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SUMMARY

Visualization of the transcriptome and the nuclear or-
ganization in situ has been challenging for single-cell
analysis. Here, we demonstrate a multiplexed single-
molecule in situ method, intron seqFISH, that allows
imaging of 10,421 genes at their nascent transcrip-
tion active sites in single cells, followed by mRNA
and IncRNA seqFISH and immunofluorescence.
This nascent transcriptome-profiling method can
identify different cell types and states with mouse
embryonic stem cells and fibroblasts. The nascent
sites of RNA synthesis tend to be localized on the
surfaces of chromosome territories, and their organi-
zation in individual cells is highly variable. Surpris-
ingly, the global nascent transcription oscillated
asynchronously in individual cells with a period of
2 hr in mouse embryonic stem cells, as well as in fi-
broblasts. Together, spatial genomics of the nascent
transcriptome by intron seqFISH reveals nuclear
organizational principles and fast dynamics in single
cells that are otherwise obscured.

INTRODUCTION

The recent explosion of single-cell sequencing technologies is
leading to unprecedented insight into the structure of the
nucleus and the transcriptome with Hi-C (Lieberman-Aiden
et al., 2009; Nagano et al., 2013; Rao et al., 2014; Stevens
etal., 2017) and single-cell RNA-sequencing (RNA-seq; Darma-
nis et al., 2015, Klein et al., 2015, Lee et al., 2014, Macosko
et al., 2015, Zeisel et al., 2015), respectively. However, there
exist few methods which allow direct imaging of both chromo-
some structure and transcriptomics information in the same
cells. Furthermore, sequencing-based approaches require inef-
ficient biochemical steps to generate sequencing libraries
which lower sensitivity and are costly. Therefore, a method is
needed that allows the imaging of chromosome structure and
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transcriptome
sequencing.

Pioneering work on single-molecule fluorescence in situ hy-
bridization (smFISH) (Femino et al., 1998; Raj et al., 2006)
observed that nascent mRNAs are produced in bursts at tran-
scription active sites (TASs) in individual nuclei. In particular,
these nascent sites of transcription near the genomic loci can
be selectively labeled over mature transcripts by targeting in-
trons, which are co-transcriptionally processed out (Levesque
and Raj, 2013). This intron chromosomal expression FISH (ice-
FISH) assay (Levesque and Raj, 2013) showed that at least 20
TASs from a single chromosome can be detected to measure
their spatial positions and expression levels in individual single
human cells.

We had previously developed sequential FISH (seqFISH) (Lu-
beck et al., 2014) to multiplex a large number of mRNA mole-
cules in cells by single-molecule imaging and sequential bar-
coded rounds of hybridization. seqFISH has successfully
profiled hundreds of mRNAs in tissues and revealed distinct
spatial structures in the mouse brain (Shah et al., 2016b) and
the chick embryo (Lignell et al., 2017).

Here, we demonstrate transcriptome-scale intron seqFISH by
labeling the TASs of 10,421 genes in single cells to capture the
nascent transcriptome and its spatial organization with single-
molecule sensitivity. We also apply seqFISH in the same cells
to profile mMRNAs and long noncoding (Inc)RNAs and immunoflu-
orescence to detect pluripotency factors, cell-cycle markers,
and nuclear bodies. Thus, intron seqFISH provides a direct im-
age of all the active sites within a nucleus and is complementary
to ligation-based sequencing methods.

Furthermore, the relatively short lifetimes of TASs compared to
the longer lifetimes of MRNAs (Sharova et al., 2009) mean that
intron seqFISH can capture fast dynamics in the nascent tran-
scriptome that would otherwise be obscured in mMRNA measure-
ments. Many pathways, such as NFkB, NFAT, Erk, and calcium
signaling can pulse on a timescale of minutes to hours (Hoffmann
et al., 2002; Yissachar et al., 2013; Shankaran et al., 2009; Dol-
metsch et al., 1998). Indeed, a recent work showed that intron-
to-exon ratios in single cells can provide “velocity” trajectories
of cellular differentiation processes (La Manno et al., 2017).

in the same single cells in situ without
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Figure 1. Intron seqFISH Enables Transcriptome Profiling of Nascent Active Sites
(A) Schematics of intron seqFISH. Nascent RNA molecules are produced in bursts at the TAS at the genomic locus. Each gene is targeted by 25 primary probes.
Barcodes are read out by secondary fluorescent readout probes that are complementary to the 15-nt barcode region. Detail of the primary probe design is shown

(legend continued on next page)
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RESULTS

Intron seqgFISH Targets Transcription Active Sites in
Single Cells

To multiplex TAS detection for 10,421 genes, we used sequential
rounds of hybridization to generate a unique temporal barcode
sequence on each gene, which we then decoded by aligning
images from multiple rounds of barcoding hybridization. Specif-
ically, we targeted the introns at the 5’ regions of genes by a
set of 25 probes. A total of 260,525 primary probes were
synthesized for all 10,421 genes. Each primary probe contained
multiple overhang sequences that could be hybridized by
fluorophore-labeled readout probes in sequential rounds of hy-
bridizations to impart a temporal barcode on each target (Figures
1A, S1A, and S1B). After the primary probes were hybridized to
the cells, readout probes were introduced with automated
fluidics, and cells were imaged on a spinning disk confocal mi-
croscope with z sections. After imaging, the readout probes
were removed by denaturation in 55% formamide, while the pri-
mary probes remained bound on the intronic RNA due to longer
probe length and higher DNA-RNA affinity. A different set of
readout probes were then hybridized to the primary probes
and imaged until all 60 readout probes and 20 rounds of
hybridization were complete (Figures 1A, 1B, S1A, and S1B).
There was little decrease in signal over 20 rounds of hybridization
(Figure S1C).

We used a coding scheme (Eng et al., 2017) with 12 pseudo-
colors and 5 barcoding rounds to generate 125 = 248,832
barcodes, which allowed us to uniquely identify 124 = 20,736
genes with tolerance for drops in any one round of barcoding
(Figures 1A and 1B). The 12 pseudocolors for each barcoding
round are generated with four serial hybridizations each with
three readout probes labeled with three different fluorophores
(Figures 1A, 1B, S1A, and S1B). The advantage of using a large
number of pseudocolors and a smaller number of barcoding
rounds is that fewer mistakes occur in alignment and decoding.
Furthermore, spreading out dots across many pseudocolors re-
duces spot density. We recently implemented this 12-color

pseudocolor scheme in RNA sequential probing of targets
(SPOTs) (Eng et al., 2017) to profile the transcriptomes of
10,212 mRNAs in vitro, which showed high precision and
concordance with RNA-seq measurements.

We followed the intron seqFISH experiment with additional
rounds of MRNA and IncRNA seqFISH, as well as antibody stain-
ing to label pluripotency, differentiation, and cell-cycle markers,
in addition to nuclear bodies in the same single cells (Figure 1B).

Intron seqgFISH Accurately Measures Nascent
Transcriptome in Single Cells

The intron seqFISH measurements are highly reproducible
between biological replicates (R = 0.93; Figure 1C and Table S1)
using mouse embryonic stem cells (MESCs) cultured in serum/leu-
kemia inhibitory factor (LIF) conditions, indicating that there is little
technical noise in the data. We compared the seqFISH data to 34
introns measured by smFISH, the gold-standard quantification
method. The average frequencies of observing TASs (burst fre-
quency) for these 34 genes were correlated with a Pearson corre-
lation coefficient of 0.73 (Figure 1D) and a slope of 0.44, indicating
a relative detection efficiency of 44%. This efficiency compares
favorably with the 5%-20% efficiency of single-cell RNA-seqg. In
addition, the false-positive rate is low (Figure 1E) as determined
by the number of off-target barcodes (6.98 + 1.62 per cell
[mean + SD]) found in cells versus the number of on-target barco-
des (1,266 + 288 per cell [mean = SD]). Across the dataset, on-
target barcodes were on average hit with greater than 1,000 times
higher frequency than off-target barcodes (Figure 1F), suggesting
a very low false-positive rate.

We also compared intron seqFISH and smFISH results with
global run-on sequencing (GRO-seq) (Jonkers et al., 2014) and
found that they were correlated with Pearson correlation coeffi-
cients of 0.57 and 0.67, respectively (Figure 1G). As GRO-seq
measures the amount of productively elongating RNA polymer-
ase Il (RNAPII), this correlation indicates an overall agreement
between the burst frequency of active loci measured directly
by intron seqFISH and the density of polymerases on gene loci
measured by GRO-seq. On the other hand, the intron seqFISH

in Figure S1. Each of the five barcoding rounds (1, Il, lll, IV, and V) is based on 12 pseudocolors constructed by four serial hybridizations. In each serial hy-
bridization, three readout probes conjugated to Alexa 647, Cy3B, or Alexa 488 are hybridized to the primary probes, imaged, and then stripped. Images from four
serial hybridizations are collapsed into a single composite 12-pseudocolor image, which corresponds to one barcoding round. In total, five barcoding rounds
were performed with 20 serial hybridizations to cover 124 = 20,736 barcodes with an extra round for error correction.

(B) Combined seqFISH and immunofluorescence images with multiple mESCs. Barcoding round | image of 10,421 gene intron seqFISH from three z sections (top
left) and zoomed-in view of the yellow boxed region through five rounds of barcoding (top right panels). White boxes indicate identified barcodes, yellow boxes
are recovered signal from error-corrected barcodes, and red boxes indicate false positives from mishybridizations. Bottom panels are maximum intensity
projections of a z stack of MRNA seqFISH, first internal transcribed spacer of rRNA (ITS1) probes staining nucleoli (Shishova et al., 2011), and H3S10Ph antibody
staining G2/M phase cells. Dashed white lines in intron seqFISH image display nucleus boundaries (determined by z-projecting DAPI signal), while in mRNA
segFISH images, they display cytoplasmic boundaries of cells. Scale bars represent 5 um inimages with multiple single cells and 0.5 um in the zoomed-in images.
(C) Two intron seqFISH replicates are highly reproducible (n1 = 314 cells; n2 = 382 cells). E14 cells were cultured under serum/LIF condition.

(D) Comparison of intron seqFISH and intron smFISH with 34 genes verifies the accuracy of intron seqFISH. Error bars represent SEM of intron seqFISH
replicates.

(E) Frequencies of on- and off-target barcodes in each cell. On average, 1266 + 288 on-target barcodes are typically detected per cell, while few off-target
barcodes (6.98 + 1.62) are detected in any cell.

(F) Frequencies of individual on-target and off-target barcodes detected. Introns display a wide range of expression levels. False positives are rarely detected,
demonstrating the accuracy of the intron segFISH.

(G) Comparison of intron seqFISH (left) and smFISH (right) with GRO-seq.

(H) Comparison of burst frequencies between E14 cells grown in serum/LIF versus 2i conditions (left) and E14 cells grown in serum/LIF versus NIH 3T3 cells (right).
GRO-seq data are from Jonkers et al. (2014).

See also Figure S1 and Table S1.

