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SUMMARY

mRNA is thought to predominantly reside in the
cytoplasm, where it is translated and eventually
degraded. Although nuclear retention of mRNA has
a regulatory potential, it is considered extremely
rare in mammals. Here, to explore the extent of
mRNA retention in metabolic tissues, we combine
deep sequencing of nuclear and cytoplasmic RNA
fractions with single-molecule transcript imaging in
mouse beta cells, liver, and gut. We identify a wide
range of protein-coding genes for which the levels
of spliced polyadenylated mRNA are higher in the nu-
cleus than in the cytoplasm. These include genes
such as the transcription factor ChREBP, Nirp6,
Glucokinase, and Glucagon receptor. We demon-
strate that nuclear retention of mMRNA can efficiently
buffer cytoplasmic transcript levels from noise that
emanates from transcriptional bursts. Our study
challenges the view that transcripts predominantly
reside in the cytoplasm and reveals a role of the nu-
cleus in dampening gene expression noise.

INTRODUCTION

The life course of MRNA begins with transcription, splicing, and
processing, which generally occur at the nuclear sites of tran-
scription, and ends with cytoplasmic translation and degrada-
tion. Nuclear export of mMRNA is considered a transient phase,
lasting only a few minutes in mammalian cells (Oeffinger and
Zenklusen, 2012; Shav-Tal et al., 2004; Vargas et al., 2005), a
negligible time compared to the other phases. Recent studies
applied deep sequencing of RNA from cellular fractions to iden-
tify RNA molecules that are retained in the nucleus (Bhatt et al.,
2012; Djebali et al., 2012; Pandya-Jones et al., 2013; Tilgner
et al., 2012). These, however, predominantly included long
non-coding RNA (IncRNA), such as Xist, Malat1, and Neat1; hy-
per-edited mRNA (Chen and Carmichael, 2009); or incompletely
spliced mRNA (Boutz et al., 2015; Shalgi et al., 2014) rather than
mature protein-coding mRNA. Though rare examples exist for
nuclearly retained transcripts (Prasanth et al., 2005), a global pic-
ture of MRNA nuclear retention in mammalian tissues is lacking.
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Here, to explore the extent and possible roles of nuclear
mRNA retention, we combined deep sequencing of RNA
from nuclear and cytoplasmic fractions with single-molecule
transcript imaging in intact mouse tissues. Surprisingly, we
found a wide range of spliced polyadenylated protein-coding
mRNA, which are nuclearly retained for the majority of their
lifetime. These include Glucokinase and Glucagon receptor
in beta cells; NIrp6 in the liver; and, most strikingly, the tran-
scription factor MIxipl, also known as ChREBP, the tran-
scripts of which are highly retained in nuclear speckles in
liver, beta cells, and intestinal tissue. We developed a sin-
gle-molecule in situ technique to quantify nuclear mRNA life-
times and found that the transcripts of these genes can
spend hours in the nucleus before being exported to the
cytoplasm.

To study the potential role of nuclear retention, we analyzed its
impact on fluctuations in cytoplasmic mRNA levels. Mammalian
genes are transcribed in bursts (Larson et al., 2011; Darzacq
et al., 2007; Suter et al., 2011; Bahar Halpern et al., 2015; Dar
et al., 2012; Senecal et al., 2014), leading to temporal fluctua-
tions in cellular mRNA levels and variability among identical cells
(Blake et al., 2003; Eldar and Elowitz, 2010; Golding et al., 2005;
Kaern et al., 2005; Maheshri and O’Shea, 2007; Paulsson, 2004;
Raj and van Oudenaarden, 2008). We demonstrate theoretically
and experimentally that nuclear retention can effectively buffer
these fluctuations, facilitating lower variability in cytoplasmic
mRNA.

RESULTS

RNA Sequencing of Cell Fractions Reveals Broad
Nuclear Localization of mRNA in Beta Cells and Liver

To obtain a genome-wide catalog of genes in mammalian meta-
bolic tissues that are potentially nuclearly retained, we ex-
tracted nuclear and cytoplasmic fractions from MIN6 pancreatic
beta cell line (Miyazaki et al., 1990) and mouse liver
and performed whole-transcriptome RNA sequencing (RNA-
seq). We used single-molecule fluorescence in situ hybridization
(smFISH) (Bahar Halpern et al., 2015; Itzkovitz et al., 2011; Lyubi-
mova et al., 2013) of representative genes to convert the number
of reads to estimates of cytoplasmic and nuclear mRNA
numbers per cell (Tables S1 and S2). Our analysis revealed
that most genes had more transcripts in the
cytoplasm compared to the nucleus in MIN6 cells (mean
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cytoplasm/nucleus = 3.8 + 0.05, Figure 1A). Examples include
the insulin genes Ins1 (cytoplasm/nucleus = 13.2 + 4.6)
and Ins2 (cytoplasm/nucleus = 10.2 + 0.45), as well as house-
keeping genes such as beta-actin (Actb, cytoplasm/nucleus =
10.6 £ 1.1).

