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Stochastic fluctuations in gene expression (‘noise’) are often considered detrimental, but fluctuations can
also be exploited for benefit (e.g., dither). We show here that DNA base-excision repair amplifies
transcriptional noise to facilitate cellular reprogramming. Specifically, the DNA-repair protein Apexl, which
recognizes both naturally occurring and unnatural base modifications, amplifies expression noise while
homeostatically maintaining mean-expression levels. This amplified expression noise originates from
shorter duration, higher intensity, transcriptional bursts generated by Apexl-mediated DNA supercoiling.
The remodeling of DNA topology first impedes and then accelerates transcription to maintain mean levels.
This mechanism, which we term Discordant Transcription through Repair (DiThR; pronounced /’dither’/),
potentiates cellular reprogramming and differentiation. Our study reveals a potential functional role for
transcriptional fluctuations mediated by DNA base modifications in embryonic development and disease.

Fluctuations have been recognized to dynamically shape the
distribution of microstates a system adopts, and modulation
of fluctuations has been harnessed throughout engineering
and the sciences (I). In chemistry, thermal fluctuations accel-
erate reactions (2); in engineering, amplification of electrical,
acoustic, or mechanical fluctuations (i.e., ‘dither’, from the
Middle English “didderen” meaning to “tremble”) is used for
signal recovery (3), and in neuroscience, electrophysiological
fluctuations (4) are clinically amplified to improve sen-
sorimotor function (5). Such dither approaches break Poisson
dependency so that Avariance = Amean.

Biological organisms may maximize fitness by harnessing
putative fluctuations to enable probabilistic ‘bet-hedging’ de-
cisions (6-8). Intrinsic molecular fluctuations in gene expres-
sion (i.e., stochastic ‘noise’), modulated by gene-regulatory
circuits, enables probabilistic fate selection (Fig. 1A) in di-
verse biological systems (9-12). Open questions remain as to
whether cellular noise control is limited to locus-specific
gene-regulatory circuits or if generalized noise-modulation
mechanisms exist. Specifically, it is unclear how such gener-
alized noise-modulation mechanisms might orthogonally
tune noise independent of mean, and, given the detrimental
effects of noise, if such putative mechanisms might be regu-
lated ‘on-demand’ to potentiate cell-fate specification.

Non-genetic variability or noise in gene expression, often
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quantified by measurement of cell-to-cell variability in re-
porter expression, can arise from intrinsic and extrinsic
sources. In mammalian cells, intrinsic noise originates from
episodic transcriptional ‘bursts’ (13-16) initiated by promoter
toggling between ON and OFF states (Fig. 1B). The two-state
random-telegraph model describes this bursting through two
parameters: (i) the fraction of time a promoter is active
(Kon/[Kon+Korr]), and (ii) the number of transcripts produced
during the ON state (burst size, Krx/Korr) (17). These bursting
parameters are tuned by regulatory machinery (18) like his-
tone acetyltransferases, which can increase burst frequency
by facilitating nucleosome clearance from promoters thereby
increasing mean transcript abundance (19). Increases in
mean expression (u) are typically accompanied by a stereo-
typical reduction in noise measured by coefficient of varia-
tion, CV, (o/w) (Fig. 1B), whereas stressors that decrease mean
are typically accompanied by an increase in noise (20-22).
This 1/p scaling of noise can be broken by gene-regulatory
circuits such as feedback and feedforward loops (23), and
some small-molecule pharmaceuticals can modulate tran-
scriptional fluctuations/noise (o/p) independent of change in
mean (u) (24, 25). Because some molecules can amplify ex-
pression noise of diverse unrelated promoters (24, 26), we
tested whether these molecules might function by disrupting
or enhancing a putative cellular noise-control mechanism.
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A series of screens (fig. S1) identified one compound, 5'-
iodo-2’-deoxyuridine (IdU), which consistently increased ex-
pression noise of multiple transcriptional reporter constructs
in diverse cell types. To test the generality of this noise am-
plification effect we used mouse embryonic stem cells
(mESCs). Single-cell RNA sequencing (scRNA-seq) of mESCs
cultured in pluripotency-maintenance media (2i/LIF)
showed—after filtering and normalization using Seurat (27)—
that IdU amplified cell-to-cell variability in transcript abun-
dance (i.e., transcript noise) for virtually all genes across the
genome—4,578 genes analyzed (Fig. 1C)—with little alteration
in mean transcript abundance for most genes, as analyzed by
either CV? (¢?/p?) or variance (o) versus mean (Fig. 1, C and
D). To account for the Poisson scaling of variance on mean,
transcript noise was also quantified using the Fano factor
(c?/w), which measures how noise deviates from Poisson scal-
ing (o?/n = 1) (28, 29). Despite mean-expression levels exhib-
iting minimal changes (Fig. 1E), the Fano factor increased for
> 90% of genes (Fig. 1F). Long noncoding RNAs (IncRNAs)
also exhibited noise enhancement and weakly expressed
genes showed a slightly greater change in Fano (fig. S2).
These results of a global increase in transcript noise with lit-
tle change in mean abundance are in stark contrast to the
effects of transcriptional activators or cellular stressors that
alter noise in a stereotypic manner together with changes in
mean number of transcripts (20, 30).