Cell 174, 363-376, July 12, 2018 365



for 10,421 genes and smFISH had lower correlation with bulk
RNA-seq (R = 0.40 and R = 0.63, respectively; Figures S1D
and S1E), as expected because of the difference in the lifetimes
of mMRNAs (on average 4-5 hr; Sharova et al., 2009) versus TASs
(<30 min; Femino et al., 1998; Levesque and Raj 2013). Consis-
tent with a model of bursty and stochastic gene transcription, we
found that the burst frequency of many genes is close to Poisson
distributed (Figure S1F).

We further performed 10,421 gene intron seqFISH experi-
ments on mESCs cultured under 2i condition (inhibition of MEK
and GSK3p; Marks et al., 2012), as well as on NIH 3T3
mouse fibroblast cells (Table S1). While biological replicates of
mESCs in serum/LIF condition showed high Pearson correlation
(R=0.93) (Figure 1C), we obtained lower Pearson correlation co-
efficients of 0.73 (MESCs in serum/LIF versus in 2i) and 0.33
(MESCs in serum/LIF versus NIH 3T3) (Figure 1H), consistent
with previous studies showing differential gene expression in
these samples (Marks et al., 2012; Kolodziejczyk et al., 2015;
Eng et al., 2017). Together, these results demonstrate that intron
seqFISH accurately and robustly measures nascent transcrip-
tome in single cells.

Active Transcription Occurs at the Surface

of Chromosomes Territories

The spatial organization of the chromosomes and the TASs in
single cells can be reconstructed from the intron seqFISH
data (Figure 2A). Overall, TASs appear uniformly across the nu-
cleus and are excluded from the DAPI-dense heterochromatic
regions, as well as from the interior of nucleoli (Figure 2A and
Videos S1, S2, and S3). There do not appear to be major fac-
tories of active transcription in the nucleus, although smaller
local foci cannot be ruled out. TASs are also not strongly colo-
calized with nuclear bodies (Figures S2A-S2C), such as the
paraspeckle marked by Neat1, nuclear speckle marked by Ma-
lat1 and SC35, and the IncRNA Firre. On the other hand, locked
nucleic acid (LNA) probes targeting polyA sequences to detect
mature mMRNAs colocalized with SC35 speckles (Figures S2B
and S2C).

Corresponding to the individual chromosomes, two distinct
sets of TASs from a given chromosome and one set from chro-
mosome X in male mESCs (Figure 2A, lower panels) are typically
observed in each cell. Most of the TASs from the same chromo-
some appear to occupy a compact region and span discrete
core chromosome territories (CTs) as observed in chromosome
paint studies (Bolzer et al., 2005). However, some TASs from the
same chromosome do appear to be positioned away from the
core CTs (Figure 2A).

To determine the relative positioning of the TASs and the core
CTs, we combined intron FISH targeting the TASs in one chro-
mosome and chromosome paint of the same chromosome to
directly visualize the individual CTs. We observed that TASs
are located on the surfaces of CTs, with some genes positioned
significantly away from the core territories (Figures 2B and S3A).
On average, TASs are located 0.82 + 1.08 um (mean + SD) exte-
rior relative to their CT edge (Figures 2C and S3B). We found this
result to be consistent across all six chromosomes examined
(Figures 2C and S3B). For chromosome 11, we also imaged
the coding regions of the chromosome by DNA FISH, in addition
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to intron FISH and chromosome paint (Figure S3A). We showed
that the coding genomic regions, as measured by DNA FISH, are
colocalized with the intron FISH signals (Figure S3A) and are also
on the surface of the core CTs (Figure 2D).

These observations systematically show that actively tran-
scribed genes are present at the exterior of core CTs, regardless
of chromosome genomic size (Figure 2D). This is consistent with
DNA FISH results showing that regions containing coding se-
quences are separated from the rest of the chromosome
(Mahy et al., 2002a, 2002b; Boyle et al., 2011).

As observed from the reconstruction from the 10,421 gene
intron seqFISH (Figure 2A), we further confirmed that many
TASs are indeed positioned significantly away from the core
CTs (Figure 2C). Intron and DNA FISH against individual genes
showed that those coding loci themselves were looped out
from their chromosome territories (Figures 2E and S3C). We
further investigated eight genes that have a wide range of burst
frequencies with intron FISH, DNA FISH, and chromosome paint
(Figure 2F). Notably, the relative spatial positions between those
loci and their CTs were not influenced by their instantaneous
transcriptional activities (Figures 2G and S3D), inferring that the
loci positioning is not dynamically regulated according to the
instantaneous transcriptional activity of the site. These results
suggest that transcriptionally active regions are structurally
looped out from the core domains, which likely reside inside
the CTs, and are positioned at the CT surface.

Nascent Transcription Sites from Different
Chromosomes Are Intermingled in Single Cells

The reconstruction of TASs in single cells shows that TASs from
different chromosomes are often intertwined (Figure 3A and
Videos S1, S2, and S8, Videos S1, S2, and S3, and Videos S1,
S2, and S3), reflecting underlying chromosome organization,
as well as the observation that TASs are present on the surface
of CTs. To validate this observation from the intron seqFISH
reconstruction, we labeled chromosomes 1, 2, 7, 11, 19, and X
individually with probes targeting introns in the 10,421-gene list
on each of the chromosomes with serial hybridization (Figures
3A and S3E). We observed significant overlaps between TASs
of different chromosomes, suggesting the prevalence of inter-
mingling of TASs from individual chromosomes.

Consistent with this observation, the pairwise contact map be-
tween loci (the frequency of two loci being within 0.5 um of one
another) showed that 82.4% of the contacts are between
different chromosomes despite the enrichment of many intra-
chromosomal contacts shown as blocks along the diagonal (Fig-
ures 3B and S3F). The observation that the most frequent con-
tacts measured are interchromosomal further supports the
notion that, while chromosomes mostly occupy discrete terri-
tories in the nucleus, active transcription occurs on the surfaces
of these territories and likely near other chromosomes.

The contact map from segFISH (upper right in Figures 3C, 3D,
and S3G) matches the pairwise contact frequency of coding
genes from Hi-C experiments (Dixon et al., 2012; lower left in Fig-
ures 3C, 3D, and S3G) for individual chromosomes. While a large
number of contacts are between loci that are genomically close,
representing contacts within topologically associated domains
(TADs; Dixon et al., 2012), there are significant inter-TAD



Nucleoli

B

Chromosome paint

Chromosome paint

Looped away.

1
from CT ';‘.-’

contacts (Figure S3F), indicating spatial proximity between loci
that are genomically far apart. The total number of pairwise con-
tacts consistently increased when the contact search radius for
spatial proximity of pairwise loci was increased from 0.1 um to
2 um. However, the number of intra-TAD contacts saturated at
0.5 um (Figure S3F), indicating the characteristic physical dimen-

(9]

O

Mean distance from
chromosome center (um)

(9]

Distance from CT edge (um)

l
N

Distance from CT edge (um)

sion of the domains and chromosomes in the cells.

w A~ 0 O N ©

N

o N ES

!
IN)

Q& &

Chr1 Chr7 Chr11Chr19 Chr X

¢ Intron FISH
¢ DNA FISH
Chromosome 8
¢ paint ° ¢ °
11e Xe
° 74 Te
196
0 50 100 150 200

Chromosome length (Mb)

NS NS NS NS NS NS NS NS

N On

pebbabdd

Phlpp1
Nck2
Irs1
Hdac4
Adora1
Parp1
Gli2
Abl2

Figure 2. Intron seqFISH Reveals Nascent
Transcription Active Sites Are on the Sur-
face of Chromosome Territories

(A) 3D reconstruction of TASs in a single-mESC
nucleus, with individual chromosomes occupying
distinct spatial territories (bottom). In total, 982
nascent sites were present in this cell. Nucleoli
were labeled by ITS1 FISH, and the nucleus was
stained by DAPI.

(B) Sequential intron paint (956 and 736 genes
probed in chromosomes 1 and 11, respectively) in
a particular chromosome (red) followed by chro-
mosome paint of the same chromosome (yellow)
in mESC nuclei (blue) shows that TASs are on the
surface of CTs and can loop away from the core
CTs.

(C) Violin plots showing the distance distributions
of TASs relative to the edge of their CTs in mESC
nuclei for chromosomse 1, 7, 11, 19, and X. In
total, 913-8550 spots from 49-234 cells were
analyzed per one chromosome.

(D) The mean (+SEM) distance of intron FISH
spots, DNA FISH spots and chromosome paints
from the center of CTs as a function of chromo-
some size. 49-234 cells were analyzed per chro-
mosome (chromosome 1, 7, 11, 19, and X).

(E) Representative confocal images from a single z
section showing loci looped away from their core
CTs imaged by DNA FISH (cyan) and intron FISH
(red) targeting Pten along with chromosome paint
(yellow) in mESC nuclei (blue). The DNA FISH spot
confirms that coding genomic regions are looped
away from the core CTs and are colocalized with
the intron FISH spot.

(F) Transcriptional statuses of loci do not affect
their spatial positioning with respect to the CT
boundary. DNA FISH (cyan) and intron FISH (red)
targeted both alleles of a gene (Adoral, as an
example), along with chromosome 1 paint (yellow)
in an mESC nucleus (blue).

(E and F) Signals outside nuclei (dashed white
lines) are not shown for visual clarity.

(G) Violin plots showing the distance distribution
relative to their CT edge for loci with either “on”
or “off” intron signals. NS, not significant with
Wilcoxon’s rank sum test (p > 0.05). Results from
eight genes in chromosome 1, spanning a range
of expression values (Figure S3D), are shown
(n = 8-396 and 231-842 spots for on- and off-
status introns, respectively, in 404-563 cells were
analyzed per gene).

Scale bars (B, E, and F), 5 um. See also Figures S2
and S3 and Videos S1, S2, and S3, Videos S1, S2,
and S3, and Videos S1, S2, and S3.

At the boundaries of TADs, the burst frequencies of genes
were on average 21.1% higher than those of genes in the interior
of TADs, as well as 17.8% higher than those of genes with ran-
domized TAD assignments (Figure 3E), consistent with observa-
tions with smFISH (A. Raj, personal communication). At the same
time, the burst sizes of genes do not change across different dis-

tances from TAD boundaries (Figure 3E). These results suggest a
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Figure 3. Chromosomes Intermingle and Are Heterogeneously Organized in Single Cells

(A) Representative confocal images of a single z section showing introns in six chromosomes (1, 2, 7, 11, 19, and X). Regions where introns from different
chromosomes intermingled are shown with white arrows labeled with their corresponding chromosome numbers. In total, 956, 795, 624, 736, 313, and 347 genes
in chromosomes 1, 2, 7, 11, 19, and X were targeted, respectively, using the 10,421 intron seqFISH primary probe sequences. Signals outside nuclei (dashed
white lines) are not shown for visual clarity. Scale bars, 5 um.

