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Summary

Mammalian gene expression is inherently stochasticl-2resulting in discrete bursts of RNA
molecules synthesised from each allele3~7. Although known to be regulated by promoters and
enhancers, it is unclear how cis-regulatory sequences encode transcriptional burst kinetics.
Characterization of transcriptional bursting, including the burst size and frequency, have mainly
relied on live-cell#6:8 or single-molecule RNA-FISH3:58.9 recordings of selected loci. Here, we
inferred transcriptome-wide burst frequencies and sizes for endogenous genes using allele-
sensitive single-cell RNA-sequencing (sScCRNA-seq). We show that core promoter elements affect
burst size and uncover synergistic effects between TATA and Initiator elements, which were
masked at mean expression levels. Importantly, we provide transcriptome-wide support for
enhancers controlling burst frequencies and we additionally demonstrate that cell-type-specific
gene expression is primarily shaped by changes in burst frequencies. Altogether, our data show
that burst frequency is primarily encoded in enhancers and burst size in core promoters, and that
allelic sScRNA-seq is a powerful paradigm for investigating transcriptional Kinetics.
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It was postulated over 20 years ago that enhancers might increase the probability of
transcription?, yet supporting data is scarce (e.g. beta-globin in mouse® and snain flies®)
and it remains unclear whether these observations generalize across different types of
promoters and enhancersl. An important goal is therefore to determine how promoters and
enhancers modulate gene expression through altering burst frequencies and sizes.

Single-cell analyses of allelic transcription have revealed frequent monoallelic expression
consistent with episodic transcription12-14, Inspired by recent developments in
transcriptome-wide inference of burst kinetics®1%16 we modelled the expression
distribution at each allele independently® using the two-state model of transcription’.
Profile-likelihood was used to infer point estimates (using maximum likelihood) and
confidence intervals directly on burst frequency (Kqn; in units of mean mRNA degradation
rate) and size (Ksyn/Koff; the individual parameters are unidentifiable in larger parts of
parameter space) (Extended Data Fig. 1a-b, exemplified for Mbnl2 in Fig. 1a; Methods). By
simulations, we determined the boundaries of parameter space wherein kinetic parameters
could be robustly inferred (Fig. 1b), and how cell numbers and incomplete sampling (i.e.
sensitivity) in ScCRNA-seq affected inference (Extended Data Fig. 2).

To investigate transcriptome-wide patterns of transcriptional bursting, kinetic parameters
were inferred for 7,186 genes using transcriptomes from 224 individual primary mouse
fibroblasts for each allele (CAST/EiJ x C57BL/6J) (Supplementary Table 1). Inference was
performed on Smart-seq2 scRNA-seq libraries both at RPKM and molecule levels
(Methods), with improved goodness-of-fit towards the two-state model for molecule-level
data (Extended Data Fig. 1c-f). The inferred kinetic parameters inhabited regions in
parameter space for which the estimated precision was high (i.e. small confidence intervals)
for most genes (Fig. 1b). Observed burst frequencies (Fig. 1c) and burst sizes (Fig. 1d) were
in the range of those observed in imaging-based single-gene analyses®, and had a general
relationship with expression levels (Extended Data Fig. 1g-h) similar to a previous study?8.
Kinetics inferred for the two alleles correlated (Spearman /= 0.79 and 0.63 for burst
frequency and size, respectively) and were consistent with two independent transcriptional
processes (Extended Data Fig. 1i), as previously reported!2. Incorporating gene-specific
mRNA half-lives had minor effect on burst frequency estimation (Fig. 1e), since burst
frequencies had larger magnitudes of variation than mRNA degradation rates. Interestingly,
the average waiting time between bursts were approximately 4 hours (per allele) (Fig. 1f)
and inferred kg, values were consistently much smaller than the corresponding kqs values
(Fig. 19g), demonstrating that genes are mainly in an idle state with occasional bursts of
transcription.