To account for technical noise and quantify statistical sig-
nificance of changes in noise and mean, we used an estab-
lished Bayesian hierarchical model (BASiCS) (31) to create
probabilistic, gene-specific estimates of both mean expres-
sion and cell-to-cell transcript variability. Of the 4,971 genes
analyzed, 945 genes were classified (~20%) as highly variable,
whereas 113 genes (~2%) showed a significant change in
mean expression (Fig. 1, G and H). Bulk RNA-seq measure-
ments of mean abundances confirmed the scRNA-seq find-
ings (fig. S3). Thus, analyses from two methods (Seurat and
BASICS) show that IdU induced a significant increase in tran-
script variability (expression noise) but comparatively little
change in mean expression.

To examine if certain characteristics could explain a
gene’s potential for noise enhancement we examined (i) gene
length, (ii) promoter and (iii) gene-body AT content, (iv)
number of exons, (v) TATA-box inclusion and (vi) strand ori-
entation. None of these characteristics exhibited predictive
power (fig. S4). However, genes susceptible to high noise en-
hancement were preferentially located within the interior of
topologically associated domains (TADs), suggesting gene to-
pology influences susceptibility to noise enhancement (fig.
S4). Ontology analysis of highly variable genes showed en-
richment of house-keeping pathways along with pluripotency
maintenance factors, particularly Sox2, Oct4, Nanog and Klf4
(Fig. 1H and fig. S5). As these pluripotency maintenance
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factors are key influencers of cell-fate specification, we fo-
cused on the molecular mechanisms driving their amplified
transcript noise.

We tested whether the enhanced variability arose from ex-
trinsic factors, which include cell-cycle phase and cell-type
identity (32). Cells within the scRNA-seq dataset were com-
putationally assigned a cycle stage (G1, S, G2/M) (33) which
showed that Nanog, Oct4, Sox2 and Klf4 were highly variable
in each cell-cycle phase, indicating that their variability is not
cell-cycle dependent (fig. S6). Moreover, pseudo-time analysis
showed no bifurcations, indicating transcriptional variability
was not due to a differentiation-induced mixture of cell-types
(fig. S7).

Extrinsic variability may also arise from the coordinated
propagation of noise through gene-regulatory networks (34)
and can be measured by gene-to-gene correlation matrices
(35, 36). If the increase in global transcript noise is extrinsic,
expression correlation between network partners would in-
crease or remain unchanged. Analysis of gene-to-gene corre-
lation matrices showed that ~80% of gene-gene pairs lost
correlation strength after IdU treatment (Fig. 2A and fig. S8),
indicating that enhanced expression noise is uncorrelated
and not consistent with an extrinsic noise source. Exclusion
of these extrinsic noise sources indicates that IdU must am-
plify intrinsic noise arising from stochastic fluctuations in ei-
ther transcript production (promoter toggling) or
degradation.

To test whether a change in promoter toggling could ac-
count for IdU-enhanced noise, we used single-molecule RNA
FISH (smRNA-FISH) to count both nascent and mature tran-
scripts of Nanog, a master regulator of pluripotency. Tran-
script counting was performed on a mESC line in which both
endogenous alleles of Nanog are fused to eGFP at the C ter-
minus. This fusion does not alter mRNA or protein half-life
or impair differentiation potential (37). smRNA-FISH probes
to eGFP (3" end of transcript) were used to count mature
transcripts, while probes to the first intron of Nanog (5 end
of transcript) were used to identify active transcriptional cen-
ters (TCs) and explicitly measure the number of mRNAs ac-
tively transcribed at the start of the gene. To minimize
extrinsic noise, downstream analyses were limited to cells of
similar size (fig. S9A). Consistent with scRNA-seq, smRNA-
FISH showed a large increase in cell-to-cell variability of ma-
ture Nanog transcript abundance (~2-fold increase in Fano)
with little change in mean abundance (Fig. 2B). Quantifica-
tion of nascent Nanog transcript abundances using either in-
tron or exon probes showed that fewer cells possessed active
transcriptional centers (TCs) in the presence of IdU (Fig. 2C),
whereas the number of nascent (i.e., unspliced) and mature
(i.e., spliced) mRNAs at each TC was increased (Fig. 2D and
fig. S9, B and C). Fitting of the two-state random-telegraph
model to smRNA-FISH data revealed that increased

(Page numbers not final at time of first release) 2

T20Z ‘9T 1snBny uo /610’ Bewsdusios aouslos//:dny woly papeojumod


http://www.sciencemag.org/
http://science.sciencemag.org/

variability resulted from shortened burst duration (increased
korr) and amplified transcription rate (higher k7x) (fig. SOD
and table S2). To directly visualize the effect of IdU on burst
duration, we performed live-cell imaging of transcription us-
ing p21-MS2 reporter cells (38). IdU generated shorter tran-
scriptional bursts (increased korr) while total mRNA output
remained unchanged (fig. S10), further validating the recip-
rocal changes in burst Kinetics seen with smRNA-FISH data.
These results validate previous predictions (24, 29) that en-
hanced noise could arise from reciprocal changes in tran-
scriptional burst duration (1/korr) and intensity (kzx).