A substantial fraction (30%) of the genes in MING cells, however,
had equal or higher levels of mMRNA in the nucleus. These genes
included the IncRNAs Malat1 (cytoplasm/nucleus = 0.33 + 0.27)
and Neat1 (cytoplasm/nucleus = 0.11 = 0.02), as well as
small nucleolar RNA (snoRNA; Weinstein and Steitz, 1999;
Figure S1C). Interestingly, they also included key protein-
coding genes such as Glucokinase (Gck, cytoplasm/nucleus =
0.29 + 0.12), Glucagon receptor (Gcgr, cytoplasm/nucleus =
0.53 + 0.46), and the transcription factor Mixipl, also known as
ChREBP (cytoplasm/nucleus = 0.05 + 0.004; Herman et al.,
2012; Postic et al., 2007; Uyeda and Repa, 2006; Figure 1A).

We next performed RNA-seq of nuclear and cytoplasmic frac-
tions of liver cells isolated from mice (Figure 1B). Here, as well,
we found that the majority of genes had predominantly cyto-
plasmic mMRNA (mean cytoplasm/nucleus = 6.5 + 1.3). As in
MING cells, however, a non-negligible 13.1% of protein-coding
genes had more mRNA in the nucleus compared to the cyto-
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some of the nuclear genes identified in (A) using
smFISH. Images are maximum projections of 20
optical sections spaced 0.3 um apart.

(D) Validation in intact liver frozen sections of some
of the nuclear genes identified in (B) using smFISH.
Images are maximum projections of eight optical
sections spaced 0.3 um apart. Scale bars, 5 um (C
and D). See also Figures S1 and S2.

plasm. Notably, Mixipl was nuclearly re-
tained in this tissue as well (cytoplasm/nu-
cleus = 0.38 + 0.01; Figure 1B). Another
notable nuclear gene was the inflamma-
some component nucleotide-binding olig-
omerization domain protein-like receptor
6 (NIrp6; Anand et al., 2012; Elinav et al.,
2011; Strowig et al., 2012; cytoplasm/nu-
cleus = 0.41 + 0.03; Figure 1B).

To validate the nuclear enrichment, we
imaged individual mRNA molecules of
representative genes in primary pancreatic
islets and in liver frozen sections using smFISH (Figures 1C and
1D). This revealed the absolute numbers and intra-cellular local-
izations of the transcripts of interest, clearly demonstrating that
transcripts of Gck, Gegr, NIrp6, and Mixipl were indeed substan-
tially more numerous in the nucleus compared to the cytoplasm.

We used the RBPmap tool (Paz et al., 2014) to identify
several putative target sites for known RNA-binding proteins
in the 3" UTR of the most nuclearly retained genes in both liver
and MIN6 (Figure S2A; Table S4). Moreover, the 3’ UTR se-
quences of the nuclearly retained genes exhibited common
sequence motifs that were not identified in a size-controlled
group of the most cytoplasmic genes (Figure S2B). While genes
with higher nuclear mRNA were enriched in IncRNA and
snoRNA (Figures S1B and S1C; p < 0.001), the vast majority
of genes with nuclear mRNA were protein-coding genes (Fig-
ure S1A). The median intron splicing efficiency for the nuclear
mRNAs was >95% (Figure S1D; Table S3), and only 20% of
the nuclear liver genes we identified have been shown to
have intron detention (Boutz et al., 2015). Thus, our analysis re-
vealed that a substantial fraction of genes in liver and MING
cells have higher levels of spliced, polyadenlyated mRNA in
the nucleus than in the cytoplasm.
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Single-Molecule Transcript Imaging Reveals Increased
Nuclear Retention for Key Protein-Coding Transcripts
Nuclear localization of mRNA does not necessarily imply
increased nuclear lifetime, namely, low export rate of mRNA.
High transcription rates combined with high cytoplasmic
mRNA degradation rates can give rise to large numbers of nu-
clear mRNA and low numbers of cytoplasmic mRNA, even
when nuclear export rate is high. To understand this effect, we
considered a simple mathematical model describing the dy-
namics of nuclear (X) and cytoplasmic (Y) mRNAs. In this
model, nuclear mRNA is produced at rate (, exported from the
nucleus at rate A, and degraded in the cytoplasm at rate 6 (we
considered only properly spliced mRNA for which nuclear degra-
dation rate is negligible; Garneau et al., 2007).

aX/dt=8— 21X (Equation 1)

dy/dt=21-X —6-Y (Equation 2)
Equations 1 and 2 yield the following results for the levels of nu-
clear and cytoplasmic mRNAs at steady state (X, Yst):

Xst=8/A (Equation 3)

Yse=6/0 (Equation 4)

Equations 3 and 4 indicate that the ratio between the amount
of mRNA in the nucleus and that in the cytoplasm equals the ratio
of the rates of cytoplasmic degradation and nuclear export
(Xst/Yst=0/2). The amount of nuclear mRNA at steady state
(Xst) increases with increasing transcription rates (8) and de-
creases with increasing export rate (1). The ratio of transcription
rate and total nuclear mRNA levels can thus be used to estimate
nuclear export rates (A= 8/Xs).