(B) Heatmap of normalized contact frequencies between pairs of loci (number of contacts within 0.5 um normalized by burst frequencies) averaged over 420
single cells. Genes are sorted based on chromosome coordinates, and gray boxes represent individual chromosomes from chromosome 1 to X.

(C and D) Concordance between the heatmaps of normalized contacts from intron seqFISH (upper right) and Hi-C (lower left) are shown for (C) 349 genes in the X
chromosome and (D) a zoomed-in of 41 genes boxed in (C). Cyan boxes represent individual TADs. Mean burst frequency of each gene is visualized above the
contact heatmaps and reflects the sampling of individual loci. More long-range contacts are observed in the intron seqFISH contact maps compared to ligation-
based Hi-C maps.

(legend continued on next page)
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potential link between local chromosome structures as defined
by TADs and nascent transcriptional activity.

Single-Cell Chromosome Conformations Are
Heterogeneous

At the single-cell level, contacts appear to be mostly interchro-
mosomal and stochastic and vary significantly from cell to cell
(Figure 3F). A histogram of the ratio of intrachromosomal con-
tacts to the total contacts in single cells shows a distribution of
values, indicating that different cells have differing amounts
of interchromosomal versus intrachromosomal contacts (Fig-
ure S3H). Recent single-cell Hi-C measurements (Nagano
et al., 2013; Stevens et al., 2017) showed similar high interchro-
mosomal interactions in single cells. Together, these data indi-
cate that while TASs are patterned on the surface of CTs, the
CTs themselves are randomly distributed in individual nuclei
and spatially overlap with other chromosomes stochastically.
These random spatial organizations are averaged out in
ensemble experiments.

Taken together, intron segFISH directly images transcription-
ally active genes in single cells and provides complementary in-
formation about the spatial organization of the nucleus
compared to ensemble Hi-C (Lieberman-Aiden et al., 2009;
Dixon et al., 2012; Rao et al., 2014), which captures highly
consistent features among cells such as CTCF-mediated loops
and TADs.

Intron seqFISH Profiles Can Identify Cell Types and Cell
States
To investigate the similarities and differences of the nascent tran-
scriptome, we clustered cells based on their 10,421 gene intron
profiles obtained by intron seqFISH. Principal-component anal-
ysis (PCA) showed that the mESCs grown in serum/LIF conditions
clustered separately from mESCs grown in 2i conditions and NIH
3T3 fibroblasts (Figure 4A). At the same time, the two biological
replicates of mESCs under serum/LIF conditions overlapped in
PCA space. To determine the robustness of the clustering anal-
ysis, we downsampled the number of genes used and measured
the cell-type assignment accuracy (i.e., serum mESCs versus 2i
mMESCs versus NIH 3T3 cells) as a function of the number of genes
sampled. The two replicates of mMESCs in serum were found to be
indistinguishable across all ranges of downsampling of genes,
suggesting minimal experimental variability (Figure 4B), while
the mESCs grown in serum and NIH 3T3 cells were distinguish-
able with high accuracy with just 700-1,000 genes (Figure 4B).
mESCs grown in serum/LIF and 2i conditions are more subtly
different and require between 2,500 and 3,000 genes to be clearly
separated (Figure 4B). Thus, the nascent transcriptome can differ-
entiate cells in different states as well as cell types.

We further examined the nascent transcripts that are differen-
tially expressed in different cell types and states (Figures 4C and

S4A-C). Using hierarchical clustering (Figure S4A), we found
distinct sets of genes are differentially expressed in the three
conditions that can be visualized in PCA space (Figure 4C and
Table S2). The nascent transcripts upregulated in mESCs grown
in serum/LIF include pluripotency associated stem cell markers
such as Zfp42 (Rex1), Tet1 and Pou5f1 and genes involved in
embryogenesis such as Rbpj and Dppa4, and the genes upregu-
lated in 2i condition contain Wdr5 and Ash2l, regulators of ESC
self-renewal via maintenance of H3K4me3 (Ang et al., 2011),
and Tfcp2l1, a naive pluripotency marker. On the other hand,
the genes upregulated in NIH 3T3 cells correspond to factors
related to cytoskeleton (Myh9, Acta2) and extracellular matrix
(Emp1,Grasp), reflecting the signature of the differences of the
different cell types. Most differentially expressed genes are regu-
lated by both burst frequency and size, with the changes corre-
lated between the two parameters (Figure S4D).

Furthermore, the intron profiles are informative of differences
in cellular states, such as cell-cycle phases and metastable
pluripotent states of mMESCs grown in serum/LIF (Marks et al.,
2012). For example, in G2/M cells identified using Aurka and
Plk1 mRNA and phospho-Histone H3 (Ser10) antibody as
markers, we observed upregulation of a panel of cell-cycle-
related introns (e.g., Cks2, Arl6ip1, Cenpa, and Mis18bp1) (Fig-
ure 4D and Table S3). Similarly, using pluripotency gene Zfp42
mRNA as a marker, we observed a panel of significantly upregu-
lated introns in the Zfp42 high cells, including known pluripo-
tency-related genes (e.g., Zfp42, Fbxo15, Smarcad1, Tet1, and
Tdh; Figure 4D and Table S3). On the other hand, another set
of introns (e.g., Rap1gds1, Esd, Podx|, and Mfap3l) are upregu-
lated in the Zfp42-low cells, similar to the more differentiated
states (Figure 4D and Table S3). These results demonstrate
that intron seqFISH can identify differentially regulated genes
in different dynamic states of cells.

Heterogeneity Is Present in the Global Instantaneous
Transcriptional Activity

Surprisingly, there is large variability in the global nascent tran-
scriptional states of cells, as observed from the total number of
active transcription sites in each nucleus in the 10,421 gene
intron experiments (Figure 5A) even after considering differences
in cell-cycle phase and cell size (Figures S4E-S4l). In G1/S cells
of a given size, there are on average 1,361 + 169 TASs per cell
(mean + SD), indicating that some cells are globally transcription-
ally active while other cells are globally quiescent. In contrast,
simulations assuming that each gene fires randomly and
independently produce a much narrower distribution of TASs
(1,264 + 32 TASs per cell [mean + SD]) (Figure 5A).

Therefore, the large variability in global transcriptional states
raises the question of whether these global states are static in
time or interconvert dynamically. The correlation (R = 0.28) be-
tween the total TAS number in the nucleus and the amount of

(E) Comparisons of mean burst frequency and burst size of genes as a function of the distance between their transcription start site and the closest TAD boundary.
TAD assignments were shuffled in the randomized control. Shading shows a 95% interval for bootstrapped data. On average, genes within 60 kb of the TAD
boundary showed 17.8% higher burst frequency than expected, while burst size was minimally affected (1.7%).

(F) Heatmaps showing normalized contact frequency between pairs of chromosomes representing intra- and interchromosomal contacts. Hi-C and TAD data are

from Dixon et al. (2012).
See also Figure S3.
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Figure 4. The Nascent Transcriptomes Can Distinguish Cell Types and Cell States

(A) PCA of the nascent transcriptome separates NIH 3T3 cells and mESCs grown in different conditions (serum/LIF and 2i). All cells obtained from four intron
segFISH experiments (n = 1158 in total; n = 314 in E14 serum replicate 1; n = 382 in E14 serum replicate 2; n = 347 in E14 2i; n = 115 in NIH 3T3) are projected onto
the first two principal components. PCA was performed on the correlation matrix of all cells after normalizing individual intron counts in each cell by total number
of introns of the cell. Note that biological replicates of mMESCs grown in serum/LIF are clustered together indicating little batch effect.

(B) Cells from the serum replicates clustered together even when the number of genes used is downsampled (left). Serum versus NIH 3T3 cells (right panel, yellow)
and serum versus 2i cells (right panel, red) are well separated when 700 and 2,000 genes are used, respectively. Separation index is the overlap between the
cluster assignments between the cell types subtracted from unity. Shaded regions show the 95% confidence interval of the separation index with 100 trials of
downsampling.

(C) PCA of the genes differentially expressed in each cell line. Nascent transcriptomes for NIH 3T3 and, mESCs in serum and 2i were clustered and the genes
differentially expressed were further analyzed by PCA.

(D) Heatmaps of differentially expressed genes for cell cycle (left) and pluripotency (right) with mESCs in serum replicate 1 (n = 314 cells). In the left panel, cells
were sorted by G2/M marker gene mRNA levels (Aurka and Plk1), with cell-cycle phases assigned by H3S10Ph immunofluorescence. Introns differentially

(legend continued on next page)
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mature mRNAs in the cytoplasm measured by LNA probes tar-
geting polyA (Figures 5B and S5A) is lower than expected if
global nascent transcriptional activities are static in time. How-
ever, as the dynamics are unlikely to be synchronized among
cells, we cannot measure the interconversion rate between
active and inactive global transcriptional states by population-
averaged experiments. At the same time, it is also difficult to
perform direct live-cell experiments with reporter-based assays
to measure the transcriptional activities across thousands
of genes.

Global Oscillations Are Seen in Nascent Transcriptional
Activities

To measure the dynamics of TASs globally, we developed a
single-cell pulse-chase experiment that records the nascent
transcriptional activities at two time points in a cell’s history (Fig-
ure 5C). We first fed cells with a modified uridine (5-EU) (Jao and
Salic, 2008) to record the global transcriptional activity during a
short 30-min pulse. Then, we washed out the 5-EU and let the
cells grow in the original medium for different amounts of time
from 0 to 3 hr. We fixed the cells, measured the 5-EU incorpora-
tion levels with a clickable fluorescent dye, and counted the total
number of TASs seen from 1,000 gene intron probes in the same
cells. Probes for 1,000 intronic genes were used because they
could be quantified accurately in a single fluorescence channel
without optical crowding. The variability in the 5-EU signal in in-
dividual cells (Figure S5B) is similar to the intron variability
observed (Figure 5A), confirming nascent transcriptional hetero-
geneity in single cells.

We then determined whether transcriptional activities change
over time or are static by comparing the global instantaneous
transcriptional activity at defined time points in the past, as
labeled by 5-EU incorporation, with the nascent activity at the
time of fixation, as measured by intron levels in the same cells
(Figures 5C and 5D). At early time points, the 5-EU and intron
levels are correlated in single cells (Figure 5C, bottom left panel),
confirming that the heterogeneities observed in both measure-
ments were consistent. The correlation coefficient decayed
within 1 hr, with little correspondence between the 5-EU signal
and intron levels in single cells (Figure 5C, bottom middle panel).
Surprisingly, the correlation is restored at around 2 hr (Figures 5C
and 5D, left blue lines). This result suggests that mESCs oscillate
between low and high transcriptional states with a roughly 2-hr
time period. Our data at each time point consist of hundreds of
cells and the 2-hr oscillation is observed with the biological repli-
cate of mESCs (Figure S5C), as well as with a different mESC cell
line (Figure 5D middle). The same oscillation is observed with a
different method of analyzing the pulse-chase data by binning
the 5-EU levels at each time point (Figures S5D and S5E).