While longer polymerase dwell times or slowed polymer-
ase elongation could be alternate hypotheses for the increase
in nascent RNA detected by smFISH, these hypotheses are
inconsistent with the simultaneous shortening of burst dura-
tion and maintenance of transcript output observed with
MS2 imaging. The slowed/stalled polymerase hypothesis is
also not consistent with the equivalent increase in both in-
tron and exon probe intensities at TCs (fig. SOE). These data
instead suggest that IdU-mediated increase in TC intensities
result from amplified transcription rates (krx).

To test if enhanced transcript variability transmitted to
protein abundances, we performed flow-cytometric analysis
of Nanog-GFP reporter protein. In IdU-treated cells, the
Nanog protein Fano factor increased by ~3-fold, with little
change in mean, indicating that mRNA variability from al-
tered promoter toggling indeed resulted in changes to pro-
tein noise (Fig. 2E). The increase in protein noise showed no
dependency on cell-cycle (fig. S11, C and D) despite G1-to-S
cell-cycle progression being slightly slowed by IdU treatment
(fig. S11, A and B). Consistent with the extrinsic noise analysis
above, there was no evidence of aneuploidy after IdU treat-
ment (fig. S11A), precluding the possibility that increased
noise results from a sub-population of cells with non-physio-
logic gene-copy numbers. Inhibition of transcription with Ac-
tinomycin D completely abrogated IdU enhancement of
Nanog-GFP noise (fig. S12, A and B), indicating that IdU min-
imally perturbs post-transcriptional sources of gene-expres-
sion variability (e.g., mRNA degradation, mRNA translation,
protein degradation).

When cultured in 2i/LIF, Nanog protein expression is uni-
modal and high, but when cultured in serum/LIF, mESCs ex-
hibit bimodal expression with both a high Nanog state and
low Nanog state that predisposes a cell toward differentiation
(fig. S12C) (39). Given that IdU-induced amplification of
Nanog variability arose from an intrinsic source of noise (i.e.,
changes in transcriptional bursting), we next tested a previ-
ous theoretical prediction that increased transcriptional
noise would drive greater excursions from the high Nanog
state into the low state (4£0). IdU treatment did indeed gener-
ate greater excursions into the low Nanog state for mESCs
cultured in serum/LIF (fig. S12C), verifying theoretical
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predictions. This result demonstrated how modulation of
transcriptional bursting can drive Nanog state-switching.

To verify that enhanced noise is not a population-level
phenomenon brought on by differential responses to IdU in
distinct cellular subpopulations (i.e., verify ‘ergodicity’ and
that individual cells exhibit increased fluctuations), we used
live-cell time-lapse imaging to quantify both the magnitude
(intrinsic-CV?) and frequency content (1/half-autocorrelation
time) of Nanog-GFP fluctuations. Single-cell tracking of indi-
vidual cells showed that IdU induced a 2-fold increase in the
magnitude (intrinsic-CV?) of fluctuations (Fig. 2F and fig.
S13A), and auto-correlation analysis of detrended trajectories
showed a broadening of the frequency distribution to higher
spectra, indicating reduced stability (increased lability) of
protein expression levels (fig. S13B). These higher frequency
fluctuations are consistent with amplification of a non-ge-
netic, intrinsic source of noise (41, 42) because genetic
sources of cellular heterogeneity, such as promoter muta-
tions, would lead to longer retention of protein states (de-
creased lability) (43). In silico sorting of cells based on
starting Nanog expression verified that noise enhancement
was not dependent on the initial state of expression (fig. S14).
Fluctuations in promoter toggling therefore drive individual
cells to dynamically explore a larger state-space of Nanog ex-
pression. To further validate that IdU perturbs an intrinsic
source of noise, we used a mESC line in which the two endog-
enous alleles of Sox2 are tagged with distinct fluorophores,
which enables quantification of the intrinsic and extrinsic
components of noise. Treatment with IdU increased Sox2 in-
trinsic noise greater than 2-fold across all expression levels
(fig. S15) further validating that IdU enhances intrinsic noise.

To pinpoint the molecular mechanism, 14 nucleoside an-
alogs (table S3) were screened for noise enhancement effects.
5'-bromo-2’-deoxyuridine (BrdU), 5-hydroxymethylcytosine
(hmC), and 5-hydroxymethyluridine (hmU) also increased
Nanog Fano factor to varying degrees (Fig. 3A). hmU and
hmC are naturally produced by the Ten Eleven Translocation
(Tet) family of enzymes during oxidation of thymine and
methylated cytosine respectively (44, 45). Given that these
base modifications are removed through base-excision repair
(BER), we surmised that their incorporation and removal
from genomic DNA may cause noise enhancement (Fig. 3B)
(46, 47). To test this, we suppressed expression of 25 genes
involved in nucleoside metabolism and DNA repair using
CRISPRI (3 gRNAs/gene; table S4), and quantified how this
affected IdU’s noise enhancement. We identified 2 genes: AP
Endonuclease 1 (Apex1) and thymidine kinase 1 (Tkl) whose
depletion abrogated noise enhancement (Fig. 3C). Gene de-
pletion was confirmed by RT-qPCR (fig. S16).