To quantify nuclear export rates in situ, we developed a
method to jointly quantify transcription rates (8) and total nuclear
mRNA (Xs) (Figure 2A). We designed pairs of smFISH probe li-
braries targeting the introns and exons of the genes of interest
and coupled them to two spectrally resolvable fluorophores,
enabling quantification of the transcription rates, 8 (Figure 2A;
Supplemental Experimental Procedures). We also counted the
total number of MRNA molecules in the nucleus (Xs;) and used
Equation 3 to extract the nuclear exportrate (1= 3/Xst). Similarly,
we counted the number of cytoplasmic mRNA and used Equa-
tion 4 to extract the cytoplasmic degradation rate (6=08/Yst).

To validate our estimates of nuclear export rates, we sought
to measure the temporal decline in nuclear mRNA following
cessation of transcription. In such cases, nuclear mRNA should
exponentially decline at rate A. Since actinomycin D treatment
on primary hepatocytes caused extensive perturbation to cellular
physiology, we reverted to measure G6pc, a gene that is highly
expressed in fasting mice but rapidly shuts down upon refeeding
(Bahar Halpern et al., 2015). Indeed, we observed complete shut-
down of transcription upon refeeding, as evident by the lack of
double-labeled intronic-exonic nuclear dots at 15 and 30 min (Fig-
ures 2B and 2D). Nuclear mRNA diluted at a rate of 5.3 +
1.24 hr~', consistent with our estimates of 1 =4.99 + 0.99 hr~" ob-
tained from in situ measurements of mice at the fasting state (Fig-

ure 2E). Similarly, our estimates of degradation rates were within
15% error of the validated values (Bahar Halpern et al., 2015).

We next applied this methodology to representative liver
genes (Figure 2F; Table S5). Most export rates were higher
than the cytoplasmic degradation rates, and they conformed
to previous estimates of nuclear lifetimes of a few minutes.
Notably, however, NIrp6 and Mixipl had substantially longer
nuclear lifetimes of 1.98 + 0.96 hr for NIrp6 and 0.75 + 0.37 hr
for MIxipl. The nuclear export rates of Mixipl and Nirp6 were
also substantially lower than their cytoplasmic degradation
rates (cytoplasmic lifetimes were 0.85 + 0.4 hr for NiIrp6 and
0.18 + 0.09 hr for Mixipl). For these genes, mRNA spends
more time in the nucleus than in the cytoplasm.

Nuclear Localization of Mixipl and Nirp6 mRNA in
Diverse Tissues and Metabolic Conditions

Next, we turned to characterize the patterns of nuclear mRNA
localization for Mixipl and NIrp6, two of the most prominent nu-
clear genes we uncovered. MIxipl encodes the ChREBP tran-
scription factor, a key regulator of lipogenic and glycolytic genes
in metabolic tissues (Herman et al., 2012; Postic et al., 2007;
Uyeda and Repa, 2006). We found that Mixipl mRNA was pre-
dominantly nuclear in liver, intestine, and beta cells (Figure 3),
as well as in different metabolic conditions, such as after intra-
peritoneal (i.p.) injection of glucose or insulin and following a
high-fat diet (HFD) (Figure S3A). As controls, we measured the
genes Pck1 and Actb in the liver and the gene Sic2a2 (also
known as Glut2) in the intestinal epithelium. Unlike Mixipl, these
genes had substantially higher mRNA concentrations in the cyto-
plasm compared to the nucleus (Figure 3).

To examine whether nuclear retention of Mixipl could be regu-
lated by external conditions, we applied diverse stimuli on MING
cells and used smFISH to examine the patterns of Mixipl mRNA
nuclear localization. We found that Mixipl remains nuclearly en-
riched following glucose challenges, insulin stimulation, heat
shock, and serum starvation (Figure S3B).

NIrp6, encoding a component of the inflammasome, which or-
chestrates diverse functions during homeostasis and inflamma-
tion including steady-state regulation of the composition and
function of the intestinal microbiome (Anand et al., 2012; Elinav
et al., 2011; Strowig et al., 2012), is expressed in both the liver
and the intestinal epithelium. We found that Nirp6 transcripts
were predominantly nuclear in the livers of mice fed a normal
diet (Figure 3) or an HFD (Figure S3A). Unlike Mixipl, which was
nuclear in all tissues we examined, NIrp6 was cytoplasmic in
the intestinal epithelium (Figure 3). To assess whether the cyto-
plasmic localization of intestinal NIrp6 mRNA is regulated by
the intestinal microbiota, we examined germ-free (GF) mice, as
well as colonized mice treated with wide-spectrum antibiotics
for 4 weeks. Intestinal NIrp6 mRNA remained cytoplasmic in
these conditions (Figure S3C). Thus, exposure to bacteria does
not seem to be a cue for regulating nuclear export of intestinal
NIrp6 mRNA.

Nuclear mRNA Co-localizes with Nuclear Speckles

Spector (2001) have shown that CTN-RNA is retained in the nu-
cleus through sequestration to nuclear paraspeckles (Prasanth
et al., 2005), sites of active RNA editing (Chen and Carmichael,
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Figure 2. Single-Molecule Approach for Measuring Nu-
clear Export Rate and Cytoplasmic Lifetime

(A) Example shows identification of active transcription site of
G6pc in liver cryosection from a fasting mouse using dual-color
labeling of introns (green) and exons (red).