The observation of 2-hr oscillations from single-cell pulse-
chase experiments implies that oscillation periods are relatively
consistent in different cells. The oscillation amplitude in single
cells may indeed even be higher but are dampened in the popu-

lation-based pulse-chase experiments due to slight differences
in the period of oscillations. If the global transcriptional activities
were fluctuating stochastically without a defined period or if
different cells had completely different oscillation periods, then
the correlation coefficients would simply decay without re-
cohering at 2 hr.

Interestingly, the 2-hr fast dynamics in global nascent tran-
scription can be abolished in 2i conditions where Wnt and
MEK pathways are perturbed (Figures 5D, red lines in left and
middle panels; Figures S5D and S5E). Furthermore, the 2-hr
global transcription oscillation is also observed in NIH 3T3 fibro-
blast cells using the single-cell pulse-chase experiment (Fig-
ure 5D, right). We found similar heterogeneity of the nascent
transcription states with NIH 3T3 cells (Figure S5F), as observed
in MESCs (Figure 5C). These results suggest that global nascent
transcriptional oscillations may be present in many cell types and
are not limited to the pluripotent state of mESCs.

Global Nascent Transcriptional Oscillations Are Linked
to Hes1 Oscillations

The 2i results suggest that perturbation of signaling pathways
can change the dynamics of the global transcriptional states.
To further investigate the molecular origins of this 2-hr oscilla-
tion, we measured the mRNA expression levels of 48 genes,
including transcription factors and signaling pathway compo-
nents, along with the total intron levels for 1,000 genes. These
data helped determine whether any mRNAs are correlated with
global transcriptional activities in the same cells (Figures 6A
and S6A-S6C).

We found that total intron number clustered most closely with
Hes1, Stat3, Socs3, and Fgf4 (Figure 6A), suggesting that global
transcription activity closely follows the pattern of the aforemen-
tioned genes. Hes1 mRNA and protein have been shown to have
short lifetimes and oscillate with 2- to 4-hr periods in many
mouse cell lines, including mMESCs and fibroblasts (Kobayashi
et al., 2009, Yoshiura et al., 2007), as well as in vivo (Zhang
et al., 2014). It has also been shown that Socs3 mRNAs and pro-
teins, and phosphorylated Stat3 protein, oscillate with Hes1
transcripts with a periodicity of ~2 hr in mouse fibroblast cells
(Yoshiura et al., 2007). This gene cluster (consisting of 1,000
gene total introns, Hes1, Stat3, and Socs3) is observed even
after taking into account the cell-cycle effect (Figures S6D and
S6E). Furthermore, Hes1 has been shown to negatively regulate
Delta 1 (DII1) (Shimojo et al., 2008) and Gadd45g (Kobayashi
et al., 2009). Indeed, DIlI1 and Gadd45g form a distinct cluster
that is negatively correlated with the Hes1-intron cluster
(Figure 6A). Our results also recapitulate the metastable pluripo-
tent mESC subpopulations (Figures S6F and S6G), consistent
with single-cell RNA-seq measurement (Kolodziejczyk et al.,
2015). Interestingly, gene-to-gene hierarchical clustering results
showed differences between serum/LIF and 2i conditions of
mESCs, showing more distinct clusters in serum/LIF condition
(Figure S6H).

expressed in the G2/M phase are shown in the heatmap and found by Pearson correlation analysis with Aurka mRNA levels. In the right panel, cells were sorted by
pluripotency-associated gene Zfp42 mRNA levels. Other pluripotency-associated marker mRNAs are shown, as well as the differentially expressed introns in the

Zfp42 high and low states.
See also Figure S4 and Table S1, S2, and S3.
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10 pm.
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To understand differences between mESCs in serum/LIF
versus 2i conditions that may affect their distinct oscillation be-
haviors, we compared their mRNA expressions profiles, and
found that Hes1, DIl1, Gadd45g, and Dnmt3a/b are strongly
differentially expressed (Figure S6l). These results are consistent
with the intron profile differences between 2i and serum showing
that certain signaling pathway genes are differentially expressed
(Table S2).

Using the 10,421-intron seqFISH data, we further found that
most genes are oscillating in synchrony with the global dynamics
(Figure S6J). TASs for most genes occur at a linearly higher fre-
quency in cells with high total number of introns than in cells with
lower total number of introns, suggesting that there is a global
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correlation coefficient.
See also Figure S5.

mechanism that upregulates the nascent production of most
genes in the TASs high state and vice versa in the low states.
To further investigate the relationship between the known
Hes1 oscillation and the nascent transcription oscillations, we
performed single-cell pulse-chase experiments with the 5-EU la-
beling and Hes1 antibody staining using mESCs grown in the
serum/LIF condition (Figures 6B and 6C). Hes1 protein oscilla-
tion is time delayed about 20 min compared to Hes1 mRNA
oscillation, but both have the same period (Hirata et al., 2002).
We observed the similar 2-hr oscillation period, showing that
Hes1 protein oscillations and global transcriptional oscillations
follow a similar period (Figure 6C). Together, our results provide
multiple lines of evidence suggesting that the global nascent
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Figure 6. Global Nascent Transcription Links to Hes1 Dynamics in mESCs
(A) Heatmap showing Pearson gene-to-gene correlation coefficients between total introns counts for 1,000 genes and 47 mRNAs involved in pluripotency,
signaling pathway, and other processes by non-barcoded seqFISH (n = 605 cells cultured under serum/LIF condition). Red and black boxes show the correlated

clusters, and blue boxes show clusters of genes that are anticorrelated.

(B) Confocal images of mESCs (serum/LIF condition) with Hes1 immunofluorescence (magenta) and 5-EU staining (green) used in the Hes1 protein pulse-chase
experiment for the initial time point (top) and 30-min chase time point (bottom). Images are shown as a maximum-intensity projection of z stacks of the fluo-

rescence images. Scale bars, 10 pm.

(C) Pulse-chase correlation measurements between detected 5-EU signals and Hes1 immunofluorescence signals. Similar 2-hr oscillatory dynamics are
observed as intron pulse-chase experiments. The data at each time point consist of 328-510 or 272-1305 cells in biological replicates 1 and 2, respectively.

Shaded regions represent 95% confidence intervals.
See also Figure S6.

transcription states oscillate with a 2-hr period, which is poten-
tially related to the known 2-hr oscillation of Hes1 and other com-
ponents of signaling pathways.

DISCUSSION

In this study, we showed that the “spatial genomics” approach
with intron segFISH can scale to the transcriptome level and
capture both the nascent transcriptome and the spatial architec-
ture in the nucleus of single cells. The sensitivity and spatial im-

aging nature of the single-molecule-based seqFISH methods
allow us to obtain insights that are unavailable with existing
methods. First, we are able to explore the nascent transcriptome
of single cells, which is highly informative of cell types and cell
states, with specific introns upregulated dynamically in different
cell-cycle phases and metastable pluripotent states in mESCs.
Second, by imaging the spatial organization of the nucleus in
situ, we showed systematically that transcription active regions
occur at the surface of chromosome territories and are
not dynamically positioned according to the instantaneous
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transcriptional activity, providing an actual picture of the nuclei
beyond the pairwise interactions measured by Hi-C experi-
ments. We further showed that gene burst frequencies—but
not burst size, measurements uniquely possible with FISH—
are higher in genes near TAD boundaries. Lastly, we observed
surprisingly fast dynamics with 2-hr oscillations in mESCs and fi-
broblasts with single-cell pulse-chase measurements using
intron FISH. Such global oscillations would otherwise be lost in
population average measurements, because cells are not syn-
chronized, and would also be missed in single-gene live-cell ex-
periments, which are dominated by stochastic bursting at each
active site.

The high dimensional spatial genomics data allow us to
generate new models of chromosome organization, combining
insights from Hi-C data and multicolor imaging data. Specif-
ically, our systematic observation that active genes are posi-
tioned away from the core chromosome territories explains
the high interchromosomal contacts observed in the single-
cell Hi-C data (Nagano et al., 2013; Stevens et al., 2017) and
the enrichment of transcriptionally active phosphorylated
RNAPII at the interchromosome contact regions by immunoflu-
orescence (Maharana et al., 2016). Combined with observa-
tions that burst frequencies of genes are higher near TAD
boundaries and that many domain boundaries are invariant
across cell types and species (Dixon et al., 2012; Rao et al.,
2014), it is possible that there are structural elements in the
genome that loop out potential active genes while the inactive
domains remain in the interior of chromosome territories.
Further investigation of dynamics can take advantage of intron
segFISH together with multiplexed live-cell imaging of genomic
loci (Takei et al., 2017).

The measurement of the nascent transcriptome, combined
with many mRNAs in the same cells by seqFISH, allowed us to
link the fast 2-hr global nascent dynamics with other molecular
pathways. We found that global intron levels varied with Hes1,
Stat3, and Socs3 transcripts and were anticorrelated with Delta1
and Gadd45g transcripts, which were downregulated by Hes1.
Hes1 has been shown to oscillate in many cell lines, including
mESCs and fibroblasts (Kobayashi et al., 2009, Yoshiura et al.,
2007). Many of these genes were studied previously in the
context of a somitogenesis clock in embryos that also oscillates
in 2-hr periods in mice (Dequéant et al., 2006).

Thus, it is possible that a common 2-hr oscillation gates global
transcriptional activity in many cell types but is unsynchronized
among cells and therefore previously unrecognized. The 2-hr
global nascent transcription dynamics could be also be
related to a 2-hr methylation oscillation observed in mESCs
released from 2i to serum/LIF conditions (B. Simon, personal
communication).

Using pulsatile and oscillatory dynamics, cells can achieve
states not accessible with amplitude-based regulation schemes
(Letsou and Cai, 2016). For example, cells can use fluctuations in
global transcriptional activity to coordinate the stoichiometry of
many transcripts in a mechanisms akin to the frequency-modu-
lated signaling observed in yeast and mammalian pathways (Cai
et al., 2008; Yissachar et al., 2013).