We dissected molecular determinants of burst size variation. House-keeping genes tend to be
highly expressed and have compact gene structurel®. Indeed, we observed negative
correlation between the gene loci length and burst size (Extended Data Fig. 3A, Spearman
r=-0.86, P=2.3e7228) put not burst frequency (Extended Data Fig. 3B, /=0.03, 2= 0.6), and
this effect was not associated with spliced mMRNA transcript length (Extended Data Fig. 3c).
To assess the roles of core promoter elements on burst kinetics (Fig. 2a), we formulated
linear regression models that included gene length, TATA and Initiator (Inr) elements

(M ethods) which identified several significant factors and interactions (Supplementary
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Table 2). Genes with TATA elements in their core promoters had significantly larger burst
sizes (P=4.0e75, F test, adjusted for gene length) (Fig. 2b) than genes without TATA
elements, in agreement with previous reports in yeast29 and mammals?!. In TATA-
containing core promoters, we observed that the Inr element significantly boosted burst sizes
(P=7.2e™, F test, adjusted for gene length) whereas Inr elements alone (in promoters lacking
TATA element) had no effect on burst size (Fig. 2b). Notably, the effects of the TATA and Inr
elements were masked in mean gene expression levels (Extended Data Fig. 3d) and absent
on burst frequencies (Extended Data Fig. 3e). Thus, a separation of expression into burst
kinetics was required to identify the effects of core promoter elements on transcriptional
dynamics, since variations in burst frequencies distort the burst size effect at mean
expression levels (Extended Data Fig. 3f). The observed synergy between TATA and Inr
elements significantly extends an earlier report of Inr elements positive effect on gene
expression for promoters with TATA elements?2. Interestingly, we observed distinct gene-
length dependencies for the different core promoter elements (Fig. 2¢ and Extended Data
Fig. 3g) and the effects declined around 80 kbp. We conclude that core promoter sequence
elements affect burst size and that a transcriptome-wide inference of burst kinetics can
deduce individual and synergistic effects of cis-regulatory elements on transcription.

We applied the same procedure to 188 mouse embryonic stem cells (MESC, C57BL/6 x
CAST/EiJ) (Supplementary Table 3) and determined Kinetic differences between the 4,854
genes that were expressed (and had inferable kinetics) in both mESC and fibroblasts. We
detected 1,552 genes with significant (FDR<5%) differences in burst frequency (Fig. 3a) and
1,075 genes for burst size (Fig. 3b), with our current power to detect changes (Extended
Data Fig. 4 and Supplementary Table 4). We next investigated whether alterations in burst
sizes or frequencies account for cell-type specific differential expression. When binning
genes by expression difference between the cell types it became apparent that cell-type-
specific expression levels are mainly shaped by changes in burst frequencies (Fig. 3c and
Extended Data Fig. 5a-d). We hypothesised that burst frequencies were generally regulated
by enhancers®-10, A strong linear dependence was observed between differential enhancer
activity (normalized H3K27Ac ChiP-seq read density in enhancer regions) and differential
burst frequencies (Fig. 3d and Extended Data Fig. 5e-f), with only a modest effect of burst
size, providing genome-wide support for enhancer-mediated regulation of burst frequencies.
To validate the allele-level kinetics using a complementary method, we performed single-
molecule RNA FISH (smFISH) on male fibroblasts and mESCs for a selection of X-linked
genes (expressed from a single allele) with significant cell-type differences in burst
frequencies or size (Hdac6, Msl3, MppI) and without significant differences (/bgpI)
(Extended Data Fig. 6). We observed a general agreement between methods in burst
frequencies with some discrepancies and larger burst size estimates in the smFISH data
(Extended Data Figs. 7a-f). Importantly, significant cell-type differences were corroborated
in the kinetics inferred from the smFISH data as we observed significant increase in burst
frequencies (Hdacé, in ES cells; Ms/3, in fibroblasts) and burst size (MppZ, in fibroblasts)
using both methods (Fig. 3e and Extended Data Fig. 7g-j).

To further investigate the effects of enhancers on burst frequencies, we identified genes with
significant kinetics differences between the C57 and CAST allele in fibroblasts (Burst
frequency: 307 genes; Burst size: 276 genes) (Fig. 4a-b, Extended Data Fig. 8a-d and
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Supplementary Table 5). Interestingly, genes with burst frequency differences had
significantly higher densities of single-nucleotide polymorphisms (SNPs) in their enhancer
regions (Fig. 4c) but not in their promoters (Extended Data Fig. 5g). No effect was found
when performing similar analyses on genes with significant differences in burst sizes (data
not shown). That genes with strain-specific burst frequency have more genetic changes in
their enhancers supports the notion of enhancers regulating burst frequencies.