(B and C) G6pc nuclear levels rapidly decline 15 (B) and 30 min
(C) after refeeding of fasting mice.

Images in (A)-(C) are single optical sections. Scale bar, 2 pm.
(D) Active transcription sites disappear 15 and 30 min after
refeeding, indicating a complete shutdown of transcription.

(E) Quantification of the number of nuclear transcripts of G6pc
at 5 hr fasting (time 0), as well as 15 and 30 min after refeeding.
Data were divided by the expression at time 0 (145 mRNA per
nucleus). Nuclear mRNA declined at a rate of 5.3 + 1.24 hr?,
compatible with the in situ estimation based on the fasting state
of 4.99 + 0.99 hr~' (n = 2 mice per time point).

(F) Degradation and nuclear export rates of liver genes esti-
mated from in situ measurements in intact liver tissue. Solid line
represents the locus of genes with equal rates of nuclear export
and cytoplasmic degradation. NiIrp6 and Mixipl (marked in red)
have significantly lower nuclear export rates. PC, pericentral;
PP, periportal; f, fast. Error bars represent SEM.
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Figure 3. Mixipl and Nirp6 Are Highly Nuclearly Retained in Diverse Metabolic Tissues and Conditions

In contrast, Pck1, Actb, and Sic2a2 are highly enriched in the cytoplasm. Shown are the nuclear and cytoplasmic concentrations, as well as example images. DV,
Duodenum, Villus; DC, Duodenum, Crypt; L, liver, ad libitum; Lf, liver, fasting; Ltf, liver, re-fed; IT, liver, insulin tolerance; GT30 (GT60), liver from mice sacrificed
30 min (60 min) after glucose injection; HFD, liver, high-fat diet; B, pancreatic beta cell. Images are maximum projections of 15-20 optical sections spaced 0.3 pm
apart, respectively. Scale bar, 5 um. Error bars represent SEM. See also Figures S3 and S4.

2009). To explore whether the retained genes found in our study
are spatially correlated with nuclear domains, we performed
dual-color smFISH of our nuclear genes and IncRNA markers
of speckles (Malat1) and paraspeckles (Neat1). We used particle
image cross-correlation spectroscopy (PICCS) (Semrau et al.,
2011) to assess the spatial correlation, «, between the nuclear
transcripts and either Malat1 or Neat1 foci (Figure S4). We
found a highly significant spatial correlation between Malat1
foci and both Mixipl (. = 0.178, p < 1e—15) and NIrp6 (o =
0.175 £ 0.012, p < 1e—15; Figure S4). Interestingly, Malat1 and
NIrp6 were not significantly correlated in the intestine, tissue in
which NIrp6 mRNA exhibited cytoplasmic localization (o« =
—0.026 + 0.037, p = 0.71; Figure S4C). Mixipl was also signifi-

cantly co-localized with Malat1 in beta cells (& = 0.12, p =
0.003) and in the intestine (¢ = 0.121, p = 0.002). In contrast,
mRNA of ATP citrate lyase (Acly), which was not nuclearly re-
tained (Figure 2F), was not co-localized with speckles and
none of the genes tested were spatially correlated with para-
speckles in liver tissue (Figure S4). These results indicate that
preferential binding or detention of mRNA of Mixipl and Nirp6
in nuclear speckles could facilitate their nuclear retention.

Nuclear mRNA Retention Can Reduce Cytoplasmic Gene
Expression Noise

What could be the role of nuclear retention of mature mRNA? At
first glance nuclear retention seems like an inefficient strategy for
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regulating gene expression, as most of the RNA molecules do
not reside in the cytoplasmic compartment where they should
function. A possible advantage of nuclear retention could involve
robustness to noise generated by stochastic mRNA production
(Battich et al., 2015; Singh and Bokes, 2012; Xiong et al.,
2010). Transcription in a wide range of organisms, including
mammals, has been shown to be a pulsatile process, consisting
of stochastic bursts of production followed by periods of pro-
moter quiescence (Figure 4A; Larson et al., 2011; Darzacq
et al., 2007; Suter et al., 2011; Bahar Halpern et al., 2015; Dar
et al., 2012; Senecal et al., 2014). Bursty transcription can lead
to profound variations in cellular mRNA content, a phenomenon
termed gene expression noise. When promoters are in a tran-
scriptionally active state, the cell accumulates mRNA, whereas
when the promoters switch to an off state, mRNA levels decline
(Figure 4B). Compartmentalization of mRNA could potentially
reduce these burst-associated fluctuations in cytoplasmic
mRNA concentrations, the fluctuations that eventually propa-
gate to protein levels.