TK1 adds a requisite gamma-phosphate group to diphos-
phate nucleotides prior to genomic incorporation (Fig. 3B)
(48). Our results indicated that phosphorylation of IdU by
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Tkl and subsequent incorporation of phosphorylated IdU
into the genome may be necessary for noise enhancement. As
validation, combination of 10uM IdU with increasing
amounts of thymidine, a competitive substrate of Tk1, re-
turned Nanog noise to baseline levels (fig. S17A), indicating
that noise enhancement is dose-dependent on IdU incorpo-
ration. scRNA-seq analysis also showed that cells in S/G2 cell-
cycle phases—when levels of IdU incorporation are highest—
display increased levels of transcriptional noise-enhance-
ment (fig. S6). The reduction in Nanog noise with addition of
exogenous thymidine indicates that IdU-induced noise am-
plification is not a generic effect of nucleotide imbalances
(i.e., excess pyrimidine bases) within the cell.

Apex1 (a.k.a., Ref-1, Apel) has a pivotal role in the BER
pathway as it incises DNA at apurinic and apyrimidinic (AP)
sites through its endonuclease domain, allowing for subse-
quent removal of the sugar backbone and patching of the gap
(49, 50). Chromatin immunoprecipitation (ChIP) confirmed
that IdU treatment increased Apex1 recruitment to the Nanog
promoter (fig. S17B). To test if alternate activators of BER also
enhanced noise, we subjected cells to oxidative stress (H,0,)
and alkylation damage stress (MMS). Similar to IdU, H,O,
and MMS also enhanced gene-expression noise without alter-
ing mean level of expression (fig. S18, A and B). In contrast,
cells subjected to UV radiation (an activator of nucleotide ex-
cision repair, which shuts off global transcription), exhibited
decreases in both mean and noise (Fano factor) (fig. S18, C
and D), markedly differing from BER-mediated noise en-
hancement. These results further demonstrate the unique
ability of BER to modulate gene-expression noise.

Since BER is initiated by a family of DNA glycosylases that
recognize and excise modified bases to create AP sites, we
tested if perturbation of glycosylases affected gene-expres-
sion noise. Individual depletion of either Uracil-DNA glyco-
sylase (Ung) or Thymine-DNA glycosylase (Tdg) failed to
ablate IdU noise enhancement (fig. S19A), presumably due to
the overlapping and compensatory action of glycosylase fam-
ily members in base removal (51, 52). However, overexpres-
sion of either Uracil-DNA glycosylase (Ung) or Methylpurine-
DNA glycosylase (Mpg) alone increased Nanog expression
noise in the absence of IdU (fig. S19, B and C). These data
suggest that noise-without-mean amplification is an inherent
property of BER that occurs for endogenous modifications of
both purine and pyrimidine bases.

To further confirm that Apexl is necessary for noise-en-
hancement, we attempted to inactivate (knockout) Apexl in
mESCs, but this was lethal. As an alternative, we used a small-
molecule, catalytic inhibitor (CRT0044876) specific for the
Apex1 endonuclease domain (563). Contrary to the effect of
Apexl1 depletion, the combination of CRT0044876 with 1IdU
synergistically increased Nanog expression noise, without
significantly changing the mean (Fig. 3D).
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The contrasting effects of Apexl depletion and catalytic
inhibition implied that physical binding rather than enzy-
matic activity of the protein modulates transcriptional burst-
ing. Apexl is known to induce helical distortions and local
supercoiling to identify mismatched bases (54, 55) and cata-
Iytically inactive (CI) Apex1 mutants bind DNA with higher
affinity (56). This suggests that CRT0044876 may lengthen
Apex1’s residence time on DNA thus amplifying topological
reformations. We verified that inhibition of Apex1 endonucle-
ase activity with CRT0044:876 did not inhibit IdU-mediated
enhancement of Apexl recruitment to the Nanog promoter
(fig. S17B). To further test if Apexl binding rather than enzy-
matic activity was responsible for noise enhancement, we ex-
pressed a catalytically inactive (CI) mutant of Apex1 (56) in
cells that had endogenous Apex1 depleted. We found that CI-
Apex1 partially rescued IdU-mediated noise enhancement
(Fig. 3E). These data together with evidence that supercoiling
sets mechanical bounds on transcriptional bursting (57, 58),
pushed us to test if Apex1 recruitment impacts supercoiling.

