced our in-
sight into the nature of cellular plasticity.

Our understanding of reprogramming comes
largely from population-level analyses of the cell
transcriptome, proteome, and epigenome (2-5).
These analyses have revealed three distinct and
well-characterized phases of bulk reprogramming:
Cells exit a somatic state, transition through a
transgene-dependent state (pre-iPSCs), and finally
acquire a stable transgene-independent state
(iPSCs) (2-4). These studies do not, however,
provide insight into individual cell trajectories
during reprogramming (5-7). Indeed, the rela-
tionship between cell population outcomes and
single-cell reprogramming events is poorly under-
stood. Analyses of single isolated cells undergoing
reprogramming (also known as clones) (8, 9)
support the concept of “clonal equipotency,”
wherein all cells are able to reprogram, albeit
with stochastic reprogramming latencies (8)
(fig. S1A). As aresult, individual clones exhibiting
asynchronous state changes are expected to give
rise to heterogeneity in population reprogram-
ming. The apparent contradiction between the
progression of reprogramming through deter-
ministic, stepwise phases at the population level
and the stochastic nature of clonal reprogram-
ming has yet to be resolved.

Clonal interactions give rise to both active
competition, during which cells may directly
induce apoptosis in their neighbors (10, 11), as
well as passive competition for limited resources
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and space (12). Understanding the role that cell
competition plays during reprogramming is
critical to interpreting the abundance of popula-
tion omics data being generated, yet to date, it
has not been investigated.

Here we present data on clonal competition in
a population context, revealing how reprogram-
ming can occur in a stepwise manner in spite of
the stochastic nature of clonal reprogramming.
‘We quantified heterogeneity in clonal fithess—the
relative survival potential of a reprogramming
clone—using barcode-based cell tracking in pop-
ulation reprogramming. In the context of re-
programming, fitness is a function of a cell’s
reprogramming potential as well as its ability
to outcompete other clones. By using cell com-
petition as a new lens, we dissect the link be-
tween clonal “fitness” and reprogramming
“eliteness.” Although eliteness has been used to
describe clones with enhanced reprogramming
potential (8), we expand this definition to de-
scribe clones that are dominant (where dominance
is quantified by the number of cells in that clone)
in the context of large heterogeneous populations.
In particular, our data allowed us to examine
whether clonal dynamics during reprogramming
are governed by stochastic reprogramming laten-
cies of equipotent clones or by selective clonal loss
or dominance of heterogeneous clones (Fig. 1A).
Given the role of cell competition in PSC culture
(13, 14), we hypothesized that clonal contribu-
tions to the reprogramming pool would not be
a result of neutral dynamics. Additionally, we
explored whether cellular heterogeneity is an
existing property of somatic cells or emerges
during reprogramming.

Population homogeneity emerges
in spite of clonal heterogeneity

In a preliminary study, we assessed the degree to
which single-cell and population reprogramming
dynamics may differ. We used a secondary re-
programming system with somatic cells that
contain a doxycycline (DOX)-inducible cassette
to drive exogenous OKMS factor expression.
Briefly, primary iPSCs (harboring DOX-inducible
OKMS transgenes) were used to generate second-
ary mice via tetraploid complementation, herein
referred to as the 1B tetr system (75). The result-
ant mice contain secondary mouse embryonic
fibroblasts (MEFs) that are readily induced to
reprogram via DOX induction. We used our
previously reported marker strategy (6) to track
reprogramming in these MEFs, in terms of
the contribution of isolated clones to pre-iPSC
(transgene-dependent, CD24"¢"/SSEA1+) and
iPSC (transgene-independent, CD24'°"/SSEA1+)
states on day 18 (fig. S1B). Although clones in
bulk cultures gave rise to a homogeneous pop-
ulation of pre-iPSCs, as previously reported (5, 6),
we observed a high degree of clone-to-clone het-
erogeneity in the pre-iPSC fraction produced by
individual isolated clones (Fig. 1B).

