
homeostasis, and therefore it seems

appropriate that during states of chronic

inflammation, cells may forgo their canon-

ical functions to prioritize pathogen

removal. What remains puzzling is the

requirement for specialized stem cells to

orchestrate immune recruitment, espe-

cially given the presence of supportive

stromal populations.

Collectively, the work by Chen et al.

identify a novel role for stem cell-medi-

ated immune defense during chronic in-

flammatory states, at the expense of

OSN replacement (Figure 1). Future work

should seek to clarify the cross-talk be-

tween immune infiltrates and the adopted

stem-cell phenotype, and whether this

paradigm is conserved in additional

neurogenic niches, as targeting of stem

cell-derived chemokines could prove

an attractive therapeutic target to limit

immune-associated deficits in adult

neurogenesis.
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Why most cells remain refractory to transcription factor (TF)-induced fate conversion remains largely myste-
rious, with the answers holding important instructions on how to effectively direct cell identities. In this issue
of Cell Stem Cell, Babos et al. (2019) show that conflicts caused by simultaneous high transcription and high
replication rates are to blame.
While rapid proliferation is well known to

promote pluripotency induction by the

Yamanaka factors (Guo et al., 2014), the

involvement of active proliferation in other

cell fate conversions is less clear, espe-

cially when the final cell types are not pro-

liferative. In this issue of Cell Stem Cell,

Babos et al. examined this question dur-

ing mouse embryonic fibroblast (MEF) re-

programming into induced motor neurons

(iMN) following the expression of six

factors: Ascl1, Brn2, Myt1l, Ngn2, Isl1,

and Lhx3 (6F). The bulk reprogramming

culture displayed markedly reduced pro-

liferation. The presence of the slow/non-

dividing cells was accompanied by preva-
lent mitotic defects, such as micronuclei

and chromatin bridges, indications of

failed cellular attempts at proliferation.

These results could easily be interpreted

as proliferation being not beneficial for

iMN conversion, as they had been previ-

ously (Son et al., 2011). However, live

cell imaging and tracking revealed that

the converting cells indeed underwent

divisions, with some of the cell cycles ap-

pearing to last for only 14 h (refer to

Figure S1A in Babos et al., 2019), a cell-

cycle rate that is strikingly similar to the

rare fibroblasts initiating pluripotency

(Smith et al., 2010). The significance of

the few proliferative cells became clear
Cell Stem Cell 25
when a combination of RepSox (a TGFb

inhibitor), hRasG12V (a Ras mutant), and

p53DD (a p53mutant lacking aDNA-bind-

ing domain) (DDRR) promoted iMN re-

programming by 100-fold. Significantly,

in the presence of DDRR, not only had

many more cells undergone reprogram-

ming, but reprogramming had also initi-

ated mostly from the highly proliferative

cells. DDRR in effect reduced the preva-

lence of genomic stress and allowed

more cells to become proliferative. These

new findings by Babos et al. flipped the

view on how decreased proliferation at

the bulk level is interpreted, and they sug-

gest that caution should be exercised
, October 3, 2019 ª 2019 Elsevier Inc. 451



Figure 1. Schematic Model Illustrating the Genomic Conflicts Between the Transcription
Machinery and the Replication Fork
Cells capable of hyper-transcription and hyper-proliferation convert to induced motor neurons highly
efficiently. In most cells, transcription factor expression induces heightened transcription, which conflicts
with the replication forks, yielding torsional stress on DNA. A chemical and genetic cocktail (DDRR)
induces topoisomerases to help resolve the conflict and promotes highly efficient reprogramming.
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when phenotypes of rare cells dominate

the readout: cell number changes contrib-

uted by the meaningful few may not

always be detectible without careful ex-

amination of the rare cells themselves.

How does 6F overexpression cause

genomic stress early in iMN reprogram-

ming, and how could DDRR help? 6F-ex-

pressing cells displayed heightened

transcription, indicated by increased EU

incorporation during pulse labeling.

DDRR not only increased the proliferative

cells, but among them, it increased the

prevalence of EU-high cells to yield a

population of hyper-transcribing and hy-

per-proliferating cells (HHCs). It is these

HHCs that are responsible for most of

the conversion into iMNs. As the tran-

scription machinery could collide with

the replication machinery when both sys-

tems are actively cruising along the same

DNA region (Garcı́a-Muse and Aguilera,

2016), it is plausible that the high demand

for the DNA template could result in con-

flicts significant enough to have caused

torsional stress on DNA. In support of

this idea, the authors observed that two

topoisomerases, Top1 and Top2a, were

among the genes upregulated by DDRR

in the presence of 6F. Inhibiting Top1 or

Top2a reduced HHCs and iMN conver-

sion even in the presence of DDRR.

Conversely, Top1 overexpression signif-

icantly promoted iMN conversion by 6F.

As topoisomerases can release torsional

stresses on DNA, these data support the
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notion that collisions on DNA are respon-

sible for the failed iMN conversion from

most MEFs. It is important to note that

the high transcription state and high pro-

liferation state were mostly defined in

relative terms, i.e., cells with the highest

transcription rate and highest DNA

replication rate among a heterogeneous

bulk population. More quantitative mea-

sures will be helpful to appreciate the

critical rates of transcription and replica-

tion required to set off the genomic

conflicts.