To measure supercoiling levels, we used a psoralen-cross-
linking assay in which mESCs are incubated with biotinyl-
ated-trimethylpsoralen (bTMP), which preferentially
intercalates into negatively supercoiled DNA (59). To elimi-
nate DNA replication as a contributor of supercoiling, aphi-
dicolin is added to inhibit DNA polymerases prior to bTMP
incubation (60). IdU treatment significantly increased ge-
nomic supercoiling as demonstrated by a ~2-fold increase in
bTMP intercalation (Fig. 3F). The combination of IdU and
CRT00444876 further increased intercalation, suggesting that
supercoiling is correlated with noise enhancement through
increased Apex1-DNA interactions (Fig. 3F). IdU treatment
followed by a short incubation with bleomycin (which de-
creases supercoiling through double-stranded breaks) re-
duced bTMP intercalation below the DMSO control level,
indicating IdU alone in uncoiled DNA does not increase in-
tercalation (fig. S20).

If DNA topology influences transcriptional bursting, addi-
tional modifiers of supercoiling should also affect Nanog
noise. Topoisomerase 1 and 2a (Topl and Top2a, respectively)
relax coiled DNA through the introduction of single- and dou-
ble-stranded breaks, respectively. Depletion of Topl and
Top2a by CRISPRI increased Nanog protein variability (fig.
S21A). Inhibition of topoisomerase activity with the small-
molecule inhibitors topotecan and etoposide recapitulated
these effects (fig. S21B). Furthermore, overexpression of
Topoisomerase 1 partially ablated IdU-mediated noise en-
hancement (fig. S21C). However, depletion of chromatin re-
modeling proteins known to interact with BER machinery
failed to modulate IdU-mediated noise enhancement, sug-
gesting that histone repositioning, a reported modulator of
transcriptional noise, is not a major contributor to BER-
mediated noise enhancement (fig. S21D). Taken together with
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psoralen-crosslinking data, these results indicate that Apexi-
induced supercoiling is a significant driver of noise-without-
mean amplification.

To understand the mechanism by which Apex1 might in-
crease transcriptional noise without altering mean expres-
sion, we developed a series of minimalist computational
models to account for the experimental data (supplementary
text 2). Monte Carlo simulations of each model using SmRNA-
FISH data for parameterization (table S2) indicated that a
model incorporating transcription-coupled base excision best
accounts for noise-without-mean amplification (Fig. 4, A and
B; figs. S22 to S24; and supplementary text 5). In this model,
Apex1 binding triggers entry to a negatively supercoiled tran-
scriptionally non-productive state (ON*), whereas unbinding
of Apex1 allows mRNA production to resume with an ampli-
fied transcription rate that is proportional to time spent in
the non-productive state (fig. S25 and supplementary text 6);
i.e., the longer the residence time in the non-productive state,
the stronger the enhancement of transcription rate once re-
pair is complete (a feedforward loop). This feedforward effect
may originate from the increased negative supercoiling dur-
ing repair which can facilitate a proportionate increase in up-
stream binding of transcriptional machinery (67-68). In line
with this hypothesis, the model accurately predicts noise en-
hancement mediated by topoisomerase inhibition (fig. S24C
and supplementary text 6). The ability to render a gene tran-
scriptionally non-productive while also stimulating recruit-
ment of transcriptional resources points to a homeostatic
mechanism: the BER pathway maintains gene-expression ho-
meostasis (i.e., mean) by amplifying transcriptional fluctua-
tions through reciprocal modulation of burst intensity and
duration (Fig. 4B). We term this model, and the associated
phenomenon, Discordant Transcription through Repair
(DiThR) due to the large discordance in pre- vs. post-repair
transcriptional activity.

Sensitivity analysis of the DiThR model revealed that or-
thogonal modulation of Nanog mean and noise is possible
within a large portion of the parameter space (fig. S26, A and
B, and supplementary text 7). As validation, we tested the ef-
fect of 96 concentration combinations (table S6) of IdU and
CRT0044876 to perturb the rates of Apexl binding and un-
binding respectively. The experimental results confirmed
model predictions, showing that Nanog noise could be tuned
independently of the mean (Fig. 4C). Testing of BrdU and
hmU further validated that parameter regimes exist where
noise can be regulated independent of mean (fig. S27). The
hmU data in particular showed that the BER pathway can
amplify noise while maintaining mean expression when re-
moving a naturally occurring base modification. The differ-
ent concentration thresholds for noise enhancement amongst
these nucleoside analogs may reflect known differences in in-
corporation rates (69). Sensitivity analysis indicated that for
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genes whose Kogr >> Koy (i.e., lowly expressed genes), IdU
treatment would increase mean abundance (fig. S26E). This
prediction was verified experimentally with bulk RNA-seq
measurements of transcript abundance in mESCs treated
with IdU, as all 98 of the up-regulated genes reside within the
lowest expression regime (fig. S3).

To test whether the DiThR model applies to additional
genes, mRNA distributions from the scRNA-seq dataset were
fit to a Poisson-beta model (two-state model) allowing for es-
timation of Kon, Korr, and Krzx (70). A consistent pattern
emerged for genes classified as highly variable: 80% exhibited
increased rates of promoter inactivation (Korr) and 84% had
increased transcription rates (Kry) (fig. S28). Alignment of
these rate estimates with predictions from the model re-
vealed that amplification of transcription after BER appears
to be a unified mechanism for maintenance of gene-expres-
sion homeostasis across a broad range of genes (fig. S29 and
supplementary text 8).