To assess the potential noise-reduction feature of low nuclear
export rate on cytoplasmic variability, we performed Gillespie
simulations (Gillespie, 1977) of a bursty promoter that stochasti-
cally transitions between on and off states at rates kogr and ko,
producing transcripts at rate u only when the promoter is on (Raj
et al., 2006). While nuclear mRNA levels fluctuated in line with the
promoter dynamics, cytoplasmic levels exhibited damped fluctu-
ations compared to those expected when nuclear export was
immediate (Figures 4A and 4B). The coefficient of variation (CV)
of cytoplasmic transcripts reduced substantially when nuclear
export rates were lower than the cytoplasmic mRNA degradation
rates (Figures 4B-4D). Thus, reduced nuclear export rate can
decrease cytoplasmic variability without changing the average
cytoplasmic mRNA level (as evident by Equation 4), at the
expense of accumulating more nuclear transcripts (Figure 4D).

Nuclear Retention of Mixipl and Nirp6 mRNAs Reduces
Their Cytoplasmic Gene Expression Noise
Assessing whether nuclear retention buffers cytoplasmic gene
expression noise requires comparing the observed single-cell
distribution of cytoplasmic mRNA for a nuclearly retained gene
with the distribution that would be expected if nuclear export
were immediate. To this end, we used our previously reported
method (Bahar Halpern et al., 2015; Bahar Halpern and ltzkovitz,
2015) to identify transcription sites and quantify their bursting dy-
namics in the intact liver lobule (Figure 2) for the nuclearly re-
tained genes Mixipl and NIrp6. We found that both genes were
expressed in a bursty manner; 43% of MIxipl sites were actively
transcribing at any given moment and had on average M =38 + 6
polymerase molecules, a number that was too high to be
compatible with a non-bursty transcription model (Figures 5
and S5). Similarly, Nlrp6 exhibited rare transcription sites with
only 17% of sites transcriptionally active at any given moment
and an average occupancy of M = 5 + 2 polymerase molecules.
Next, we fitted the model of Raj et al. (2006; Bahar Halpern
etal., 2015) to the nuclear mRNA distributions to extract the rates
of promoter opening and closing, koy and koger. The distributions
of nuclear mRNA for both genes were well fitted by a two-state
bursty model (Figures 5A and 5C). In contrast, cytoplasmic

mRNA levels for both Mixipl and NIrp6 were significantly nar-
rower, compared with the distribution expected based on the
same burst parameters but immediate export (Figures 5B and
5D; CV = 0.46 versus CV = 0.56 for Mixipl, p < 0.002; CV =
0.42 versus CV = 0.55 for NiIrp6, p < 0.0001; Supplemental
Experimental Procedures). Cytoplasmic mRNA noise level of
Pck1, for which export rate was substantially higher than the
cytoplasmic degradation rate (Figure 2F), was identical to the
noise predicted based on the fitted two-state bursty model
(CV = 0.62 versus 0.56, p = 0.91; Figure S5F). Thus, nuclear
retention of MRNA decreases cytoplasmic gene expression
noise emanating from promoter bursts, when the mRNA is re-
tained in the nucleus for time periods that exceed its cytoplasmic
lifetime.

DISCUSSION

Our experiments revealed a surprisingly wide range of genes
in metabolic tissues for which fully spliced, polyadenylated
mRNA molecules are retained in the nucleus for time periods
that exceed their cytoplasmic lifetimes. Since mRNAs are tran-
scribed and processed at the sites of transcription and trans-
lated in the cytoplasm, this lengthy retention period raises the
intriguing possibility that the nucleus may have previously over-
looked roles.

The nuclear retention of the genes we followed up on in our
study (Mlxipl and NIrp6) appeared to be constitutive, rather
than regulated, at least for the stimuli we applied. These included
acute exposure to glucose, a condition that has been shown to
elicit a potent response from the ChREBP protein (Herman
et al.,, 2012; Postic et al., 2007; Uyeda and Repa, 2006), but
which did not yield higher cytoplasmic mRNA levels. In addition,
exposure to the intestinal microbiota, a potential regulator of
NIrp6, does not seem to be the stimulus responsible for the tis-
sue-specific cytoplasmic localization of NIrp6 mRNA in the intes-
tine, but not the liver. It would be important to test additional
stimuli that might give rise to differential nuclear retention for
other genes we identified in our study.

The ubiquitous nuclear enrichment of transcripts of MIxipl and
NIrp6 under diverse conditions prompted us to consider addi-
tional roles for lengthy mRNA nuclear retention periods. Gene
expression in unicellular organisms, as well as in mammalian tis-
sues, consists of transcriptional bursts that can generate pro-
found variability in mRNA levels among identical cells and in a
given cell over time. While several papers demonstrated the
advantage of this variability as a bet-hedging strategy in unicel-
lular organisms (Chalancon et al., 2012; Eldar and Elowitz, 2010),
it is yet unclear if variability is advantageous in mammalian tis-
sues or simply a by-product of the promoter bursting dynamics.
Fundamental processes in gene expression can either reduce or
amplify burst-associated noise. Lifetimes of mRNA and proteins
are key in modulating this variability. Long-lived transcripts
render the cell insensitive to the fluctuations in mMRNA production
by temporally averaging several burst events. Extended protein
lifetimes also can achieve a similar effect of time-averaging of
fluctuations in MRNA levels, even when cytoplasmic mRNA life-
times are short (Raj et al., 2006). Nuclear retention has a similar
effect, since the nucleus averages the stochastic promoter