To functionally assess whether enhancers regulate burst frequencies, we sequenced and
inferred transcriptional kinetics from 57 normal mESCs (CAST/EiJ x 129SvEv) and 174
MESCs harbouring a Sox2enhancer deletion on the CAST allele?3 (Fig. 4d). Markedly, cells
with Sox2enhancer deletion had significantly (P< 4.2e-40) reduced Sox2burst frequency
specifically on the affected CAST allele (Fig. 4e), whereas no significant change in burst
size was observed (P=0.48). By simulations, we demonstrated that the observed kinetics for
the affected CAST allele was in the region of parameter space expected for an exclusive
reduction in burst frequency (Fig. 4e, green region; Methods). This provides direct evidence
for the role of enhancers in modulating transcriptional frequencies and validates that allele-
sensitive SCRNA-seq is sufficiently accurate to infer transcriptional kinetics after a
perturbation.

The conservation of gene expression patterns and levels among mammals have been
extensively studied?4, still little is known about the conservation of transcriptional kinetics.
We inferred transcriptional kinetics for 2,484 genes in 163 human fibroblast cells after
phasing their transcribed SNPs. One-to-one orthologs (1,609 genes) showed significant
positive correlations in burst frequency, size and mean expression (Extended Data Fig. 9a,b,c
and Supplementary Table 6). Interestingly, kinetic parameters were more similar across
species than expected merely by preserved expression levels (Extended Data Fig. 9d),
although larger data sets would enable in-depth analysis.

A caveat to inference of burst kinetics by scRNA-seq is that the estimates may be partly
affected by cell-cycle features. A decreased burst frequency per allele2> combined with an
additional copy of each allele after genome duplication would balance the numbers of RNA
molecules recorded per allele in sScCRNA-seq. However, most cells analysed in our study were
in the G1 phase, and genes with different kinetics between phases were mostly related to the
cell-cycle functions (Extended Data Fig. 10).

Transcription is regulated at multiple levels, including enhancer-promoter interactions!?, the
formation of the transcription preinitiation complex (PIC), recruitment of RNA polymerase
(Pol) 1126, Pol Il initiation?” and elongation?® control. Active transcription typically results
in multiple Pol Il complexes simultaneously transcribing the locus generating spurts of RNA
molecules?!. Such dynamics become averaged out in bulk RNA-seq data and obscured even
in scRNA-seq when lacking allelic resolution. We have demonstrated the opportunities in
analysing burst size and frequency to obtain a more accurate characterization of
transcription. Mechanistically, specialized TATA binding protein-associated factors and
TATA binding protein-related factors bind different types of core promoters! and our data
suggests that such complexes ultimately affect burst size, potentially through modulation of
subsequent steps such as RNA pol 11 elongation control?8. Hundreds of genes had significant
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differences in burst size between both cell types and genotypes, suggesting that modulations
of both the levels of frans-acting factors and variations in the DNA elements they bind can
regulate burst size. Our data provides transcriptome-wide evidence for the role of enhancers
in controlling burst frequencies. Thus, the primary role of enhancers might lie in forming a
PIC without effecting the size of the transcriptional burst. The strategy introduced here paves
the way for unprecedented mechanistic insights into how burst size and frequency control
are governed by cis-regulatory sequences and the systematic dissection of transcription.

Extended Data
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Extended Data Figure 1. Using profile likelihood to infer transcriptional burst kinetics.
(a) Ilustration of the two state-model of transcription. The promoter can be in an ON or