We next asked if amplified transcriptional noise could im-
prove responsiveness to external stimuli (e.g., fate-specifica-
tion signals) as previously suggested (77-73). Numerical
simulations of the DiThR model predicted that IdU-mediated
amplification of transcriptional noise could increase respon-
siveness to activation stimuli (Fig. 4D).

To experimentally verify these predictions, we tested if
IdU could potentiate both differentiation of mESCs into the
neural ectodermal (NE) lineage and reprogramming of differ-
entiated cells into pluripotent stem cells. To assess potentia-
tion of differentiation, mESCs cultured in NE-specifying
media were stained for CD24, an established marker of the
neural ectoderm lineage (74, 75). Addition of 4uM IdU for the
first 48 hours of differentiation yielded an ~4-fold and ~2-
fold increase in CD24(+) cells at 48 hours and 96 hours into
differentiation, respectively (fig. S30).

To assess for potentiation of dedifferentiation, three cel-
lular reprogramming systems were used. The first assay uti-
lized Nanog-GFP mouse embryonic fibroblasts (2° MEFs)
that harbor stably integrated, doxycycline-inducible cassettes
for three of the Yamanaka factors: Oct4, Sox2, and Klf4
(OSK). As confirmation that IdU acts as a noise-enhancer in
this system, treatment of secondary MEFs with IdU for 48
hours in standard MEF media caused increased variability in
Nanog protein expression (fig. S31A) with no changes in cell-
cycle progression (fig. S31B). IdU supplementation for the
first 48 hours of a 10-day reprogramming course enhanced
the formation of pluripotent colonies as measured by alkaline
phosphatase staining (Fig. 4E). Bulk RNA-seq at days 2 and 5
of reprogramming (fig. S31C) and flow-cytometric analysis at
day 10 (Fig. 4F) demonstrated that early-stage noise-enhance-
ment accelerated activation of the pluripotency program. The
second reprogramming assay utilized Oct4-GFP primary
MEFs that were transduced with retroviral vectors expressing
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Oct4, Sox2, KIf4, and c-Myc (OKSM). IdU supplementation
for the 48 hours immediately after transduction caused a
~2.4-fold increase in the number of Oct4-GFP(+) colonies (fig.
S32A). As a third test of reprogramming, Oct4-GFP MEFs that
harbor stably integrated, doxycycline-inducible cassettes for
the OKSM factors were used. Similar to observations in the
previous two cell lines, IdU treatment enhanced reprogram-
ming efficiency ~4-fold (Fig. 4G and fig. S32C). Importantly,
shRNA-mediated depletion of Apexl (fig. S32B) in these
MEFs ablated the enhanced reprogramming efficiency ob-
served with IdU treatment (Fig. 4G and fig. S32C), thus
demonstrating how BER-mediated amplification of intrinsic
gene expression fluctuations is necessary to potentiate re-
sponsiveness to fate-specification signals.