Finally, an exciting recent work showed that intron-to-exon
ratios across the transcriptome can be used to determine the
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direction of of cells on the developmental trajectory (La Manno
et al., 2017). As we showed, the nascent transcriptome profiles
can not only distinguish cell types and cell states, but also detect
fast dynamics in single cells. Applications of intron seqFISH with
signal amplification (Shah et al., 2016a), along with mRNA seg-
FISH (Shah et al., 2016b, Lignell et al., 2017), can enable
simultaneous profiling of nascent and mature RNAs in tissues,
with spatial information preserved. It will be fascinating to
explore the nascent transcriptome in single cells in many tissue
settings and developmental contexts.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-Phospho-Histone Invitrogen Cat#PA5-17869; RRID: AB_10984484

H3 (Ser10)
Mouse monoclonal anti-HES1 (E-5)

Santa Cruz Biotechnology

Cat#sc-166410; RRID: AB_2117960

Mouse monoclonal anti-SC35 Abcam Cat#ab11826; RRID: AB_298608
Chemicals, Peptides, and Recombinant Proteins

Human Laminin-511 BioLamina Cat#LN511-03

Poly-D-lysine hydrobromide Sigma-Aldrich P6407; CAS: 27964-99-4

Formaldehyde Thermo Scientific Cat#28906

Custom Secure Seal Flowcell Grace Bio-Labs RD478685-M
DNase/RNase-Free Distilled Water Invitrogen Cat#10977-015

10X PBS Invitrogen Cat#AM9624

20X SSC Invitrogen Cat#15557-044
Formamide Invitrogen Cat#AM9342

Dextran sulfate Mw > 500,000 Sigma-Aldrich D8906; CAS: 9011-18-1
Dextran sulfate wt 6,500-10,000 Sigma-Aldrich D4911; CAS: 9011-18-1
Triton X-100 solution Sigma-Aldrich 93443; CAS: 9002-93-1
Ethylene carbonate Sigma-Aldrich E26258; CAS: 96-49-1
SUPERase In RNase Inhibitor Invitrogen Cat#AM2694

DAPI Sigma-Aldrich D8417; CAS: 28718-90-3
BSA Invitrogen Cat#AM2616

Trolox Sigma-Aldrich 238813; CAS: 53188-07-1
D-(+)-Glucose Sigma-Aldrich G7528; CAS: 50-99-7
Catalase Sigma-Aldrich C3155; CAS: 9001-05-2
Glucose Oxidase Sigma-Aldrich G2133; CAS: 9001-37-0
RNase A Thermo Scientific Cat#EN0531

TCEP Sigma-Aldrich 646547; CAS: 51805-45-9
Actinomycin D GIBCO Cat#11805017; CAS: 50-76-0
EU (5-Ethynyl Uridine) Invitrogen Cat#E10345
Microspheres, 0.2 um, blue fluorescent (365/415) Invitrogen Cat#F8805
Microspheres, 0.1 um, fluorescent blue/green/ Invitrogen Cat#T7279

orange/dark red

FISH dye Alexa 488 Invitrogen Cat#A20000

FISH dye Alexa 647 Invitrogen Cat#A20006

FISH dye Cy3B GE Healthcare Cat#PA63101

Critical Commercial Assays

Click-iT RNA Alexa Fluor 594 Imaging Kit Invitrogen Cat#C10330

Deposited Data

E14 RNA-seq data
mESC GRO-seq data
mESC Hi-C and TAD data

Antebi et al., 2017
Jonkers et al., 2014
Dixon et al., 2012

GEO: GSE98674
GEO: GSE48895

GEO: GSE35156; http://chromosome.sdsc.edu/
mouse/hi-c/download.html

Experimental Models: Cell Lines

E14 cells (E14Tg2a.4)

Mutant Mouse Regional

Resource Centers

015890-UCD

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
NIH/3T3 ATCC CRL-1658

Wild-type mESCs Hu et al., 2014 N/A
Oligonucleotides

Oligo Pools Twist Bioscience N/A

Readout probes IDT DNA N/A

PolyT(25)Vn Exigon Cat#300510-04
Mouse Chromosome 1 Paint: XMP 1 Green MetaSystems Cat#D-1401-050-FI
Mouse Chromosome 2 Paint: XMP 2 Green MetaSystems Cat#D-1402-050-FI
Mouse Chromosome 7 Paint: XMP 7 Green MetaSystems Cat#D-1407-050-FI
Mouse Chromosome 11 Paint: XMP 11 Green MetaSystems Cat#D-14011-050-FI
Mouse Chromosome 19 Paint: XMP 19 Green MetaSystems Cat#D-14019-050-FI
Mouse Chromosome X Paint: XMP X Green MetaSystems Cat#D-14020-050-FI
Software and Algorithms

Oligoarray 2.1 Rouillard et al., 2003 N/A

segFISH barcode calling and image processing This paper https://github.com/CaiGroup/Intron-SeqFish

code (MATLAB)

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Long Cai
(lcai@caltech.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines

E14 mESCs (E14Tg2a.4) from Mutant Mouse Regional Resource Centers were maintained under serum/LIF or serum/LIF/2i condi-
tions as described previously (Singer et al., 2014; Takei et al., 2017). Wild-type mESCs (Hu et al., 2014) were kindly provided by Wolf
Reik and maintained on gelatin-coated dishes at 37°C with 5% CO2 in DMEM (Thermo Fisher Scientific), 15% FBS (Hyclone serum
SH30070.02), 2 mM L-glutamine, 100 units/ml penicillin, 100 ug/ml streptomycin (Thermo Fisher Scientific), 1000 units/ml Leukemia
Inhibitory Factor (LIF, Millipore), 1x Minimum Essential Medium Non-Essential Amino Acids (Thermo Fisher Scientific) and 100 uM
B-Mercaptoethanol (Thermo Fisher Scientific). NIH/3T3 cells (ATCC) were cultured at 37°C with 5% CO2 in DMEM (Thermo Fisher
Scientific) supplemented with 10% FBS (Atlanta biologicals S11150) and 100 units/ml penicillin, 100 ng/ml streptomycin (Thermo
Fisher Scientific).

METHOD DETAILS

Intron FISH Probe Design

Oligoarray 2.1 (Rouillard et al., 2003) was run on all constitutive introns present in the masked mm10 mouse genome with parameters
min/max length 35-nucleotide (nt), max TM 100°C, min TM 74°C, secondary structure temp 76°C, cross hyb temp 72°C, max dis-
tance 1,000-nt and max oligos 100. Genes with more than 48 probes designed were used for secondary filtering. All probes were
blasted against the mouse transcriptome and expected copy numbers of off-target probe hits were calculated using predicted
RNA counts in the ENCODE database for 11.5 day old murine embryos.

Probe optimization was initially run to minimize expected off target hits for any given probe. An outer loop was run until at least 25
probes were designed per gene initially permitting a predicted 2,000 off-target hits for any probe, increasing every round of optimi-
zation by 2,000 off-target hits until a maximum of 10,000 predicted off-target hits were permitted or the target number of probes was
designed. For every cycle of probe optimization an inner loop was run iteratively choosing probes until no off-target RNA was hit more
than 7 times for any genes probeset. If more than 25 probes were found for any given intron, the 25 probes with the predicted GC
range closest to 556% was chosen.

A second round of optimization was performed on the entire probeset to minimize the combined off-target hits. If any RNA was
predicted to be hit more than 7 times by all of the combined probesets, probes were iteratively dropped from the probe sets with
the largest number of genes until no more than 7 off-target hits existed for any predicted off-target RNA. If less than 25 probes could
be designed for any gene it was dropped from the probeset.
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Probe pools were assigned with a validated primer and assembled according to the following template with 60 readout sequences
used in RNA SPOTs (Eng et al., 2017):
Primary probes: 5 -[Primer 1] - [readout 1] - [readout 2] - [probe] - [readout 3] - [readout 4] - [Primer 2] - 3

Intron Probes Generation
The intron probes for 10,421 gene experiment were generated through oligoarray pools. The oligoarray pools of probes were pur-
chased from Twist Biosciences. Probes were amplified from array-synthesized oligopool as previously described (Beliveau et al.,
2012; Shah et al., 2016b; Takei et al., 2017; Eng et al., 2017) with the following modifications:

The template oligo for each encoding primary probe contains: (i) a 35-nt intron-targeting sequence for in situ hybridization, (ii) Four
18-nt gene specific readout sequence combinations (readout+spacer), (iii) two hybridization specific flanking primer sequences to
allow PCR amplification of the probe set.

Intron seqFISH, mRNA seqFISH, IncRNA seqFISH, and Immunofluorescence

E14 mESCs were were plated on poly-D-lysine (Sigma P6407) and human laminin (BioLamina LN511) coated coverslips (3421;
Thermo Scientific), and incubated for 2-3 hours. Then cells were fixed using 4% Formaldehyde (Thermo Scientific 28908) in
1 x PBS (Invitrogen AM9624; diluted in Ultrapure water (Invitrogen 10977-015)) for 15 minutes at 20°C, washed with 1 x PBS for
a few times, and stored in 70% ethanol for more than overnight at —20°C or for a few hours at room temperature. NIH/3T3 cells
were prepared similarly using poly-D-lysine coated coverslips. The coverslips were air-dried, attached with flow cell (Grace Bio-
Labs RD478685- M), and incubated with 0.2 pm blue fluorescent (365/415) beads (Thermo Scientific F8805) with 2000-fold dilution
in 2 x SSC (Invitrogen 15557-044 diluted in Ultrapure water (Invitrogen 10977-015)) at room temperature for 5 minutes for the align-
ment of images. The coverslips were then washed twice with 2 x SSC.

For hybridization of the probes, samples were 1) hybridized for 30 hours at 37°C with primary intron probes and mRNA/IncRNA
probes at 1 nM each oligo concentration in 50% Hybridization Buffer (50% HB: 2 x SSC, 50% Formamide (v/v) (Invitrogen
AM9344), 10% Dextran Sulfate (Sigma D8906) in Ultrapure water), then 2) washed in 55% Wash Buffer (55% WB: 2 x SSC, 55%
Formamide (v/v), 0.1% Triton X-100 (Sigma 93443)) for 30 minutes at room temperature, followed by 2 x SSC wash. The fluoro-
phore-coupled 15-nt readout probes (Alexa 488, 647 (Thermo Fisher Scientific) and Cy3B (GE Healthcare)) for first round of hybrid-
ization were incubated for 20 minutes at 50 nM each at room temperature in 10% EC buffer (10% Ethylene carbonate (Sigma
E26258), 2 x SSC, 0.1 g/ml Dextran sulfate (Sigma D4911) and 0.02 U/uL SUPERase In RNase Inhibitor (Invitrogen AM2694)), which
is optimized for 15-nt readout probe hybridization from the EC buffer (Matthiesen and Hansen, 2012), and washed for 5 minute at
room temperature in 10% Wash Buffer (10% WB: 2 x SSC, 10% Formamide (v/v), 0.1% Triton X-100) followed by 1 minute wash
in 2 x SSC. 3) Once the first hybridization was complete, the flow cell was connected to an automated fluidics delivery system
made from three multichannel fluidics valves (EZ1213-820-4; IDEX Health & Science) and a Hamilton syringe pump (63133-01, Ham-
iiton Company). The integration of the fluidics valves, peristaltic pump through homemade connectors, and microscope imaging
were controlled through a custom script written in Micromanager software. 4) Imaging positions were then registered using nuclei
signals stained by 5 pg/mL DAPI (Sigma D8417). Then the sample was 5) proceed to imaging as described below. After image
acquisition, 6) the samples were incubated with 55% WB at room temperature for 5 minutes to strip off readout probes, followed
by 2 x SSC wash for 1 minutes each round. 7) Then, the fluorophore-coupled readout probes were incubated at 50 nM each con-
centration at room temperature for 20 minutes in 10% EC buffer followed by 8) 5 minute wash in 10% WB, 1 minute wash in 2 x SSC
and DAPI staining . The procedures 5)-8) were repeated with the next round of readout hybridization until the completion of all rounds
of seqFISH.