We next determined whether the high fraction
of pre-iPSCs previously seen in population re-
programming (6) could be recapitulated in clonal
mixing studies, combining distinct clones with
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varying fractions of pre-iPSCs (fig. S1C). Homo-
geneous pre-iPSC populations emerge from co-
cultures of two or more heterogeneous clones
(fig. S1, D and E). This finding revealed the
possibility that a subset of clones could drive
the population’s dynamics and motivated further
studies to understand the underlying clonal com-
petition during reprogramming.

Cellular barcoding strategy reveals
clonal selection during reprogramming

To probe long-term clonal dynamics over the
30-day reprogramming process, we adapted a
previously reported cellular barcoding strategy
(16). In brief, before inducing reprogramming, a
variable DNA sequence—or “barcode”—was in-
tegrated into the MEFs’ genome by lentiviral
transduction (Fig. 2A). To ensure that our ob-
servations were not an artifact of the system and
represented the reprogramming process, we con-
ducted experiments with four reprogramming
systems containing DOX-inducible OKMS factor
gene cassettes: the secondary 1B tetr system (75),
the secondary iRepl system [derived by previous
methods (75)], a primary reprogramming system
(figs. S2 and S3), and the secondary 9DT system
[similar to that previously reported (17), fig. S4].

Barcoded MEFs from the four systems were
sampled for initial barcode profiling before in-
ducing reprogramming. Throughout the repro-
gramming process, cells were sampled regularly
to assess barcode abundance at time points based
on pluripotency characterization studies either
published in the 1B tetr system (5) or conducted
here (figs. S2 to S4). At day 14, half of the cells in
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the 1B tetr and iRepl systems were transitioned
to DOX-free (DOX-) culture to assess clonal con-
tributions to transgene-independent iPSCs (5)
(Fig. 2A). A detailed description of the experi-
mental and bioinformatics pipeline can be found
in the methods section and figs. S5 and S6.

To assess clonal selection, the number of
clones present in the population was tracked on
the basis of their unique barcodes. We observed
dramatic clonal loss in the 1B tetr and iRepl
systems, with the majority lost in the first week
following DOX induction (Fig. 2B). The number
of clones continued to decrease in DOX+ con-
ditions, with less than 10% surviving 30 days of
reprogramming. This was accompanied by a no-
table increase in cell death (fig. S7A). The removal
of DOX at day 14, which forces silencing of ex-
ogenous OKMS factor expression, was expected
to drive another wave of clonal selection (Z8) and
also led to clonal loss (Fig. 2B). Analogous bar-
coding experiments conducted with the 9DT and
primary reprogramming systems produced con-
sistent trends of clonal selection and dominance
(see supplementary text and figs. S8 and S9).
Notable clonal selection in noninduced MEF cul-
tures was not observed, and there was no cor-
responding reduction in cell number during
reprogramming, indicating that rapid clonal
loss was a result of competition in reprogram-
ming (fig. S7, B to D).

Combining cellular barcoding with our pub-
lished surface-marker profiling strategy (6), we
measured the fraction of clones that contribute
to the MEF, pre-iPSC, and iPSC fractions (see
supplementary text and fig. S10). Although the

26 April 2019

number of clones in an iPSC state increased
over time during population reprogramming,
not all clones contributed to the iPSC fraction
and even fewer survived DOX removal (figs. STE
and S10D). By contrast, our earlier isolated clonal
reprogramming study suggested that all clones
have iPSC-producing capabilities (Fig. 1B). This
discrepancy in clonal iPSC potential in isolated
versus mixed conditions signaled that clonal
interactions are involved in population dynamics
during reprogramming.

We next examined whether clonal loss is ac-
companied by the survival of a dominant clonal
subset. After 30 days of DOX induction, two clones
exhibited a clear advantage over their competitors,
occupying more than 50% of the culture (Fig.
2C). The primary reprogramming and secondary
9DT systems also gave rise to a few dominant
clones, emerging as early as day 14 (figs. S8C
and S9C). The surprising observation that a
few clones overtook the majority of the cell pool
provides a possible basis for the homogeneity
seen in mixed clonal populations (Figs. 1B and 2D
and fig. S7F). These dominant clones can attain
an iPSC state (fig. SI0E) and in most, but not all,
cases maintain their dominance after DOX re-
moval (Fig. 2C and figs. S7G, S8C, and S9C).