2658 Cell Reports 13, 2653-2662, December 29, 2015 ©2015 The Authors



A
Nuclear Cytoplasmic
mRNA mRNA
B
1 T T T
i)
S
[2]
.y
D o5
]
IS
1]
<4
o
0 | T T T L -
2 4 8 10 12 14 16 18 20
Time
T T T 1
%) 8ol — Without retention i
é @ —With retention
&2 60
Q<
§ Z 40
o
T+ 20
2 4 8 10 12 14 16 18 20
Time
C D
Relative
Nucleus Cytoplasm
76 r=10 Cv=1.53
43
< l L
P 7=0.48 V=057
2
© 14
5
08
o3 A= 0.03 Cv=0.13
D o5
=
8 o3
R 0 10 20 30 40 50 60 O 10 20 30 40 50
Zo1s #mRNA #mRNA
0.09
0.05

0.06 0.10 0.15 0.23 0.36 0.55 0.85 1.32 2.04 3.16
Cytoplasmic mRNA degradation rate (3)

Figure 4. Nuclear Retention Can Buffer Gene Expression Noise

(A) Schematic diagram of a two-state burst model that includes a nuclear retention phase. Promoters switch between off and on states at rates koy and kogr,
generating mRNA from the on state at rate u.

(B) Nuclear retention significantly reduces cytoplasmic variability. Stochastic simulation of a bursty promoter with koy = 1 hr™", kogr = 3 hr™", = 100 mRNA/hr,
and 6 = 1 hr " is shown. (Top) Plot of promoter state versus time is shown. (Bottom) Time course of mMRNA levels in the cytoplasm without (blue) and with (red)
nuclear retention (A = 0.2 hr~ ") is shown. Side histograms demonstrate a substantially lower cytoplasmic variability of CV = 0.33 with retention compared to CV =
0.91 without retention (CV, coefficient of variation).

(C) Cytoplasmic noise decreases with increased nuclear retention (decreased export rate 1). Heatmap of CVs for different combinations of degradation rates and
nuclear export rates is shown. Values are normalized to the maximal CV for each degradation rate. Values are averages of 2,000 stochastic simulations of a bursty
promoter with koy = 1 hr~' and kore = 3 hr™". Transcription rate was set to u = 100* 6 so that average cytoplasmic levels were 25 mRNA for all combinations.
(D) Histograms of nuclear (left) and cytoplasmic (right) mRNA levels. As nuclear retention increases, average cytoplasmic levels remain identical but noise is
decreased. Cytoplasmic degradation was ¢ = 3.16 for all simulations.

bursts. An attractive feature of nuclear retention is that it can
decrease cytoplasmic noise without affecting the average
steady-state levels (Equation 4). In contrast, noise reduction

through lengthened mRNA or protein lifetimes requires fine-tun-
ing of the rates of transcription or translation, respectively, to
maintain the same steady-state levels.
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Figure 5. Nuclear Retention of Nirp6 and
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Given the wide range of nuclearly retained mRNAs described
here (13% and 30% in liver and beta cells, respectively), it seems
that nuclear retention of mRNA is a meaningful, previously un-
derappreciated step in the mRNA life cycle. Nuclear retention
likely has diverse mechanisms and roles. Our study opens the
way to exploring this unique mode of gene regulation in diverse
physiological and pathological states.

EXPERIMENTAL PROCEDURES

Mice and Tissues

C57bl6 male mice (5 months old) were fed normal chow ad libitum, fasted, or
re-fed for the indicated times. HFD was applied to 2-month-old mice for a
duration of 8 weeks. Mice were stimulated with insulin and glucose by i.p. in-
jection 30 or 60 min prior to sacrifice. GF C57bl6 mice were housed in sterile
isolators. For the antibiotic treatment, mice were given a combination of anti-
biotics in their drinking water (Supplemental Experimental Procedures). Tis-

100
# cytoplasmic mMRNA

compared to the distributions expected based on
the promoter bursting dynamics and no nuclear
retention (B, D, and E).

(E) Example of Mixipl expression in liver section from
fasting mouse. Dashed yellow and blue circles label
nuclei of two tetraploid hepatocytes with variable
mRNA content, and dashed yellow and cyan boxes
label their cytoplasmic areas, demonstrating the low
variability in cytoplasmic concentration. Scale bar,
5 um. Image is maximum projection of 15 optical
sections spaced 0.3 um apart.

See also Figure S5.

Mixipl

Expected probability
without retention

150 200

sues were harvested and fixed as described previ-
ously (Bahar Halpern et al, 2015) and in the
Supplemental Experimental Procedures. Primary
pancreatic islets were isolated from 6- to 8-week-
old mice, cultured up to 1 day, and fixed in 4%
paraformaldehyde for 15 min (Supplemental Exper-
imental Procedures). At least two mice were
analyzed for each time point and condition.

Cell Fractionation and RNA-Seq

Fractionation of nuclear and cytoplasmic liver RNAs
was performed according to Menet et al. (2012),
except for minor modifications (Supplemental
Experimental Procedures). Fractionation of nuclear
and cytoplasmic RNAs from MING cell line (passage
30) is described in the Supplemental Experimental
Procedures. RNA-seq was performed using lllumina
HiSeq 2500. Read analysis is described in detail in
the Supplemental Experimental Procedures. MIN6
RNA-seq results were based on RNA extractions in two independent experi-
ments. Liver RNA-seq was performed on two fasting mice independently pro-
cessed and analyzed.