Following intron seqFISH, the mRNA segFISH was performed. The mRNA seqFISH primary probes were hybridized at the same
time as the intron seqFISH primary probes, and then read out without barcoding using addition readout probes, with the same pro-
cedures as described above 5)-8).

After mRNA segFISH, nucleolus and IncRNA probes (ITS1, Malat1, Neat1, Firre) and and a 25-nt polyT LNA probe (Exigon:
300510-04) were imaged similar to non-barcoded mRNA seqFISH.

Following the INcRNA segFISH, one round of immunofluorescence was carried out. The samples were blocked with blocking buffer
(1 x PBS, 1% UltraPure BSA (Thermo Scientific AM2616), 0.3% Triton X-100) at room temperature for 30 minutes. The samples were
then incubated with 100-fold diluted primary antibody (anti-Phospho-Histone H3 (Ser10) (Thermo Fisher Scientific PA5-17869)) in
blocking buffer at room temperature for 1 hour, followed by washes with 1 x PBS for a few times, incubation with 500-fold diluted
secondary antibody (Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 647 (Thermo Scientific
A-31573)) in blocking buffer at room temperature for 1 hour, and washes with 1 x PBS for a few times, and imaged as
described below.

Samples were imaged in an anti-bleaching buffer (50 mM Tris-HCI pH 8.0, 300 mM NaCl, 2 x SSC, 3 mM Trolox (Sigma 238813),
0.8% D-glucose (Sigma G7528), 100-fold diluted Catalase (Sigma C3155), 0.5 mg/mL Glucose oxidase (Sigma G2133) and and
0.02 U/uL SUPERase In RNase Inhibitor (Invitrogen AM2694)) with the microscope (Leica, DMi8) equipped with a confocal scanner
unit (Yokogawa CSU-W1), a sCMOS camera (Andor Zyla 4.2 Plus), 63 X oil objective lens (Leica 1.40 NA), and a motorized stage (ASI
MS2000). Lasers from CNI and filter sets from Semrock were used. Snapshots were acquired with 0.35 pm z steps for more than 10
positions per sample.
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DNA FISH Probe Design and Synthesis

DNA FISH probes were designed and synthesized by following the previous protocol (Takei et al., 2017) with minor modifications. For
DNA FISH paint of chromosome 11, 380 genes were selected from the 10,421 intron segFISH gene list. To label genomic regions of
selected genes, regions from transcription start sites to 20 kb downstream of each gene were selected according to mm10 RefGene
database (UCSC Genome Bioinformatics). Across those regions, a set of non-overlapping 35-nt probes were designed using the
masked mm10 mouse genome with several constraints including 40%-60% GC content, no more than 5 contiguous identical nucle-
otides, at least 2-nt spaces between adjacent probes and the same off target evaluation as previously done. At the 5’ end of the 35-nt
probe sets, 20-nt adaptor sequences, which are identical in each gene probe set but orthogonal among different probe sets, are
attached with a 4-nt spacer in-between. For the array-based oligo library synthesis, universal primer binding sequences were
attached at 5’ and 3’ ends. The oligonucleotide probe pools were purchased from Twist Bioscience (141-398 probes per gene).
DNA FISH probes were generated in the same way as intron probe generation, without restriction enzyme digestion at the final step.

Intron FISH, DNA FISH and Chromosome Paint

Intron paint experiments using 10,421 gene probe set were carried out using oligoarray pool (Twist Bioscience) based probes, gener-
ated without cutting the primer binding sites. Probe sequences of the genes in the same chromosome were amplified from one primer
pairs, and those primer binding sequences (5’ and 3’ end) were targeted with 20-nt dye-conjugated readout probes to paint introns in
particular chromosomes. Images were taken with the microscope (Leica DMi8 automated) equipped with a confocal scanner unit
(Yokogawa CSU-W1), a sCMOS camera (Andor Zyla 4.2 PLUS), 63x oil objective lens (Leica NA 1.40), and a motorized stage (ASI
MS2000). Lasers from CNI and filter sets from Semrock were used. Snapshots were acquired with 0.35 um z steps

Following the intron FISH, DNA FISH experiments were performed as described (Takei et al., 2017). Briefly, after intron FISH im-
aging, cells were incubated in 55% formamide and 2x SSC at room temperature for 30 minutes, and then washed three times with 2x
SSC to strip off fluorophore-coupled readout probes. Samples were treated with a prechilled solution of methanol and acetic acid ata
4:1 ratio at room temperature for 1 hour, and then with 0.1 mg/ml RNase A (Thermo Fisher Scientific EN0531) at 37°C for 1 hour. Then
samples were washed and dried with 1x PBS, 70% ethanol and 100% ethanol. The samples were then heated at 95°C for 10 minutes
in 70% formamide and 2x SSC. Cells were hybridized with DNA FISH probe pool at 37°C overnight, where the final concentration of
each probe was estimated as 10 nM in nuclease free water with 50% formamide, 2x SSC and 0.1 g/ml dextran sulfate (Sigma D8906).
After incubation with the probes, samples were washed three times in 50% formamide, 0.1% Triton X-100 and 2x SSC at room tem-
perature, and hybridized with 20-nt readout probes coupled to Alexa 488, 647 or Cy3B at 10 nM final concentration at room temper-
ature for at least 1 hour in nuclease free water with 30% formamide, 2x SSC and 0.1 g/ml dextran sulfate (Sigma D8906). Samples
were then washed three times in 30% formamide, 0.1% Triton X-100 and 2x SSC at room temperature, stained with DAPI and imaged
under the same condition as intron FISH.

Following the DNA FISH, chromosome paint experiments were performed. Samples were heated at 95°C for 10 minutes in 70%
formamide and 2x SSC, and then washed three times with 2x SSC for DNA FISH probe stripping. Chromosome paint probes (Meta-
Systems, XMP X Green or Orange) for chromosome 1, 2, 7, 11 19 or X were incubated with samples at 95°C for 10 minutes followed
by incubation at 37°C overnight. Afterward, samples were washed with 30% formamide, 0.1% Triton X-100 and 2x SSC at room tem-
perature for 15 minutes. Then samples were stained with DAPI and imaged under the same condition as intron FISH. In case multiple
chromosomes were painted, sequential rounds of chromosome paint were performed.

Intron FISH and Non-Barcoded mRNA seqFISH

For the 1,000 gene intron imaging without decoding, 1,000 intron seqFISH probe set was generated for 48 probes per intron as
described above. Both primer binding sequences (5’ and 3’ end) were targeted with 20-nt Alexa 488-conjugated readout probes.
For the non-barcoded mRNA seqFISH, probes with primary probe sequences and readout sequences were used, which were either
generated by oligoarray pool (Twist Bioscience) synthesis described above or purchased by IDT.

E14 samples were prepared as described above, and 18 rounds of sequential imaging were performed to cover 50 genes mRNAs
and introns of 1,000 gene. For the first 12 rounds, after imaging, fluorophores (Alexa 647, Alexa 594 or Cy3B) in dye-conjugated
readout probes were removed by TCEP cleavage (Sigma-Aldrich 646547; Eng et al., 2017). For the next 6 rounds, readout probes
were stripped off using 70% formamide as described above. After cleaving or stripping off the probes at each round, one position
was imaged to confirm the loss of signals. Two genes (Sfrp2 and Dnmt3l) were excluded from the analysis due to the poor signal.

Samples were imaged in the anti-bleaching buffer with the microscope (Leica DMi8 automated) equipped with a confocal scanner
unit (Yokogawa CSU-W1), a sCMOS camera (Andor Zyla 4.2 PLUS), 40x oil objective lens (Leica NA 1.30), and a motorized stage (ASI
MS2000). Lasers from CNI and filter sets from Semrock were used. Snapshots were acquired with 0.5 um z steps.

Single-Cell Pulse Chase

Cells were plated on coated coverslips at about 50% confluency, and incubated for two hours before any treatment. Then cells were
treated with 100 ng/ml Actinomycin D (Thermo Fisher Scientific 11805017) at 37°C for 30 minutes, followed by 30 minutes incubation
for the “pulse” with final concentration of 2 mM 5-ethynyl uridine (5-EU) (Thermo Fisher Scientific E10345) and 100 ng/ml Actinomycin
D to prevent the 5-EU incorporation into transcripts from RNA polymerase I. The cells were then incubated with fresh culture medium,
and incubated for the “chase” for the following time: 0, 0.5, 1, 1.5, 2, 3 and 4 hours. Note that samples for the 0 time point chase were
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immediately proceeded to the cell fixation step. After the particular chase time, the cells were fixed with 4% formaldehyde in 1x PBS
at room temperature for 10 minutes, and permeabilized in 70% ethanol at —20°C more than overnight or at room temperature for
several hours. Intron FISH experiments were first performed with the 1000 gene intron probes by targeting 5’ and 3’ end of the primer
binding sites with fluorophore-coupled (Alexa 488) readout oligos to image 1000 gene introns in a single channel. Note that intron
probes were not cut by the restriction enzymes for these experiments to preserve the common PCR primer sequences, which
were targeted by readout oligos for imaging. The sample preparation conditions are described in the intron seqFISH section.

Following the intron FISH, 5-EU labeling was performed to the same samples in order to visualize global transcripts during the pulse
time by using click chemistry (Jao and Salic, 2008). The Click iT RNA Alexa 594 Imaging Kit (Thermo Fisher Scientific C10330) was
used according to the manufacturer’s instruction, and the samples were incubated with the reaction mixture for one hour at room
temperature in dark. The reaction mixture was then removed and the samples were washed once with a reaction rinse buffer, fol-
lowed by 1x PBS wash for a few times. Afterward, the samples were stained with DAPI and imaged under the condition below.

The Hes1 immunofluorescence and 5-EU single-cell pulse chase experiments were performed similarly. Immunofluorescence
preparation and imaging were first performed with the immunofluorescence method described above. Primary antibodies and the
dilution used were anti-HES1 (E-5) (Santa Cruz sc-166410) (1:100) and anti-Phospho-Histone H3 (Ser10) (Thermo Fisher Scientific
PA5-17869) (1:100). Secondary antibodies and the dilution used were Donkey anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Second-
ary Antibody, Alexa Fluor 488 (Thermo Fisher Scientific A-21206) (1:500), and Donkey anti-Mouse IgG (H+L) Highly Cross-Adsorbed
Secondary Antibody, Alexa Fluor 647 (Thermo Fisher Scientific A-31571) (1:500). After immunofluorescence labeling, samples were
post-fixed with 4% formaldehyde in 1x PBS at room temperature for 5 minutes, and washed several times with 1xPBS. Following this
step, 5-EU labeling and imaging were performed as described above.