Mathematical model of clonal
reprogramming challenges the clonal
equipotency hypothesis

It remained unclear whether clonal loss and
dominance were due to stochastic reprogram-
ming latencies of MEFs or selective advantages
of a subset of clones. To address this question, we
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Fig. 2. Cellular barcoding reveals clonal selection in reprogramming.

(A) The barcoding pipeline, in which lentivirus containing unique DNA

barcodes are generated and used to infect secondary MEFs from the 1B tetr

and iRepl reprogramming systems [multiplicity of infection (MOI) ~ 0.05].
Cells are subsequently reprogrammed and regularly sampled (20%) for
barcode sequencing to track the temporal behavior of clones throughout
reprogramming. DsRed is a red fluorescent protein. (B) Number of unique
clones (barcodes) over time following DOX induction in the 1B tetr and
iRepl systems. Representative data are from n = 4 biological replicates.

(C) Frequency of individual clones over time following DOX induction in the
1B tetr and iRepl systems. Clones showing extreme dominance are highlighted
in red and blue and indicate the same clone in DOX+ and DOX~ cultures.
Representative data are from n = 4 biological replicates. (D) Fraction of clones
exhibiting relative dominance (versus nonzero, nondominant clones) over time
following DOX induction in the 1B tetr and iRepl systems. Representative
histogram of clone sizes is from the 1B tetr reprogramming system at D24

of DOX+ culture. Bar graph data represent means + standard deviation of

n = 4 biological replicates (from 1B tetr and iRepl systems).

analyzed clone size distributions (79). The
clonal equipotency model of reprogramming
predicts neutral clonal dynamics, whereby dom-
inant clones stochastically initiate reprogram-
ming earlier and therefore have more time to
contribute to the reprogrammed population. We
observed a bimodal distribution of dominant
versus nondominant clones (Fig. 2D and figs.
S7H, S8D, and S9D), which is incongruous with
the assumption of clonal equipotency because
neutral dynamics are expected to produce a uni-
modal clone size distribution (fig. S1A) (8), lead-
ing us to hypothesize that clonal dominance is not
exclusively driven by stochastic neutral dynam-
ics. To test this, we developed a stochastic model
of cellular reprogramming with clonal resolution
(fig. S11) and compared the predictions of our

Shakiba et al., Science 364, eaan0925 (2019)

model with experimental observations (see
methods and figs. S11 to S13).

In silico simulations of clone size distribu-
tions in stochastic reprogramming diverged sig-
nificantly from experimental observations by
day 8 (fig. S11, C and D). Notably, the in silico
model gave rise to a unimodal distribution of
clone sizes, as expected. Given that the most
dramatic changes in clone size distributions
in vitro occurred within the first week of repro-
gramming (fig. S11, C and D), accompanied by
the greatest clonal loss (Fig. 2B), we next tested
whether the neutral model could capture clonal
dynamics following the first week of reprogram-
ming. We ran the model with initial conditions
from day 8 clone distributions and found that
the neutral model did not reproduce the exper-

26 April 2019

imental observations following the first week
of reprogramming (fig. S11E). These findings
support the selective nature of clonal dynamics
and led us to examine whether the experimentally
observed dynamics could be driven by underlying
heterogeneity in clonal fitness.

