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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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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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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)

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









-0.8

Pearsonr>
L o o o
| s 88 %
=
HHFE—;I ?
| |
|

Pluripotency factors in
mESCs

Hes1, FGF,
STAT3/SOCS3
signaling

jnirons €—— 1,000 gene introns
Stat3
Socs3

Stmn2
Myc

Carm1
‘I]in28a

un
DIl
Dnmt3a
Gadd45g
Otx2
Dnmt3b
Leftzv1
LinZ8b

Differentiation
DNA methylation

(9]

0.6

Biological rep. 1

1d2
Zfp352
Fos
Rhox6

Biological rep. 2

0.4 -

0.2

Correlation coefficient

0.0 T

0.6

0.4 A

Correlation coefficient

o

60

T

120
Time (min)

T

180

T T

60 120
Time (min)

180

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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