OFF state and converts from OFF to ON with a rate kon, and from ON to OFF with rate
koff. In the ON state, RNAs are transcribed with rate ksyn and degraded with rate deg.
Please see more details in the Methods section. (b) Derivation of a confidence interval for a
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simulated set of observations with a given burst frequency = 0.5 (n = 200 simulated
observations). The quadratic function shown in blue is a transformed version of the log-
likelihood as a function of burst frequency, where the most likely parameter value has a
likelihood of 0. Standard theory for likelihood methods gives a cutoff value of 1.92 for a
95% confidence interval (solid red line), which can then be traced down to their
corresponding value on the x-axis (dashed red lines) to derive a confidence interval. The true
value, shown as a green dot, is within the confidence interval. (c) Goodness of fit test for
7,382 genes on the CAST allele of the fibroblast cells (from molecular level input data). The
histogram shows the mean expression levels of genes with a good (green) or bad (red) fit
(Methods). (d) A scatter plot of the Akaike information criterion (AIC) for the inference
obtain from molecule (UMIs) and RPKM values. The green line shown where y=x. (e-f)
Scatter plot of the burst frequency and size obtained from inference procedure based on
either molecules (UMIs) or RPKM values. (g) Scatter plot of mean expression against
inferred burst frequency for all genes in fibroblasts. Red line denotes spline fitted to data. (h)
Scatter plot of mean expression against inferred burst size for all genes in fibroblasts. Red
line denotes spline fitted to data. (g-h) used the CAST allele. (i) Scatterplot of the percentage
of biallelic to silent cells for 10,727 genes, in fibroblasts. The genes are located on the
expected curve under the independence model (see Methods and Deng et al. Science 201417
for details).
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Extended Data Figure 2. Robustness of inference to cell numbersand technical noisein single-
cell RNA-seqg.
The distribution of inferred burst frequency and sizes as a function of sensitivity (loss of

RNA molecules) and cell numbers, based on the location of the parameters in the Kinetics
parameter space (A-J). Center: Median, Hinges: 1st and 3rd quartiles, Whiskers: 1.5
interquartile range (IQR). Based on 50 simulations for each unique combination of
parameters and 100 cells for the sensitivity calculations. Inferred burst sizes were divided by
the sensitivity used in simulation (as the inferred burst size scales linearly with sensitivity).
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length. Genes were binned genes (30 genes per bin). (c) Boxplot of genes binned according
to gene loci length (20 genes per group). For each bin, we ranked genes in bin according to
their transcript lengths and calculated the gene-level difference to the median burst size of
that bin. We see no effect from differing transcript lengths in estimated burst size. Center:
Median, Hinges: 1st and 3rd quartiles, Whiskers: 1.5 interquartile range (IQR). (d-€) Mean
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expression (d) and burst frequency (e), ordered and colored for genes based on their core
promoter elements. (Complementing the analysis presented in Fig. 2b but with mean
expression and burst frequency as dependent variables). The result of the linear regressions
are presented in Supplementary Table 1 (n = 7,186 genes). (f) Scatter plot of burst frequency
and size of genes with each dot color by their mean expression level. (g) Boxplots showing
the inferred burst size for genes separated according to the presence of core promoter
elements, and further grouped into 5 equally sized bins (quintiles, QU1-QUS5) according to
gene loci lengths. No TATA or Inr: n = 4397 genes (2585, 1124, 635, 36, 17 in each quintile
respectively), Only Inr: n = 2035 genes (942, 531, 442, 74, 46 in each quintile respectively),
Only TATA: n = 359 genes (129, 126, 58, 31, 15 in each quintile respectively), TATA and
Inr: n = 144 genes (53, 45, 24, 19, 3 in each quintile respectively). Center: Median, Hinges:
1st and 3rd quartiles, Whiskers: 1.5 interquartile range (IQR).
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Extended Data Figure 4. Power analysisin different locations of kinetic parameter space.
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number of cells depending on the location of transcriptional burst kinetic parameters in
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indicated location in parameter space. Lower panels: Histogram with expression
distributions over cells at the different locations in parameter space.
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Extended Data Figure 5. Comparison of transcriptional burst kinetics across cell types.
(a-b) Boxplot visualization of cell-type differences in burst frequency and size, as a function

of fold changes in mean expression between cell types, as in Fig. 3c. Center: Median,
Hinges: 1st and 3rd quartiles, Whiskers: 1.5 interquartile range (IQR). (c-d) Boxplots of the
fold change in mean expression for the top 100 genes in each direction for burst frequency
and size, respectively (n = 100 genes in each group, two-sided t-test). Center: Median,
Hinges: 1st and 3rd quartiles, Whiskers: 1.5 interquartile range (IQR). (e-f) Boxplots of the
fold change in normalized read density of H3K27Ac in enhancers (Enhancer magnitude)
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between cell types. Enhancer linked to genes that had top 100 changes in either burst
frequency and size (n = 100 genes in each group, two-sided t-test). Center: Median, Hinges:
1st and 3rd quartiles, Whiskers: 1.5 interquartile range (IQR). (g) Rolling median (n=50) of
SNPs per enhancer ordered by the p-value of burst size difference between the CAST and
C57 allele in fibroblast cells (profile likelihood test, no adjustment for multiple
comparisons).
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Extended Data Figure 6. Representative images for cell identification and RNA transcript
quantification using single-molecule RNA-FISH.