Clonal eliteness arises in the first week
of reprogramming

To determine when larger clones emerge and
acquire dominance, we further probed the ex-
perimental results of our initial barcoding study
(Fig. 2) and compared outcomes based on clone
size. We sorted clones into four bins of increasing
size while keeping the clone size range (in log-
arithmic scale) consistent between bins (Fig. 3A).
This sorting was performed at different time
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points, and clone sizes were tracked in each bin
over time and then normalized to initial clone
size at the time of binning. We tested the pro-
pensity for bins with larger clones to become
dominant later in culture. The largest clones
(bin 4) at days 8 and 14 went on to become
relatively dominant compared with the clones
in the other three bins (Fig. 3B and fig. S14A).
By contrast, clones that were larger at day 0
(owing to stochastic differences in lentiviral
barcoding) did not become dominant.

We found that early dominating clones (in bin
4 at day 8) were able to contribute to all four bins
throughout reprogramming (fig. S14B). Neverthe-
less, the majority of late-stage dominant clones
(in bin 4 at day 30) were also dominant at day 8.
Simulated clone size fluctuations based on the
neutral stochastic model also predicted that early
dominating clones maintain their dominance
(fig. S14.B), though the neutral model was unable
to capture their dynamics (fig. S11E). Further-
more, early dominating clones were more likely to
survive competition over time in DOX+ culture
(Fig. 3C). Similar observations were made in
experiments grouping clones into four bins of
increasing clone size while keeping the num-
ber of clones constant between bins (fig. S15, A to
E). Applying our binning strategy to the data
from the primary reprogramming and secondary
9DT systems, we found similar trends (fig. S16, A
and B). Larger clones (in bins 3 or 4) also ex-
hibited an enhanced propensity to contribute
to transgene-independent iPSCs in both DOX+
(figs. S14C and S15F) and DOX- culture (Fig. 3D
and figs. S15G and S16C), further highlighting

Shakiba et al., Science 364, eaan0925 (2019)

by paired, two-tailed Student'’s t test (*P < 0.10; **P < 0.05; ***P < 0.01).

their enhanced fitness. Thus, although not all
early dominating clones (bin 4 at day 8) do-
minate in late-stage reprogramming, they have
an enhanced probability of doing so.

A priori propensity for clonal eliteness is
present in the initial MEF pool

In light of the heterogeneous nature of MEFs
(20), we examined the possibility that a subset of
cells exhibits an a priori eliteness that drives
the emergence of dominant clones by day 8 of
reprogramming. Following an average of three
cell divisions, barcoded MEFs were split into
three equally distributed pools: One pool was
reserved for day O barcode sequencing, whereas
the remaining pools were seeded into two flasks
and subjected to identical DOX treatment (Fig. 4A
and figs. S8A and S9A). Following induction of
reprogramming, we tracked clonal loss and con-
firmed similar selection dynamics in the parallel
flasks (fig. S17A).

To determine whether clonal dominance is
inherited from the MEF state, we first assessed
the correlation in clone sizes between parallel
flasks containing MEFs from a common paren-
tal origin. In scatter plots (Fig. 4B), the corre-
lation of clones (identified by unique barcodes)
between parallel flasks was high (Fig. 4C and figs.
S8, E to G; S9, E to G; and S17B)—consistently
higher than that expected by chance (fig. S17, D
and E).

We applied our binning strategy to the splitt-
ing experiment to determine whether a sub-
population of clones was driving the correlation
between flasks. We reasoned that if a priori
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poised clones existed, they would be prominent
in the early dominating clones. Our binning
strategy revealed that although smaller clones
displayed barcode heterogeneity and thus poor
correlation, the largest clones were relatively
well correlated (fig. S18A). Indeed, removal of bin
4 clones substantially reduced correlation between
parallel flasks (fig. S18B). Furthermore, bin 4
clones gave rise to more dominant clones later
in culture with comparable outcomes in parallel
flasks (figs. S18C and S19A). Similar correlations
were observed in primary and secondary 9DT
systems (figs. S16, D and E, and S19B). Thus, early
dominating clones arise from a subpopulation of
poised MEFs, inheriting their potential for dom-
inance and driving the correlations observed in
our parallel reprogramming flasks, while also ex-
hibiting reproducible dominance (see supplemen-
tary text and fig. S20).