Hybridization and Imaging
Probe library constructions, hybridization procedures, and imaging conditions
were described previously (Itzkovitz et al., 2011; Lyubimova et al., 2013).

Computational Procedures

To assess the nuclear export rates, cytoplasmic degradation rates, and burst
parameters, we used our previously reported method (Bahar Halpern et al.,
2015; Bahar Halpern and ltzkovitz, 2015). We detected active transcription
sites of the genes of interest based on dots that appeared in both the intronic
and exonic channels. The burst fraction f, transcription rate from active tran-
scription sites u, and overall transcription rate per cell B were calculated as
described in the Supplemental Experimental Procedures. The bursting rates
korr and kon were computed by fitting the model of Raj et al. (2006; Supple-
mental Experimental Procedures). To assess the noise that would be observed
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without nuclear retention, we used Equation S1 (Supplemental Experimental
Procedures) with 6 and our inferred kon and koge.
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Figure S1 (Related to Figure 1) — RNAseq of nuclear and cytoplasmic fractions. (A) Protein-

coding genes have a comparable representation among the genes with higher numbers of

MRNA in the nucleus compared to the cytoplasm (protein-coding genes are 97% of the

entire transcriptome sequenced and 91% of the nuclear genes). (B) IncRNA are enriched

among the nuclear genes (IncRNA are 2% of the transcriptome sequenced but 4.8% of the

nuclear genes). (C) snoRNA are enriched among the nuclear genes (snoRNA are 0.4% of the

transcriptome sequenced but 2.6% of the nuclear genes). Results for (A-C) include only

genes with more than 1 copy per cell for the liver or 0.1 copy per cell for MIN6 cells. D —

Nuclear poly-adenylated mRNA are predominantly spliced. *** pval<0.001.
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Figure S2 (related to Figure 1) — Putative RNA binding proteins and enriched motifs for the

nuclearly enriched genes. (A) Putative binding interactions between known RNA binding

proteins and the 3’UTR of the most nuclearly retained genes. Columns are the 654 most

nuclearly retained genes, rows are RNA binding proteins from the RBPmap database (Paz et



al., 2014). For every RNA-binding protein and gene combination, yellow marks interactions
for which the 3’UTR of the gene has at least one binding motif with pval<0.001. (B) Sequence

motifs found in the 3’UTR of the most nuclearly retained genes with the Amadeus software

(Linhart et al., 2008).
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Figure S3 (related to Figure 3) — (A) Transcripts of Nlrp6 and Mlxipl remain nuclear in livers of
mice after 8 weeks of high-fat diet. Red dots are single mRNA of Nlrp6 (left) or Mlixipl (right).

Green - phalloidin-stained membranes, blue - DAPI-stained nuclei. (B) Mixipl mRNA remains



nuclearly retained in diverse conditions in MIN6 treated cells, including exposure to high
concentrations of glucose and insulin, heat shock and serum starvation. All analyses are for
at least 30 cells per condition. (C) Intestinal Nlrp6 is cytoplasmic regardless of microbiota
composition, Shown are the nuclear and cytoplasmic mRNA concentrations in control
colonized mice, germ-free mice as well as colonized mice after four weeks of antibiotics

treatment.
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Figure S4 (related to Figure 3) — Nuclear transcripts of Mlxipl and NIrp6 co-localize with

nuclear speckles. (A) Dual color smFISH for Malatl (green dots left column) or Neatl (green



dots right column) with Mlxipl, NIrp6 and Acly (red dots). Images are maximal projections of
5 optical sections space 0.3um apart. Scale bar is 2um (B) Mixipl and Nlrp6 co-localized with
nuclear speckles. Shown are the spatial correlations (a) between the relevant genes and
either Malatl or Neatl. *** pval<le-15. (C) NIrp6 nuclear transcripts do not co-localize with
nuclear speckles in the intestine. Dual color smFISH for Malatl (green dots) Nirp6 (red dots)
in the intestinal epithelium. Scale bar is 5um (D-G) PICCS method for estimating spatial co-
localization of mMRNA with nuclear domains. (D, E) Cumulative probability functions of
observing an FP2 particle (Nlrp6 in (D), Acly in (E)) at distance l from an FP1 particle
(Malat1). A linear fit at 0.4-1um yields the spatial correlation « - the probability that a FP2 is
co-localized with an FP1 particle, as the y-axis intercept. (F, G) Distributions of measured
spatial correlations for the data (blue) and randomized FP2 dots (red) for Nlrp6 (F) and Acly
(G). The correlation with Malatl was significant for Nirp6 (¢ = 0.1745 + 0.0124, pval<le-