(a-b) Two representative cells for the detection of Msl3 in (a) male fibroblast and (b) male
embryonic stem cell (from 140 fibroblasts and 341 ES cells). From left to right: probe
detection (Q570), antibody detection (Cy5), Dapi, and identified RNA transcripts.
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Extended Data Figure 7. Expression distributions and inferred kinetics from single-molecular
RNA-FISH and scRNA-seg.

(a-d) Histograms of the expression distributions of genes measured by smFISH and scRNA-
seq for genes: Hdac6 (a), Msl3 (b), Mpp1l (c) and Igbpl (d). Left panel is sm RNA FISH and
right panel is sScCRNA-seq. The number of cells quantified for each gene, cell type and
method is presented above each figure item. (e-f) Scatter plots of burst size (e) and
frequency (f) inferred based on data from scRNA-seq and smFISH. Data from both
fibroblasts and ES cells are shown. Although the number of data points are few and the data
do not allow for a systematic comparison between methods, we observed a few trends. There
was a good agreement for both burst size and frequency except for the gene Igbpl that is an
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outlier in both scatterplots. Igbpl has increased burst size and lower burst frequency in
scCRNA-seq compared to SmRNA FISH. Excluding Igbpl, we do see a fairly linear
correspondence between methods over the remaining 6 data points (3 genes and two cell
types). (g-j) Point estimates and confidence intervals shown for each gene, cell type and
method based on the profile likelihood method. Number of cells used for the inference is
shown in the corresponding histogram in (a-d). P-values for cell-type comparison in burst
kinetics is shown per method based on the profile likelihood test.
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Extended Data Figure 8. Expression distributions for geneswith significant strain-differencesin
burst kinetics.

(a-d) Histograms of the expression distributions for the CAST and C57 alleles in fibroblasts
for genes with burst frequency significantly up in CAST (a) and C57 (b), burst size
significantly up in CAST (c) and C57 (d). (e) Expression distributions for the 129 and CAST
alleles in the wild-type mESCs and mESCs harbouring a CAST-lined deletion of a Sox2
enhancer.
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Extended Data Figure 9. Conservation of transcriptional kineticsin mouse and human.
(a) Scatter plot of burst frequency between one-to-one orthologs of mouse and human (n =

1,609 genes). (b) Scatter plot of burst size between one-to-one orthologs of mouse and
human (n = 1,609 genes). (c) Scatter plot of mean expression between one-to-one orthologs
of mouse and human (n = 1,609 genes). (d) Left: lllustrating the test for conservation
beyond mean expression level. In both mouse and human, the ortholog is compared to 50
genes of similar mean expression (7 genes in cartoon) and we determine whether the
location on the diagonal is consistent relative to the median gene in both species. Right: The
fraction of one-to-one orthologs genes (red) and shuffled orthologs (blue) with consistent
positioning in transcriptional Kinetics space (binomial test, based on 1,609 genes). The error
bars denote standard deviations. The limited numbers of cells and the use of RPKM-based
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transcriptional burst kinetics inference could underestimate the degree of conservation in
transcriptional burst kinetics.
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Extended Data Figure 10. Inference of kineticsin different phases of the cell cycle.
Comparisons of inferred burst frequency and size for the C57 allele in fibroblasts with cells

classified according to cell cycle phase. Scatter plots of burst frequency and size are shown
for comparisons between S and G1 (a) and S and G2M (c). The GO-terms which are

Nature. Author manuscript; available in PMC 2021 March 29.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Larsson et al.

Page 17

enriched in the group of genes with significant differential burst frequency are shown in (b)
and (d) respectively (n = 116 genes with differential burst frequency in b and 75 genes in d).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Transcriptome-wideinference of transcriptional burst kinetics.
(a) Allele-resolution kinetics inferred from scRNA-seq data. The total expression for the