Taken together, our results suggest that a
priori eliteness associated with parental MEF
status determines a clone’s ability to initiate re-
programming quickly and dominate, confirming
that the heterogeneous MEF population displays
cell-specific reprogramming rates (21). Further-
more, the rigorous analysis of clonal selection and
dominance dynamics presented here may also
inform iPSC production strategies (see supple-
mentary text and fig. S21).

MEFs derived from Wntl-expressing cells
are poised to dominate the
reprogramming pool

Our barcoding analysis revealed the existence of
a subpopulation of elite MEFs. To uncover the
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Fig. 4. A subpopulation of a priori elite MEFs gives rise to early
dominating clones. (A) Population splitting experiment in which barcoded
secondary MEFs (expanded for 3 days) from the 1B tetr and iRepl
reprogramming systems are split at DO of DOX induction into parallel
flasks and sampled regularly for barcode sequencing. Parallel flasks were
assessed for similarity in outcomes of common clones. (B) Scatter plots of

identity of these MEFs, we tested whether the
neural crest (NC) population in skin has an a
priori ability to dominate reprogramming (see
supplementary text).

We developed a lineage tracing strategy to
retrospectively identify MEFs based on Wntl
expression, which has been suggested to mark
NC-derived cells (22, 23) (see methods and fig. S22).
Upon isolation and serial passaging, the frac-
tion of NC-derived MEFs became increasingly
prominent in nonreprogramming culture, sug-
gesting their competitive advantage (fig. S22B).
We next infected the population containing both
NC and non-NC-derived MEFs with lentivirus
carrying the OKMS factors and scored the origin
of emerging SSEA1+ clones. After 3 weeks of re-
programming, 100% of reprogramming colonies
originated from NC-derived MEFs (fig. S22C).
Furthermore, upon cell sorting, we found a higher
efficiency of reprogramming induction in NC-
derived clones (fig. S22D).

To validate these preliminary findings from low-
efficiency primary reprogramming experiments,
we next explored the dynamics of NC-derived
MEFs in an efficient secondary reprogramming
system (Fig. 5A and methods). The prominence
of NC-derived [yellow fluorescent protein posi-
tive (YFP+)] MEFs increased in reprogramming
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culture, where the YFP+ fraction overtook the
population (Fig. 5B and fig. S22E). This suggested
that NC-derived cells exhibited a competitive
advantage in both MEF and reprogramming
culture and prompted us to further assess the
dynamics of their dominance. We conducted
mixing studies, controlling the initial fraction of
YFP+ to YFP- cells while keeping the total cell
number constant (Fig. 5C). The fraction of YFP+
cells increased over the course of reprogramming
and overtook the population in almost all cases,
regardless of seeding frequency. Given the pro-
pensity of YFP+ cells to overtake reprogramming
populations, we next assessed their reprogram-
ming potential in isolated clonal studies and
found that NC-derived MEFs exhibited a signif-
icantly higher ability to initiate reprogramming
(Fig. 5D).

Given the results of our isolated clonal exper-
iments, we next asked whether reprogramming
success was dependent on NC-derived MEF fre-
quency at day 0 of reprogramming. As expected,
higher initial levels of YFP+ MEFs gave rise to
higher levels of SSEA1+ cells at earlier time points
(Fig. 5E). Whereas the fractions of SSEA1+ cells
arising from the YFP+ and YFP- subpopulations
were comparable in these studies (fig. S22F), the
overall SSEA1+ pool was predominantly composed

26 April 2019

individual clone sizes (percentage of total barcoded cells) in parallel
reprogramming flasks over time following DOX induction in the

1B tetr and iRepl systems. Color shows the distance of each point

to the diagonal (blue is shorter; red is longer). (C) Correlation

between clone sizes in parallel flasks over time following DOX induction
in the 1B tetr and iRepl systems.

of YFP+ cells (fig. S22G). This suggests that
although YFP- MEFs can give rise to reprogram-
ming cells, the YFP+ cells overtake the repro-
gramming compartment. The eliteness of YFP+
reprogramming clones may be linked to a higher
reprogramming propensity as well as a higher
baseline competitive advantage, as seen from the
DOX- controls (fig. S22B). The observation that
YFP- cells can reprogram in isolation but have
limited contribution to population-based repro-
gramming underscores the effects of competi-
tion on reprogramming dynamics.