Our data reveal that a DNA-surveillance pathway can uti-
lize the biomechanical link between supercoiling and tran-
scription to homeostatically enhance noise without altering
mean-expression levels. This homeostatic noise-without-
mean amplification (DiThR mechanism) appears to increase
cellular responsiveness to multiple types of fate-specification
signals. This raises intriguing implications for the role of nat-
urally occurring oxidized nucleobases (e.g., hmU) in cell-fate
determination, particularly since these base modifications
are found at higher frequencies in embryonic stem-cell DNA
(45). Mechanistic insight from modeling and experimental
perturbation of Apexl suggest that homeostatic (i.e., orthog-
onal) noise amplification may also apply to other DNA-
processing activities that interrupt transcription. Homeo-
static noise amplification cannot occur for all promoters (i.e.,
promoters with Kogr >> Kon are precluded as they will exhibit
increased mean). Additionally, genes most susceptible to
transcriptional noise-enhancement tend to lie far from TAD
boundaries. Since TAD boundaries are largely overlapping
with supercoiling domain boundaries (76) and transcription-
induced supercoiling may directly contribute to the formation of
TADs (77), we reason that TAD boundaries may maintain a con-
stantly high level of supercoiling, thus offering a narrow dy-
namic range for noise enhancement. Propagation of
transcriptional variability to the protein level likely depends on
protein half-lives and thus may not occur for a large swath of
proteins. The proteins monitored in this study either have natu-
rally short half-lives (Nanog) or PEST tags (e.g., d2.GFP) which
minimizes the buffering of transcriptional bursts conferred by
longer protein half-lives (78). The ability to independently con-
trol the mean and variance of gene expression may indicate that
cells can amplify transcriptional noise for fate exploration and
specification.
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Fig. 1. Genome-wide amplification of cell-to-cell mRNA variability (i.e., ‘noise’) independent of mean.
(A) (Left) Monte-Carlo simulations of the two-state random-telegraph model of transcription showing
low noise and higher noise trajectories with matched mean expression levels. Coefficient of variation
(c?/p2, CV?) quantifies magnitude of fluctuations. (Right) The predicted facilitation of state transitions
through ‘dithering’. (B) (Top) Schematic of two-state random-telegraph model of transcription.
(Bottom) Schematic of mean vs. CV? for mRNA abundance with solid gray line representing Poisson,
inverse scaling of CV? as a function of mean. Question mark symbolizes unknown noise-control
mechanisms that amplify fluctuations independently of mean. Histograms depict expected shift in
mMRNA copy number distributions. (C to F) scRNA-seq of mESCs treated with DMSO (black) or 10uM IdU
(red) for 24 hours. 812 and 744 transcriptomes from DMSO and IdU treatments, respectively, were
analyzed. (C) Mean expression vs. CV2 and (D) mean vs. variance. Four examples of housekeeping genes
(purple) demonstrate how IdU increases expression fluctuations with minimal change in mean (white
arrows). (E) Mean expression and (F) Fano factor (c?/p) of genes in DMSO vs. IdU treatments. (G and
H) BASICS analysis of scRNA-seq data. (G) Fold change in mean vs. certainty (posterior probability) that
gene is up- or down-regulated. With IdU treatment, 113 genes (red) were classified as differentially
expressed (>2-fold change in mean with >85% probability). (H) Fold change in over-dispersion vs.
certainty (posterior probability) that gene is highly- or lowly-variable. 945 genes (red) were classified as
highly variable (>1.5-fold change in over-dispersion with >85% probability).
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Fig. 2. Amplification of mMRNA noise is not due to extrinsic sources, results from shorter but more intense
transcriptional bursts, and propagates to protein levels. (A) Pearson correlations of expression for gene pairs in
scRNA-seq dataset. Hierarchical clustering reveals networks of genes (highlighted in black rectangles) sharing similar
correlation patterns. Dashed rectangle highlights network enriched with pluripotency factors like Nanog. (B to D) Results
of smRNA-FISH used to count nascent and mature Nanog mRNA in Nanog-GFP mESCs treated with DMSO or 10uM IdU
for 24 hours in 2i/LIF media. Data are from four biological replicates. (B) (Left) Representative micrograph (maximum
intensity projection) of mMESCs with DAPI staining in which Nanog transcripts are labeled with probe-set for eGFP. Bright
foci correspond to transcriptional centers as verified by intron probe set. Scale bar is 5pm. (Right) Distributions of
mature Nanog transcripts/cell. Dashed lines represent mean. Averaged Fano factors over all four replicates are reported
(+ SD), *p =0.0011 by a two-tailed, unpaired Student's t test. (C) Fraction of possible transcriptional centers that are
active as detected by overlap of signal in exon and intron probe channels. Each cell is assumed to have 2 possible
transcriptional centers (TCs). Data represent mean and SD, **p =6.9 x 107° by a two-tailed, unpaired Student’s t test.
(D) Distributions of nascent Nanog mRNA per TC. Average number of nascent mRNAs over all four replicates are
reported, **p =1.0 x 107 by a two-tailed, unpaired Student’s t test. (E) Representative flow cytometry distribution of
Nanog-GFP expression in mESCs treated with DMSO or 10puM IdU for 24 hours in 2i/LIF. Dashed lines represent mean.
Fold change in Fano factor (x SD) obtained from three biological replicates. Inset: Representative flow cytometry dot-
plot showing conservative gating on forward and side scatter to filter extrinsic noise arising from cell size heterogeneity.
(F) Time-lapse imaging of Nanog-GFP mESCs treated with either DMSO (n = 1513) or 10uM IdU (n = 1414) in 2i/LIF.
Trajectories from two replicates of each condition are pooled, with solid and dashed lines representing mean and
standard deviation of trajectories respectively. Distributions of Nanog-GFP represent expression at final time-point.
Intrinsic-CV? of each detrended trajectory was calculated, with the average (= SD) of all trajectories reported.