Samples were imaged in the same setup as described in Intron FISH and non-barcoded mRNA segFISH section. Snapshots were
acquired with 0.5 um z steps for more than 10 positions per sample of each time point. Samples from multiple time points were
imaged on the same day and those samples were imaged with random orders.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image Processing

To remove the effects of chromatic aberration, 0.1 um TetraSpeck beads’ (Thermo Scientific T7279) images were first used to create
geometric transforms to align all fluorescence channels. Next, the background illumination profile of every fluorescence channel was
mapped using a morphological image opening with a large structuring element. These illumination profile maps were used to flatten
the illumination in post-processing resulting in relatively uniform background intensity and preservation of the intensity profile of fluo-
rescent points. The background signal was then subtracted using the imagej rolling ball background subtraction algorithm with a
radius of 3 pixels. Finally, the calculated geometric transforms were applied to each channel respectively.

Image Registration

Each round of imaging included imaging with the 405 channel which included the DAPI stain of the cell along with 200 nm blue fluo-
rescent (365/415) beads (Thermo Scientific F8805). Rounds of hybridization that belonged to a single barcoding round were first
aligned by 3D phase correlation. Once all 5 barcoding rounds were all internally aligned, each barcoding round was aligned to round
1 using the same method.

Cell Segmentation

For nuclear segmentation, the DAPI image was first blurred using a 2D Gaussian blur with a sigma of 1 pixel. The ImagedJ built in Li
thresholding algorithm was then used to separate out nuclear regions from background. Finally, to demarcate individual nuclei, the
thresholded image was run through a watershed algorithm. The subsequent segmentation results were manually curated and cor-
rected to obtain a final accurate segmentation of images. For cytoplasmic segmentation, the segmentation was performed manually
using ImagedJ’s ROI tool.

Barcode Calling

The potential intron signals were then found by finding local maxima in the image above a predetermined pixel threshold in the regis-
tered images. Once all potential points in all channels of all hybridizations were obtained, dots were matched to potential barcode
partners in all other channels of all other hybridizations using a 2.45 pixel search radius to find symmetric nearest neighbors in
3D. Point combinations that constructed only a single barcode were immediately matched to the on-target barcode set. For points
that matched to construct multiple barcodes, first the point sets were filtered by calculating the residual spatial distance of each po-
tential barcode point set and only the point sets giving the minimum residuals were used to match to a barcode. If multiple barcodes
were still possible, the point was matched to its closest on-target barcode with a hamming distance of 1. If multiple on target barc-
odes were still possible, then the point was dropped from the analysis as an ambiguous barcode. This procedure was repeated using
each hybridization as a seed for barcode finding and only barcodes that were called similarly in at least 4 out of 5 rounds were used in
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the analysis. The number of each barcode was then counted in each of the assigned cell volumes and transcript numbers were as-
signed based on the number of on-target barcodes present in the cell volume. Allimage processing and image analysis code can be
obtained upon request.

Image Analysis for Distance from Chromosome Surface

The images were initially processed similarly to the intron barcoding images. Multiple rounds of imaging were aligned by cross-cor-
relation of the DAPI counterstain image of the cells taken with each round of imaging. The edges of the chromosome were found by
thresholding the chromosome paint signal to remove all background signal. The perimeter pixel of each thresholded object was then
determined. Next the intron dots were identified by LOG filtering and picking local maxima in the LOG filtered image above a specified
threshold as a true positive point. The distance between these putative intron points and the perimeter points of the chromosome
were determined first in pixels and then converted to micron distance values based on pixel size calibration. Intron points from chro-
mosome 1, 2 and 11 were also assigned to the nearest chromosome 19 surface in the same single cells, shown as shuffle controls
(Figure S3B).

Image Analysis for Single Cell Pulse Chase

The images were initially processed similarly to the intron barcoding images. Once the corrected images were obtained, the back-
ground intensity in the pulse (click signal) experiments was removed to isolate click dye specific signal. The click images were then
maximum intensity projected in the Z axis to remove the effects of 3 dimensional variation in nuclear shape. The mean intensity per
voxel was then calculated to obtain a representative numerical value for instantaneous transcription as measured by the pulse phase
of the experiment. The intron number per nuclei was determined by finding dots using the same algorithm outlined in the “Image
Analysis for Distance from Chromosome Surface” and then counting the number of true positives found. This number was then
normalized by the volume of the nuclei of the cell. Immunofluorescence analysis was performed the same as the click signal analysis
above. The Pearson correlation value and 95% confidence intervals were calculated for each time point using these two normalized
values per cell. Two time points (t = 90 min in replicate 1 and t = 30 min in replicate 2) were dropped due to the misalignment of the
Hes1 and 5-EU images. For the binning analysis of the pulse chase experiments, cells were divided into quarters based on nuclear
volume normalized 5-EU signals, and then normalized intron counts in individual subpopulations were compared at each time point.

Image Analysis for Colocalization Quantification

Image correlation analysis was performed using custom ImagedJ macros using MATLAB codes with Miji function. Nuclei were
segmented using the ImageJ Auto Threshold and ROI tool. The background of each channel image except DAPI channel was sub-
tracted using Imaged’s rolling ball background subtraction algorithm with a radius of 3 pixels. Images were then z projected with
maximum intensities. Intensities in each channel and nucleus were converted to 1D array of sum intensities of 2x2 pixels with removal
of nucleolus pixels. Then Pearson correlation coefficient per nucleus between two images was computed based on the arrays.

Chromosome contact frequency analysis

First, distances between all pairs of the TASs in single cells were calculated. The pairwise contact frequency is determined by the
number of times two active loci are found within 0.1, 0.25, 0.5, 1 and 2 um of each other. Each pixel in xy corresponded to
103 nmin the 10,421 gene experiment, as it was performed with a 63x objective and a camera with pixel size of 6.5 um. Each pixel
in Z corresponded to 350 nm steps in the z sectioning on a confocal microscope. To calculate the interchromosomal contact fre-
quency (Figure 3F), for a given pair of chromosomes, interactions between all gene pairs belonging to the two chromosomes
were summed and then normalized by the expected frequency of appearance of the gene pairs, and summed over all gene pairs
for each pair of chromosome interactions, shown in (Figure 3B). For the heatmap of pairwise gene interaction (Figure 3B), normalized
contact frequencies were shown for all cells in G1/S phase.

Hi-C data was taken from Dixon et al., 2012 at 40 kb resolution and selecting only the positions that corresponded to the first intron
probe. To compute the burst size and burst frequency distribution as a function of distance to TAD boundary, we take the nearest
distance from the first intron probe of a gene to a TAD boundary (defined from Dixon et al., 2012), and averaged the burst size and
frequency over all the genes for a particular distance bin. For the randomize data, we reshuffled the distance to TAD boundary and the
burst statistics for all genes for 100 trials.

Simulations

Using the experimentally determined burst frequencies in the 10,421 seqFISH experiment, we simulated the intron expression pro-
files of 188 cells assuming that each gene was bursting independently and randomly. We sampled from Poisson distribution for each
gene for all the cells. The total intron per cell distribution obtained from this simulation is plotted in Figure 5A, as a comparison to the
experimentally determined distribution for 188 cells in G1/S phase and within a cell size window (12,000-16,000 pixel"2).
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Principal component analysis (PCA)

For Figure 4A, we first calculated the cell to cell correlation matrix using the 10,421 gene intron seqFISH data. Each cell’s intron levels
were normalized by the total intron numbers per cell. The PCA analysis was performed on the cell-to-cell correlation matrix. All cells
from 4 datasets were used in this analysis regardless of cell cycle phases.

For Figure 4B, we use bootstrap to downsample the number of genes from the 10,421 intron experiment for mESC serum repli-
cates, mESC 2i and NIH 3T3 cells. We draw a given number of genes (100, 200 to 10,000 genes) randomly for 100 trials in each data-
point for all the cells. We then computed the cell-to-cell correlation matrices at each datapoint as above and hierarchically clustered
the correlation matrices into 8 clusters (twice the number of datasets). The number of cells that falls into the 8 clusters from each of the
4 datasets was tabulated. To determine how much cells in different datasets fall into the same 8 clusters, we calculated the corre-
lation coefficient of the cell clustering vector between pairs of datasets. The separation index is 1 minus this correlation coefficient.
The separation indices are then computed for all bootstrap datasets for Figure 4B.

For Figure 4C, we first combined the mESC serum (replicate 1), 2i and NIH 3T3 dataset, and Z-score normalized the combined
dataset. We selected G1/S cells and within a FOV window to minimize variation due to cell cycle or illumination differences. We
then clustered the genes with hierarchical clustering (Figure S4A) and selected the clusters showing introns upregulated in one of
the three cell types/states, but downregulated in the other 2 cell types. PCA is performed on the gene-to-gene correlation matrix
of these differentially expressed genes.

DATA AND SOFTWARE AVAILABILITY

MATLAB code for barcode calling and all image analysis steps: https://github.com/CaiGroup/Intron-SeqgFish
Raw data of TAS counts and mRNA counts used in the analysis presented in this article can be found in Table S1.
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Figure S1. Schematic and Validation of the Intron seqFISH, Related to Figure 1

(A) Detail primary probe design schematics for intron seqFISH experiments. Each gene is targeted by 25 primary probes with 35-nt gene specific sequence
complementary to the intron region, four 15-nt barcode sites (a, b, ¢, d), 20-nt PCR primer binding sites and nucleotide spacers. Each barcode site (a, b, c, d)
corresponds to one of the five barcoding rounds (I, II, Ill, IV and V). The 5 rounds of barcodes are distributed over 25 primary probes for each gene, such that each
probe contains 4 barcode sites.

(B) Schematic illustration of hybridization, stripping and re-hybridization of readout probes per one gene over 5 rounds of barcoding rounds. In each barcoding
round, barcode sites (g, b, ¢, d) of the barcoding round (I, II, lll, IV or V), are read out by a readout probe conjugated with one of the fluorophores (Alexa 647, Cy3B
or Alexa 488). After imaging, readout probes are stripped off by 55% formamide solution, while primary probes remain bound to intron sequences due to longer
probe length and higher DNA-RNA affinity.

(C) Representative image of one of the channels (hyb1 channel 1; left) and its repeat after 20 rounds of hybridizations (hyb21 channel 1; middle) using the same
readout probes as hyb1 channel 1. Merged image (right) shows many colocalized spots (white) between those two images (green and magenta), showing the
robustness of the intron seqFISH protocol over 20 rounds of hybridizations without significant decrease of the signals.

(D) Comparison of 10,421 gene intron seqFISH (n = 314 cells) and RNA-seq FPKM values with Pearson correlation coefficient of 0.40.