The conflicts between hyper-transcrip-

tion and hyper-proliferation came in at

least three flavors: negative DNA super-

coiling, R-loops, and stalled replication

forks. Expression of 6F alone renders

many cells able to bear these conflicts,

and DDRR reduced their prevalence. It is

likely that the types of genomic stresses

may not be limited to these three (Ham-

perl et al., 2017). More in-depth detection

of these genomic stresses would await

techniques with sufficient sensitivity and

resolution for genomic conflicts in the

same cells, around the same genomic re-

gions or possibly even on the same DNA

fibers. Nonetheless, the results strongly

support a model where collisions be-

tween transcription and replication are

responsible for many failed iMN conver-

sion attempts. As a further support,

DDRR addition also significantly pro-

moted the cell fate conversion across

multiple initiating cell types (mouse and
human, adult and fetal) to multiple final

cell types (induced neurons, induced

dopaminergic neurons, and induced

hair cells) by multiple TF cocktails.

DDRR also promoted the functionality of

the iMNs. The widespread increase in re-

programming supports the model’s gen-

eral validity.

Themodel proposed by Babos and col-

leagues provides a vivid depiction for the

nature of a reprogramming barrier: colli-

sions between two major systems trav-

eling on the DNA highway (Figure 1). The

importance of genomic conflict resolution

illustrates why many of the highly prolifer-

ative cells still fail to reprogram. It remains

to be determined whether a similar mech-

anism operates in cell fate reprogram-

ming of lineages beyond those of the neu-

roectoderm, and whether and/or which

additional enzymes could help clear the

collisions (Schwab et al., 2015). The

model will become more fully fleshed out

when we understand where in the

genome the collisions occur and whether

certain constrains on the chromatin (e.g.,

binding to the nuclear lamina; van Steen-

sel and Belmont, 2017) or heterochromat-

in condensates formation (Larson et al.,

2017; Strom et al., 2017) make collisions

more or less likely. Due to the oncogenic

potential of hRasG12V and p53DD, the

DDRR cocktail is unlikely to be directly

applicable for cells intended for clinical

use, but the insightful mechanistic revela-

tion that has come with DDRR will un-

doubtedly spur further investigations that

will eventually lead to better cell fate

engineering.

REFERENCES

Babos, K.N., Galloway, K.E., Kisler, K., Zitting, M.,
Li, Y., Shi, Y., Quintino, B., Chow, R.H., Zlokovic,
B.V., and Ichida, J.K. (2019). Mitigating antago-
nism between transcription and proliferation al-
lows near-deterministic cellular reprogramming.
Cell Stem Cell 25, this issue, 486–500.

Garcı́a-Muse, T., and Aguilera, A. (2016).
Transcription-replication conflicts: how they occur
and how they are resolved. Nat. Rev. Mol. Cell Biol.
17, 553–563.

Guo, S., Zi, X., Schulz, V.P., Cheng, J., Zhong, M.,
Koochaki, S.H., Megyola, C.M., Pan, X., Heydari,
K., Weissman, S.M., et al. (2014). Nonstochastic
reprogramming from a privileged somatic cell
state. Cell 156, 649–662.

Hamperl, S., Bocek, M.J., Saldivar, J.C., Swigut,
T., and Cimprich, K.A. (2017). Transcription-
Replication Conflict Orientation Modulates R-
Loop Levels and Activates Distinct DNA Damage
Responses. Cell 170, 774–786 e719.



Cell Stem Cell

Previews
Larson, A.G., Elnatan, D., Keenen, M.M., Trnka,
M.J., Johnston, J.B., Burlingame, A.L., Agard,
D.A., Redding, S., and Narlikar, G.J. (2017).
Liquid droplet formation by HP1a suggests a role
for phase separation in heterochromatin. Nature
547, 236–240.

Schwab, R.A., Nieminuszczy, J., Shah, F.,
Langton, J., Lopez Martinez, D., Liang, C.C.,
Cohn, M.A., Gibbons, R.J., Deans, A.J., and
Niedzwiedz, W. (2015). The Fanconi Anemia
Pathway Maintains Genome Stability by
Coordinating Replication and Transcription. Mol.
Cell 60, 351–361.

Smith, Z.D., Nachman, I., Regev, A., andMeissner,
A. (2010). Dynamic single-cell imaging of direct re-
programming reveals an early specifying event.
Nat. Biotechnol. 28, 521–526.

Son, E.Y., Ichida, J.K., Wainger, B.J., Toma, J.S.,
Rafuse, V.F., Woolf, C.J., and Eggan, K. (2011).
Conversion of mouse and human fibroblasts into
functional spinal motor neurons. Cell Stem Cell 9,
205–218.

Strom, A.R., Emelyanov, A.V., Mir, M., Fyodorov,
D.V., Darzacq, X., and Karpen, G.H. (2017).
Phase separation drives heterochromatin domain
formation. Nature 547, 241–245.

van Steensel, B., and Belmont, A.S. (2017).
Lamina-Associated Domains: Links with
Chromosome Architecture, Heterochromatin, and
Gene Repression. Cell 169, 780–791.
Cell Stem Cell 25, October 3, 2019 453