As a final validation, we expanded our stochastic
model of reprogramming in which all clones
have the same potential to reprogram (fig. S11),
which did not accurately capture experimental
dynamics, to a two-population stochastic model.
In our new model, two MEF subpopulations are
defined (A and B), where B has an a priori pro-
pensity to dominate the reprogramming pool, as
in NC-derived MEFs (Fig. 5F). This two-population
reprogramming model accurately captured clonal
dynamics (Fig. 5G), representing a drastic improve-
ment over our original model. The model quanti-
fied the relative eliteness of NC-derived clones and
demonstrated that these cells are consistently
more competitive than their nonelite counterparts
(Fig. 5H). We also found no notable improvement
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Fig. 5. NC-derived
MEFs dominate the
reprogramming popu-
lation. (A) Secondary
reprogramming system
labeling NC-derived
MEFs. (B) Fraction of
NC cells after 30 days
of reprogramming.
Means * standard devi-
ation of n = 3 biological
replicates are shown.
(C) Controlled mixing
studies of NC and non-
NC MEFs. The heatmap
shows the fraction

of NC (YFP+) cells over
time. Representative
results are fromn = 2
biological replicates.
(D) Reprogramming
efficiency of NC and
non-NC MEFs, assayed
by isolated single-cell
reprogramming

assay. Statistical signif-
icance was assessed

by Z test (**P < 0.01;
**%p < 0.001).

(E) Reprogramming
fractions in controlled
mixing studies, assayed
by SSEAL expression.
Representative results
are from n = 2 biological
replicates. (F) Compart-
mental probabilistic
model of reprogram-
ming, including an elite
MEF fraction (sub-
population B,
corresponding to NC-
derived MEFs).
Expected clone size
distribution plots for
the new (elite sub-
population) and old (no
elite subpopulation)
models are shown.

(G) Experimental clone
size distributions from
the 1B tetr system, with
model-generated
curves overlaid.
Bayesian information
criterion (BIC) quanti-
fies improved fit of

the two-population
model. Means *
standard deviation

of n = 4 biological rep-
licates are shown
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in the model’s ability to accurately recapitu-
late experimental data by adding more than
two MEF subpopulations (fig. S23A), supporting
the observation that the single identified NC-
derived MEF fraction is the primary source for
elite clones. Furthermore, when applied to our
day 0 population splitting experiment, the two-
population model recapitulated the range of ob-
served positive correlations between parallel flasks
(fig. S23B) as well as the observation that larger
clones make the main contribution to the corre-
lation (fig. S23C), whereas the neutral model only
produced correlations of zero. Fitting the exper-
imental correlations to the two-population model
also allowed us to estimate the frequency of elite
MEFs (fig. S23D), which was bound by the mea-
sured fraction of NC-derived MEFs. We also noted
that the model was able to accurately capture the
dynamics of clonal loss we observed experi-
mentally (fig. S23E). We next used the two-
population model to understand if there are two
phases to clonal dynamics—an early phase gov-
erned by clonal selection and a later phase re-
sulting from neutral or stochastic, clonal loss.
Indeed, our earlier observation that clone size
distributions shift most dramatically between days
0 and 8 (fig. S11D) suggested this possibility. As
expected, the model predicted the selective advan-

Single cell studies

® —_—
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20— @

« Intrinsic
potential

‘\.,. > 0® x Community

effects

o—— 0

Barcoding

Lineage
tracing

tage of the elite reprogramming subpopulation
to be larger than the nonelite fraction (fig. S23F).
Furthermore, the time-varying nature of the
effective growth rates of the two subpopulations
(see methods) suggested that the entire repro-
gramming process is governed by selective dynam-
ics, consistent with our earlier finding that the
later phase of reprogramming could not be cap-
tured by neutral clonal dynamics (fig. S11E).
These observations confirmed that individual
MEFs exhibit unequal propensities for repro-
gramming induction. This led us to uncover a
mechanism for the observation of a priori re-
programming eliteness, which is driven by a sub-
population of MEFs derived from Wntl-expressing
cells, likely corresponding to an NC population.
Additionally, an exploration of growth and death
dynamics in isolated versus coculture of NC and
non-NC cells provided some evidence for direct
interactions between these competing popula-
tions (see supplementary text and fig. S24;).

