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Rewinding the Tape to ldentify Intrinsic Determinants
of Reprogramming Potential

Kate E. Galloway

Abstract

Via retrospective isolation of clones using Rewind, Jain et al. identified primed states of cells that reprogram
to induced pluripotent stem cells. Examining clones, they find that cells retain memory of over several rounds
of cell division. Moreover, they show that extrinsic factors change the number of primed cells, suggesting
that there exist diverse paths of reprogramming and states of priming.
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xtrinsic and intrinsic factors combine to determine cell

fate in development, cancer, and reprogramming (Desai
etal., 2021; Emert et al., 2021; Kueh et al., 2013). In reprog-
ramming, expression of the transcription factors OCT4,
KLF4, SOX2, and C-MYC (OKSM) influences the rate of
reprogramming to induced pluripotent stem cells (iPSCs)
(Elbaz et al., 2022; Hanna et al., 2009; Ilia et al., 2023;
Shakiba et al., 2019; Velychko et al., 2019). However, even
in genetically homogenous systems, the rates of reprogram-
ing remain low, suggesting that intrinsic differences limit the
potential of a cell to reprogram (Hockemeyer et al., 2008;
Mabherali et al., 2008; Polo et al., 2010). In theory, only a
population of elite cells may possess the necessary combina-
tion of intrinsic features to reprogram (Yamanaka, 2009).
Alternatively, extrinsic perturbations may induce an “elite”
state (Babos et al., 2019; Guo et al., 2014; Zviran et al.,
2019). Or possibly both mechanisms are at work. While pre-
vious work establishes that hyperproliferative cells repro-
gram at higher rates to iPSCs and to neurons, it remains
unclear if these features preexist or if they emerge upon
induction of reprogramming (Babos et al., 2019; Guo et al.,
2014; Jain et al., 2024). Moreover, do these features show
sufficient memory as to be inherited by progeny and generate
clonal bias?

To address these questions, Jain et al. sought to use retro-
spective identification via clone barcoding to identify intrin-
sic factors that would predict future pluripotency(Jain et al.,
2024). To retrospectively identify clones, cells with inducible

OKSM were barcoded using the Rewind system and split to
generate “twins.” Rewind uses a lentiviral library of barco-
des incorporated into the 3" untranslated region (UTR) of
green fluorescent protein (GFP) (Emert et al., 2021). From
the UTR-encoded barcode, one twin was transcriptionally
profiled by single-cell RNA sequencing prior to induction
of reprogramming (Fig. 1A). For the second twin, clones
could be tracked via the barcodes in successfully reprog-
rammed cells that are identified by RNA fluorescence in situ
hybridization (FISH)-based sequencing. Thus, by matching
successful clones and pre-reprogramming state, Rewind
allows retrospective identification of primed states that exist
before induction of reprogramming.

While primed clones show markers of increased cell cycle
speed, loss of fibroblast activation more strongly predicted a
cell’s reprogramming potential. These data align with other
groups that highlight that loss of fibroblast markers represent
a key hurdle in reprogramming (Samavarchi-Tehrani et al.,
2010; Schiebinger et al., 2019; Schwarz et al., 2018; Tanaka
et al., 2015). Moreover, the correlation with cycling and loss
of these markers may provide a general motif by which cells
are primed for cell fate transitions (Babos et al., 2019; Gallo-
way, 2024; Wang et al., 2023). Intriguingly, knockdown of
the fibroblast activation factor Secreted Phosphoprotein 1
(SPP1) increased reprogramming without increase cycling.
If cycling serves the purpose of diluting inhibitory species
such as SPP1, we would expect that loss of fibroblast
markers will correlate with cycling but loss of these markers
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FIG. 1. By matching successful clones and pre-reprogramming state, Rewind allows retrospective identification of
primed states that exist before induction of reprogramming. (A) Rewind uses a lentiviral library of barcodes incorpo-
rated into the 3’ untranslated region (UTR) of GFP. From the UTR-encoded barcode, one twin is transcriptionally pro-
filed by single-cell RNA sequencing prior to induction of reprogramming. For the second twin, clones are tracked via
the barcodes in successfully reprogrammed cells that are identified by RNA FISH-based sequencing. (B) Cells dynami-
cally move into and out of primed states defined by diverse transcriptional profiles.

would show a stronger influence in dictating reprogramming
potential.

Having identified intrinsic features of priming, they next
sought to identify how extrinsic perturbations influence primed
states. Inhibition of lysine demethylase 1 (LSD1) increases the
number of colonies that form in reprogramming and increases
the number of clones that successfully reprogram. Inhibition of
LSDI1 may expand the number of clones that can reprogram
by moving cells to a single specific transcriptional state. Alter-
natively, inhibition may move cells to multiple permissive
states from which cells can reprogram. In alignment with this
second model, clones that reprogrammed with LSD1 inhibition
emerged from distinct novel transcriptional states and retained
memory similar to other modes of priming. Altogether, their
data suggest that the primed state can be defined by distinct
transcriptional profiles, suggesting that the primed state exhib-
its some transcriptional plasticity (e.g., many transcriptional
profiles may support priming).

Altogether, Jain et al. develop a model in which cells
dynamically move into and out of primed states defined by
diverse transcriptional profiles (Fig. 1B). The ability of these
states to be retained over intermediate time scales (~ several
cell divisions) may explain how some clones can attain near-
deterministic reprogramming while the process appears sto-
chastic for other clones. Cell division generates variability in
the intrinsic features of cells (Zopf et al., 2013). Thus, each
round of division may serve to weaken the inheritance of
intrinsic features, explaining loss of these determinants over
longer time scales. Indeed, the uniformity of the transcriptional
state of iPSCs derived from different primed states suggests
that cells converge on a relatively homogenous attractor state
regardless of their path to pluripotency. Indeed, the erasure of
“fingerprints” that can be mapped to specific modes of priming
highlights the need for and the power of retrospective identifi-
cation in defining the diverse and potentially myriad paths that
cells can traverse as they transition cell fates.

Many roads may lead to Rome. Jain et al. has begun to
map these roads by defining the primed transcriptional states.
As other features that are unobservable in RNA-seq may
influence reprogramming potential, a more common identity
may emerge in defining primed cell states by features such

as protein profile, cell size, proliferation history, and chro-
matin state.
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