(E) Comparison of 34 gene intron smFISH (n = 446-480 cells) and RNA-seq FPKM values with Pearson correlation coefficient of 0.63. Following 34 genes were
used for this validation (Akt1s1, Fam120c, Pou5f1, Igfir, Ap1s2, Lmx1a, DIg2, Dock11, Scamp1, Wnt11, Mbtps2, Dnmt3b, Pdha1, Acsl4, Pgk1, Echdc3, Chm,

(legend continued on next page)



Mras, Esrrb, Prrg1, Ric3, Sall4, Zfp42, Sox6, Src, Fgf1, Dusp8, lI6st, Dennd4c, 4933407K13Rik, Tet1, Zfp516, Eef2). Note that DIg2 intron spots were not detected

in our mESC population measured.
(F) Fano factors as a function of mean burst frequency plotted for each gene in the 10,421 gene intron seqFISH using G1/S phase E14 cells grown in serum/LIF (n =

257 cells). Most genes have Fano factors close to unity. RNA-seq data from Antebi et al., (2017).
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Figure S2. Intron Localization Relative to Nuclear Bodies, Related to Figure 2

(A) Representative images showing intron spots from the Alexa 647 channel in the first hybridization of the 10,421 gene intron seqFISH (green), IncRNAs by
IncRNA seqFISH (magenta) and nuclear stain by DAPI (blue) in mESCs. Images are a single confocal section. Introns are not necessarily colocalized with IncRNAs
investigated here.

(B) Representative images showing intron spots, polyA FISH, SC35 immunofluorescence, and nuclear stain by DAPI. Scale bars (A, B), 5 um.

(C) Distributions of localization correlation scores (Pearson correlation coefficient) in single cells (n = 437 nuclei). Solid lines display density plots and dashed lines
indicate median correlation scores from our data. Note that Rex1 (mMRNA FISH) & SC35 correlation score represents baseline correlation.
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Figure S3. Spatial Organization of TASs and Chromosome Territories, Related to Figures 2 and 3

(A) Representative confocal images of a single z section showing intron FISH targeting genes from individual chromosomes, DNA FISH targeting corresponding
coding regions and chromosome paints in MESC nuclei stained by DAPI. Intron FISH probes targeting 736 genes, and DNA FISH probes targeting 380 genes in
chromosome 11 are used. White arrow represents introns looped away from their core CT boundaries. Panel on the right displays quantified fluorescence in-
tensity of the intron FISH, DNA FISH and chromosome paint along the yellow line within a single z section. Solid black arrow shows overlapped pattern between
intron and DNA FISH peaks while dashed black arrow shows chromosome paint peak.

(legend continued on next page)



(B) Violin plots showing the distance distribution of TASs relative to their chromosomal territory (CT) edge in mESC nuclei (n = 2880, 4609, 7372 and 1296 spots
from 312, 301, 330 and 217 cells respectively) for chromosome 1, 2, 11 and 19 (intron probes targeting 77, 86, 79, and 30 genes on their chromosomes,
respectively). Much larger displacements are observed if the introns and chromosome territories are scrambled (i.e., calculating distance from chromosome 1
introns to chromosome 19 CT). ****, significant with Wilcoxon’s rank sum test (p < 0.0001).

(C) Representative confocal images from a single z section showing loci looped away from their core CTs, imaged by DNA FISH (cyan) and intron FISH (red)
targeting Ppp3r1 along with chromosome paint (yellow) in mESC nuclei (blue). DNA FISH spot confirms that coding genomic regions are looped away from the
core CTs and is colocalized with intron FISH spot. Signals outside nuclei (dashed white lines) are not shown for visual clarity (A, C).

(D) For the 8 genes measured individually by DNA FISH (Phlpp1, Nck2, Irs1, Hdac4, Adoral, Parp1, Gli2 and Abl2 from left to right) shown in Figure 2G, the
distance distributions from the CT surface are shown as a function of mean burst frequency for each gene measured. The mean and standard deviation are shown
in the plot. In total, 480-1016 DNA FISH spots were analyzed in 406-563 cells per gene.

(E) Chromosome paints of 4 chromosomes (green: chromosome 1, yellow: chromosome 2, red: chromosome 11 and purple: chromosome 19) in mESC nuclei
(blue). The image is shown as a maximum projection of z stacks. Regions with pairs of chromosomes are intermingled are shown with white arrows. Scale bars (A,
C,E), 5 um.

(F) Comparison of mean number of TASs contacts (all, intra-chromosomal and intra-TAD contacts) per cell as a function of searching radius, reflecting the spatial
proximity of those contacts. Inter-chromosome contacts account for greater than 80% of the contacts for all search radius examined (n = 420 cells).

(G) Concordance between the heatmaps of normalized contacts from intron seqFISH (upper right) and Hi-C (lower left) are shown for 624 genes (left) and 29 genes
(right) as a zoomed-in view of the gray box in chromosome 7. Cyan boxes represent individual TADs assigned to each gene. Mean burst frequency of each gene is
visualized above the contact heatmaps.

(H) Histogram showing the fraction of intrachromosomal contacts relative to total number of contacts in single cells (n = 420 cells).
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Figure S4. Intron seqFISH Enables Nascent Transcriptome Profiling across Different Conditions and Cell-Cycle Phases, Related to Figure 4
(A) Hierarchical clustering of G1/S phase cells in the 10,421 intron seqFISH experiment (E14 cells grown in serum/LIF and 2i, and NIH 3T3 cells) with heatmap for
the number of TASs for each gene normalized by z-score and clustering dendrogram of genes shown next to the heatmap. Different cells grown in different
conditions are clustered together, and each condition has enrichment of a set of genes. Detail lists of the differentially expressed genes are in Table S2.

(B and C) Differential expression of genes between two different conditions (B, E14 cells grown in serum/LIF versus 2i; C, E14 cells grown in serum/LIF versus NIH
3T3 cells). p values were computed using single cell dataset of each condition with Wilcoxon’s rank sum test. Top candidate genes for differential expression are
labeled with gene names.

(D) Comparison of changes in mean burst frequency and size between E14 cells grown in serum/LIF and NIH 3T3 cells. Linear regression line with 95% confidence
interval is overlaid. Changes in both mean burst frequency and size are generally correlated.

(E) Representative images of cells at different cell cycle phases (G1/S, G2 and M) as determined by H3S10 phosphorylation immunofluorescence (green). The
images are shown as a maximum projection of z stacks. Scale bars, 5 pm.

(F) Cell cycle phases in mESCs (replicate 1, n = 314 cells; replicate 2, n = 382 cells), defined by H3S10 phosphorylation immunofluorescence.

(G) Comparison between nuclear volume and total intron counts per cell decoded by the 10,421 gene intron seqFISH. Cells at different cell cycle phases are
displayed with different colors.

(H) Violin plots showing the distribution of nuclear volume (left), total number of introns per cell (middle) and Aurka counts per cell (right) across different cell cycle
phases. We calculated nuclear volume by raising nuclear area, which were measured by DAPI signal, to the 3/2 power. Known G2/M phase marker gene, Aurka, is
used as a positive control, showing the increase of expression levels at G2 and M phases compared to G1/S phases.

(l) Coefficient of variation (CV) of the intron numbers per cell in each cell cycle phase in mESCs. Error bars represent s.e.m. between replicates.
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Figure S5. Intron seqFISH and Single-Cell Pulse Experiments Show Dynamic Heterogeneity of Nascent Transcription Activity, Related to
Figure 5

(A) Distribution of the cytoplasmic polyA densities per cell detected by LNA dT probes.

(B) Violin-plots of 5-EU click fluorescence intensity show heterogeneity among cells across different time points in the pulse chase experiment with E14 cells
under serum/LIF.

(C) Biological replicate of intron pulse chase experiments with E14 cells grown in serum/LIF condition. At each time point, 533-1081 cells were analyzed.

(D) An alternative method for analyzing the pulse chase data. Cells are binned according to the 5-EU intensity and the intron density distribution is plotted for each
bin. The mean and standard deviation for the intron (vertical bar) and 5-EU intensity (horizontal bar) are shown in each plot. Different plots represent different time
points in the pulse chase experiments. Data from E14 cells grown in serum/LIF, in 2i and NIH 3T3 cells are shown in blue, red and yellow, respectively.

(E) The slopes of each plot (D) are extracted and shown as a function of time. Shaded regions represent standard error.

(F) Confocal images with maximum intensity z projection of 5-EU signals detected by click linkage to an azide-dye, and 1,000 gene introns in single NIH 3T3 cells
shown for three time points. Both methods reflect the heterogeneity of nascent transcription states at different time points.
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Figure S6. mRNA seqFISH and Intron FISH Measurements Reveal Correlation between Global Nascent Transcription and Hes1 Dynamics,
Related to Figure 6

(A and B) Distributions of raw counts per cell (A) and z-scores (B) for 1,000 gene introns and 48 mRNAs involved in pluripotency, signaling pathway and other
processes detected by non-barcoded segFISH (n = 605 cells).

(C) Comparison of Bulk RNA-seq (Antebi et al., 2017) and non-barcoded mRNA seqFISH with 48 genes. Pearson correlation coefficient R = 0.92.

(D) Histogram of G2/M marker Aurka mRNA counts per cell. Cell cycle phases were determined by Aurka mRNA counts based on Figure S4 results.

(E) Heatmaps showing Pearson gene-to-gene correlation coefficients between 1,000 gene total introns and 47 mRNAs with G1/S and G2/M phase cells
determined by Aurka mRNA counts per cell. Correlation coefficients were computed after FISH count normalization with Eef2 counts per cell. The gene cluster
(Red boxes; 1,000 gene total introns, Hes1, Stat3 and Socs3) is observed even after separating the cell cycle phases showing the gene-to-gene clusters are
robust. Color bars represent Pearson correlation coefficient values.

(F) Heatmap showing hierarchical clustering of cells using z-scores of the 1,000 gene total introns and mMRNAs. Cells were divided into five subpopulations (cell
cluster 1-5) based on the clustering of cells. Cluster 1-5 consist of 42, 128, 66, 133 and 236 cells, respectively.

(G) Kernel density estimation plots showing gene expression distributions. Cells were divided into five subpopulations (cell cluster 1-5) based on hierarchical
clustering (F).

(H) Heatmaps showing Pearson gene-to-gene correlation coefficients between total introns from 10,421 genes with mRNAs in E14 cells grown in serum/LIF (top)
and 2i (bottom) conditions. Correlation coefficients were computed after mRNA FISH count normalization with Eef2 counts per cell.

(I) Comparison of the mean copy number of the mRNAs of mESCs in serum/LIF versus 2i. Differentially expressed genes are labeled. Hes1 is 2-fold upregulated in
2i compared serum cells, while DII1 and Gadd45 g are almost 10-fold repressed, suggesting that upregulation of Hes1, a repressor, can be linked to the sup-
pression of oscillations in 2i conditions.

(J) Comparison of the mean burst frequencies for 10,421 genes in G1/S phase E14 serum/LIF cells with high total number of introns (y axis) versus the cells with
low total number of introns (x axis). On average, all genes are upregulated in the high total intron cells compared to the the low intron total cells, suggesting that
nascent transcriptome is modulated global.

(K) Single cell Hes1 pulse chase experiment of the biological replicate 1 (Figure 6C) subdivided into two cell cycle phases still show 2 hour oscillations. Dashed
black lines show traces from all cells. Cell cycle phases were determined by H3S10 phosphorylation immunofluorescence intensity. Shaded regions represent
95% confidence intervals.