Discussion

We aimed to uncover the connection between
intrinsic cell identity, the genetically encoded po-
tential of a cell, and cell-extrinsic community
effects (Fig. 6). During reprogramming, whether
inequalities in cell fitness drive non-neutral clo-

Population studies

Cell competition emerges from analysis of population
dynamics with both intrinsic & community effects
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nal drift in interacting cells remains unclear. We
found a poised subpopulation of somatic cells
that gives rise to dominant clones within the
first week of population reprogramming. These
early dominating clones are fitter, exhibiting a
higher probability of dominance in later culture
and an increased propensity to reprogram. In-
deed, our lineage tracing experiments uncovered
the identity of a previously unknown subpop-
ulation of MEFs from the Wntl+ (neural crest)
lineage that preferentially gives rise to elite re-
programming clones. These observations align
with previous reports of the heterogeneous re-
programming potential of MEFs (21, 24, 25). Our
data suggest that the eliteness of NC-derived
MEFs may be linked to their ability to initiate
reprogramming more efficiently, allowing them
to transition to an iPSC state more rapidly and
escape the MEF and pre-iPSC states, which ex-
perience increased cell death.

Our findings make clear that competitive in-
teractions between reprogramming clones drive
population dynamics in a manner that is dif-
ferent from isolated clonal studies, suggest-
ing that the clonal equipotency paradigm—in
which somatic cells have an equal potential to
attain an iPSC state in isolation—may not govern
clonal dynamics in the population setting. These

Fig. 6. Competition in reprogramming
emerges as a relevant parameter that
bridges our understanding of population
dynamics and single-cell potential.

By exploring the dynamics of clones within
multicellular populations, cell competition
emerges as a mechanism by which

cells with hidden, context-specific eliteness
emerge to occupy and dominate the
reprogramming niche. Cell competition
serves to connect our understanding of the
genetically encoded potential of a cell,
quantified by single-cell studies, and the
behavior of these cells within the community
context. This paradigm can help to inform our
understanding of developmental and disease
systems as well as strategies for controlling the
competitive potential of cell therapies.
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interactions may be influenced by indirect com-
petition for limited culture nutrients and space
or by direct competition between cells. Indeed,
direct cell competition has been reported to
drive population homogeneity in PSCs in vivo
(I1) and in vitro (13, 14), where Myc™&" cells
directly induce apoptosis in their Myc'°” neigh-
bors. Given that Myc overexpression is involved
in the induction of reprogramming, Myc-mediated
competition between reprogramming cells is
not unexpected. Indeed, population-level Myc
expression reportedly increases over the re-
programming process in the presence of exog-
enous OKMS factor expression, suggesting that
these cells may overtake the culture (5). To gain
clarity on the role of Myc in this process, we
need a deeper understanding of the molecular
mechanisms of fitness in reprogramming, which
requires as yet undeveloped tools for the isolation
and single-cell sequencing of rare populations of
specific barcoded cells. This technical challenge
currently poses a barrier to the omics character-
ization of elite reprogramming clones.

We found that a few clones overtake the re-
programming population. Although it remains
unclear whether these clones inherit their elite-
ness potential from the MEF state, it is possible
that they acquire their dominance in a culture-
induced manner. Indeed, the predictable behav-
ior of the clones in parallel reprogramming flasks
could be due to the acquisition of heritable
changes that confer enhanced cellular fitness.
Previous reports have pointed to genomic aber-
rations in PSCs acquired in culture (26), and it
has been reported that passaging results in the
loss of most of these mutations (27). Indeed,
active competition in PSC culture has been shown
to remove genomic aberrations (73). These ob-
servations underline that emergence of culture-
induced eliteness is a potential secondary source
of competition to consider in long-term culture.