Mbin2 gene (top) was separated into allelic expression (paternal: middle, maternal: bottom).
Inference was performed independently on total expression and allele-level expression to
illustrate that allele-level inference has the required resolution, with expression measured as
observed RNA molecules. (b) Inferred burst Kinetics for each gene (CAST allele) in primary
fibroblasts (red dots, 6,298 genes). Blue contours indicate the inference precision defined as
the width of the confidence interval divided by the point estimate from simulated
observations (M ethods). Burst size in units of observed RNA molecules. (c) Histogram of
inferred burst frequencies for CAST allele in primary fibroblasts, in time-scale of mean
MRNA degradation rate. (d) Histogram of inferred burst sizes (observed RNA molecules)
for CAST allele in primary fibroblasts. (€) Scatter plot comparing inferred burst frequencies
with gene-specific mMRNA degradation rates (x-axis) against inferred burst frequencies that
did not utilize mMRNA degradation rates (using the average degradation rate for all genes).
Genes with the 50 longest (green) and shortest (red) mMRNA degradation rates are marked.
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Data from ES cells and CAST allele. (f) Histogram of allele-level waiting times between
bursts (data from ES cells and CAST allele). (g) Scatter plot showing the inferred gene
inactivation (Kq¢f) and activation (ko) rates, highlighting that genes have higher k¢ than
kon. Data from fibroblast and CAST allele.

Nature. Author manuscript; available in PMC 2021 March 29.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Larsson et al.

da

14

=12

RN
o

Burst size (mod
o

N A O

Page 21
r r Inr TATA TATA Inr
No TATA and Inr Only Inr Only TATA
C
=16
P=7e6: 314
(@]
N\ ¢ E12
fo (0]
P =4e-6 5 .Nm
T » 8
? 6
. = e
d m 4
0 2,000 4,000 6,000 2 3 4 5 6
Genes Gene length (log, )

Figure 2. Core promoter elementsdictate transcriptional burst size.
(a) Hlustration of gene categorization (and coloring) according to TATA and Inr elements in

core promoters. (b) Burst size (from linear model) for genes, ordered and colored based on
core promoter elements (n = 6,935 genes, F-test). (c) The dependency between burst size
and gene length for the gene categories. Burst size prediction from linear model with the
shaded areas showing the 95% confidence intervals for the prediction, genes ordered
(ascending) according to gene length.
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Figure 3. Enhancersregulate bur st frequencies to shape cell-type specific expression.
Scatter plots of transcriptome-wide inferred transcriptional burst frequencies (a) and sizes

(b) in mouse embryonic stem cells (MESC) and adult tail fibroblasts (n = 4,854 genes).
Genes with significant differences (profile likelihood test, FDR<0.05) between cell types are
marked in red. (c) Graph depicting cell-type differences in burst frequency and size, as a
function of fold changes in mean expression between cell types. Lines represent median fold
change in burst size and frequency between cell types for genes binned by expression
difference (n genes per bin = 100). (d) Graph depicting cell-type differences in enhancer
magnitude (H3K27Ac read densities in enhancers) for genes ordered by cell-type differences
in either burst frequency or size. Computed as a rolling median in groups of 200 genes. (€)
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Validation of sScRNA-seq inferred cell-type differences in transcriptional burst kinetics by
single-molecule RNA FISH on four genes (Hdac6, Ms/3, Mppl and /gbpI). The left
heatmap denote effect size and direction of change, whereas the right heatmap shows the
significance level of cell-type difference in burst kinetics, separated by method, gene and
burst kinetic parameter (profile likelihood test). For more information see Extended Data
Fig. 7.
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Figure 4. Altered burst frequencies by enhancer polymorphisms and deletion.
Scatter plots of the burst frequency (a) and burst size (b) inferred for the CAST/EiJ and

C57BL/6J alleles in fibroblasts (n = 5,491 genes). Genes with significant differences
(FDR<0.05, profile likelihood test) between genotypes are marked red. (c) SNP density in
the enhancers of genes with differential burst frequencies were significantly higher (two-
sample t-test). We display the rolling median (n=50) of SNPs per enhancer ordered by the p-
value of a burst frequency difference between CAST and C57 (profile likelihood test, no
adjustment for multiple comparisons). (d) An illustration of the genetic deletion of the distal
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Sox2enhancer. (€) Inferred point estimates of burst frequency and size with 95% confidence
intervals for both the 129SvEv (red) and CAST/EiJ (blue) allele in wild type mESCs (solid,
n =57 cells) and after Sox2enhancer deletion (dashed, n = 174 cells) on the CAST allele.
Simulated cases of expression reduced by a drop in burst frequency and size are shown in
green and red respectively.
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