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Fig. 3. Noise amplification independent of mean is due to Apexl-mediated DNA repair. (A) Screening of
14 additional nucleoside analogs. Nanog-GFP mESCs grown in 2i/LIF were supplemented with 10uM of
nucleoside analog for 24 hours. Fano factor for Nanog protein expression was normalized to DMSO. Data
represent mean (£ SD) of biological replicates, *p < 0.01 by a Kruskal-Wallis test followed by Tukey's
multiple comparison test. (B) Schematic of nucleoside analog incorporation into genomic DNA and removal
through base excision repair pathway. (C) (Left) CRISPRI screening for genetic dependencies of IdU noise
enhancement. Nanog-GFP mESCs stably expressing dCas9-KRAB-p2A-mCherry were transduced with a
single gRNA expression vector with BFP reporter. 75 gRNAs (25 genes, 3 gRNAs/gene) were tested in
addition to 3 non-targeting control gRNAs. Two days following transduction, each gRNA-expressing
population of MESCs was treated with DMSO or 10uM IdU for 24 hours in 2i/LIF media. Nanog Fano factor
for DMSO and IdU treatment of each gRNA population was normalized to Nanog Fano factor of non-
targeting gRNA*DMSO population. Each point represents a gRNA. Dashed horizontal line represents
average noise enhancement of Nanog from IdU in the background of non-targeting gRNA expression (black
squares). Depletion of Apexl and Tkl diminishes noise enhancement of Nanog from IdU. (Right)
Representative flow cytometry distributions of Nanog expression for mESCs expressing non-targeting (top-
right), Apexl (middle-right), or Tkl (bottom-right) gRNAs and treated with DMSO or 10uM IdU. (D)
Combination of IdU and small-molecule inhibitor of the Apex1 endonuclease domain (CRT0O044876). (Left)
Representative flow cytometry distributions of Nanog expression for mESCs treated with DMSO or 10uM
IdU + 100pM CRT0044876. (Right) mESCs were treated with DMSO, 100uM CRT0044876, 10uM IdU or
10uM IdU + 100uM CRT0044876 for 24 hours in 2i/LIF. Nanog Fano factor for each treatment was
normalized to DMSO control. Data represent mean (+ SD) of three biological replicates, *p = 0.0028 by a
two-tailed, unpaired Student's t test. (E) Overexpression of wild-type (WT) or catalytically inactive (Cl)
Apex1 with simultaneous CRISPRi depletion of endogenous Apexl. (Top) Fold change in Nanog Fano factor
for respective treatment condition described in rectangular grid. An mOrange empty vector was used as a
transduction control. Nanog Fano factor for each treatment was normalized to mOrange control cells
treated with DMSO. Data represent mean (+ SD) of three biological replicates, *p < 0.005 by a two-tailed,
unpaired Student's t test. (Bottom) Representative flow cytometry distributions of Nanog expression for
each treatment condition. (F) Single-cell quantification of negative supercoiling levels using psoralen-
crosslinking assay. mESCs were treated with DMSO, 10uM IdU or 10pM IdU + 100uM CRT0044876 for 24
hours in 2i/LIF. Distributions for nuclear intensities of bTMP staining are shown. Data are pooled from two
biological replicates of each treatment, **p < 0.0001 by a Kruskal-Wallis test followed by Tukey's multiple
comparison test.
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Fig. 4. A mechanistic model for Discordant Transcription through Repair (DiThR) and the phenotypic
consequence of DiThR on potentiation of cellular reprogramming. (A) Detailed schematic of Model 5
(DiThR model) (see fig. S22 for schematic of models 1-4), which utilizes transcription-coupled base-excision.
In the presence of IdU (bottom panel), Apex1 binding occurs when gene is transcriptionally permissive (ON
state). Binding induces negative supercoiling which lengthens the time that a gene is transcriptionally non-
productive (ON* state) while also facilitating recruitment of transcriptional resources. Upon repair
completion, a higher transcriptional rate (that is proportional to time spent in ON* state) is reached. Mean
expression is maintained with larger transcriptional fluctuations. (B) The effective behavior (mean Nanog
mRNA [u], Fano factor [FF], Ko, fraction of time active [von], burst size [BS], Kon) of the DiIThR model is
compared to experimentally derived values of each parameter (red dots) obtained from smRNA-FISH data.
Absolute percentage error (APE) is calculated as described in supplementary text 5.2.2. Model 5 (DiThR
model) best matches experimental data. (C) Testing of 96 concentration combinations of |dU and
CRT0044876 to validate tunability of Nanog variability. IdU and CRTO044876 were used to increase binding
and decrease unbinding of Apex1 respectively. Data represent average of two biological replicates. (Leftmost
and Center Panels) 96-well heatmaps displaying fold change in Nanog mean and Fano factor for each drug
combination as compared to DMSO (top-leftmost well). Insufficient number of cells for extrinsic noise
filtering (<50,000) were recorded from white wells. (Rightmost Panel) Representative flow cytometry
distributions from highlighted wells (black rectangles). (D) Simulations of the DiThR model for Nanog gene
expression in the presence of DMSO (top left), IdU (top right), an activator (increased Kon, decreased Korr) of
promoter activity (bottom left) and an activator combined with IdU (bottom right). (E) Alkaline phosphatase
staining for pluripotent stem cell colonies. Nanog-GFP secondary MEFs harboring stably-integrated,
doxycycline-inducible cassettes for Oct4, Sox2, and KIf4 (OSK) were subjected to 10 days of doxycycline
treatment in combination with DMSO (first well), 1uM IdU (second well), or 4uM IdU (third well) for the first
48 hours of reprogramming. (F) (Top) Micrographs of Nanog-GFP secondary MEFs at day 10 of doxycycline-
induced reprogramming (scale bar = 100 um). (Bottom) Flow cytometric analysis of Nanog-GFP activation
at day 10 of reprogramming. Data are pooled from two replicates. (G) Fold change in percentage of Oct4-
GFP(+) cells at day 10 of reprogramming between IdU and DMSO treatment conditions with and without
Apexl depletion. 4uM IdU or equivalent volume DMSO were present for first 48 hours of reprogramming.
Data represent mean (+ SD) of three biological replicates, **p = 0.0014, ***p < 0.001 by a two-tailed,
unpaired Student's t test.
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