Our data also support the possibility that NC
stem cells present in the MEF population are
the source of these top dominating clones. NC
stem cells are developmentally related to neural
stem cells, which have been shown to reprogram
to an iPSC state through the overexpression of
Oct4 alone (28). Notably, NC stem cells can be
expanded long-term and express core pluripo-
tency factors, which may poise them to over-
take the population. Indeed, our data may support
at least three time-dependent selection events,
all of which may involve NC cells: (i) NC MEFs
dominate somatic culture before reprogramming,
(ii) NC clones are further selected through com-
petition with non-NC cells during early repro-
gramming, and (iii) reprogrammed NC stem cells
and their progeny become dominant and over-
take later cultures. Overall, it is likely that iPSCs
are not equivalent in terms of fitness, thus merit-
ing the careful selection of PSC clones for regen-
erative medicine applications (29).

This study uncovers cell competition as a
mechanism for cells with context-specific eliteness
to occupy the reprogramming niche. These find-
ings support a paradigm shift, turning com-
petition into a generalizable parameter for
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understanding multicellular developmental
and disease systems (Fig. 6). To this end, re-
programming may serve as a model to probe the
genetic and epigenetic basis of cell fitness, pro-
viding key insights toward controlling competi-
tion for regenerative medicine (29). This will be
critical for synthetic biology strategies that aim
to engineer cells with predictable and desirable
behaviors in multicellular contexts (30).

Methods summary

For reprogramming, DOX-inducible secondary
MEF 1B cells [isolated as previously described
(15) from tetraploid complementation], MEF
iRep1 cells [derived by previous methods (15)],
MEF 9DT cells [similar to that previously re-
ported (17)], or primary MEFs were used. Follow-
ing cellular barcoding by viral infection using an
adapted version of a previously reported cellular
barcoding strategy (16), MEFs were subsequent-
ly passaged once to allow for an average of
~threefold expansion and subsequently split,
whereby cells were sampled for initial barcode
profiling and the remaining cells were seeded
for reprogramming induction. Following DOX
induction, cultures were sampled regularly for
sequencing. Cells were transitioned to DOX-free
culture to assess clone contributions to the gen-
eration of transgene-independent iPSCs.

To assess barcode survival and abundance,
we conducted targeted DNA paired-end sequenc-
ing followed by analysis with an in-house bio-
informatics analysis pipeline using custom Perl
and MATLAB scripts.

For NC lineage studies, we created a mouse
strain containing the transgene Wntl-Cre and
floxed ROSA-tdTomato. Upon Cre expression,
‘Wntl-expressing cells and their progeny become
irreversibly labeled. To develop a more efficient
reprogramming system with NC tracing, a homo-
zygous ROSA-YFP mouse was crossed to a heter-
ozygous Wntl-Cre. The Wntl-Cre/ROSA-YFP mice
were then crossed to the highly efficient sec-
ondary reprogramming system iRep2 [derived
by previous methods (75)] mouse line.

Mathematical modeling of clonal dynamics
was conducted with custom Python and MATLAB
scripts. Calculations for statistical significance were
performed using Excel and MATLAB software.
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Domination in the stem cell world

A Nobel Prize-winning discovery showed that specialized cells can be genetically reprogrammed into stem cells,
thus gaining the ability to become any cell type in the body. But what happens during reprogramming is not completely
understood. Shakiba et al. used experimental and mathematical approaches to show that skin cells compete during
reprogramming, eliminating one another as the population progresses toward the stem cell state (see the Perspective by
Wolff and Purvis). The "winners" are a special class of skin cells originating from the neural crest. Cells of this type
normally emerge during embryonic development and migrate into various tissues, including the skin, muscle, and
nervous system.
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