15) but not for Acly (&« = 0.008 + 0.0008, pval=0.23).
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Figure S5 (related to Figure 5) — Mlxipl and NIrp6 are expressed in a bursty manner. (A)
Distribution of the number of active TS per nucleus for Mlxipl. (B) Distribution of the number
of active TS per nucleus for Nlrp6. Green lines in A-B are binomial fits, demonstrating that
promoters burst independently. (C,D) Distribution of Pol2 occupancy among TS of Mixipl (C)
and NIrp6 (D). Green lines are binomial fits, red lines are the expected Pol2 occupancy
distribution in a 1-state non-bursty model (Bahar Halpern et al., 2015). (E,F) Cytoplasmic
variability for Pck1 is not smaller than that expected based on its bursting properties. Shown
are the probability distributions of mRNA levels in the nucleus (E) and cytoplasm (F) of
hepatocytes residing in the central vein in an ad-libitum fed mouse. Best-fit burst
parameters are: koy = 0.23 hr™%, kopr = 0.78 hr~1. Cytoplasmic coefficient of variance
was not significantly different than that expected from a 2-state bursty model with

immediate export (CV=0.62 vs. 0.56, pval=0.91).



Table S1 (related to Figure 1) — Calibration factor for obtaining the numbers of nuclear and
cytoplasmic mRNA per cell from the RNAseq experiments. The factors were computed by
dividing the nuclear or cytoplasmic sequencing read counts of selected genes by the number

of nuclear or cytoplasmic mRNA counted using smFISH.

Sample factor Genes used for calibration
MIN6 nucleus 55+13 Actb, Acly, Fasn

MING cytoplasm 24+6.5 Actb, Acly, Fasn

Liver nucleus 9.3+1.4 Ass1, Actb

Liver cytoplasm 1.88+0.36 Assl, Actb

Table S2 (related to Figure 1) — Numbers of nuclear and cytoplasmic mRNAs per cell in MIN6
cells and liver cells. Reads were normalized to estimated numbers per cell based on the
calibration factors of Table S1.

Table S3 (related to Figure 1) — Splicing efficiency of the introns in the nuclear and
cytoplasmic fractions.

Table S4 (related to Figure 1) — Minimal P-values for the interaction between 83 RNA binding
proteins and 448 nuclearly retained genes, obtained using the RBPmap software (Paz et al.,
2014).

Table S5 (related to Figure 2) — Sequences and probe weight factors of the probe libraries
used in this study. Additional probe libraries are described in (Bahar Halpern et al., 2015). W
is the probe library weight factor and L is the gene length. Probe weight factors were
computed as described in (Bahar Halpern et al.,, 2015). These depend on the physical
location of the smFISH probes along the genes of interest, and are used to convert the
intensities of the exon channel to number of Pol2 molecules per TS. The factors for the

additional genes studied appear in (Bahar Halpern et al., 2015).



SUPPLEMENTAL EXPERIMENTAL PROCEDURES

Mice and tissues

All animal studies were approved by the Institutional Animal Care and Use Committee of
WIS. C57bl6 male mice age 5 month were fed normal chow ad libitum, fasted or re-fed for
the indicated times. Mice were sacrificed at 9AM (fed state) and 12 PM (fast state, for these
mice food was removed at 8AM). In the RNAseq liver experiment (Figure 1B) and the re-
feeding experiment (Figure 2) mice were housed under reverse phase cycle, and fasted for 5
hours starting at 7AM. RNA was extracted from the fasted mice and processed for RNAseq.
Mice were then re-fed ad libitum for the indicated times and sacrificed immediately after
the end of the feeding time. For the insulin tolerance test, (IT Figure 3) mice were fasted for
5 hours, injected with 0.75 U/Kg Insulin (SIGMA, 11882) and sacrificed 30 minute after
injection. For the glucose tolerance test, (GT Figure 3) mice were fasted for 5 hours, injected
with 2 gr/Kg glucose (D-Glucose SIGMA, G-6152) and sacrificed 30 minutes (GT30) or 1 hour
(GT60) after injection. High fat diet (HFD) was applied to 2 months old mice for 8 weeks
(Research Diets, d12492l). Germ-free (GF) C57bl6 mice were housed in sterile isolators. For
the antibiotic treatment mice were given a combination of the following antibiotics for 4
weeks, vancomycin (1 g/l), ampicillin (1 g/l), kanamycin (1 g/l), and metronidazole (1 g/l) in
their drinking water (Fagarasan et al., 2002; Ichinohe et al., 2011; Rakoff-Nahoum et al.,
2004). All antibiotics were obtained from Sigma Aldrich. All mice were sacrificed by cervical
dislocation. Liver and duodenum tissues were harvested and fixed in 4% paraformaldehyde
for 3 hours; incubated overnight with 30% sucrose in 4% paraformaldehyde and then
embedded in OCT. 25 um or 6 um cryosections were used for hybridization for liver or

duodenum respectively.

Hybridization and imaging



Probe library constructions, hybridization procedures and imaging conditions were
previously described (ltzkovitz et al., 2011; Lyubimova et al., 2013). To detect cell borders
alexa fluor 488 conjugated phalloidin (Rhenium A12379) was added to the GLOX buffer wash
(Lyubimova et al., 2013). Portal node was identified morphologically on DAPI images based
on bile ductile, central vein was identified using smFISH for Glutamine Synthetase performed
on serial sections. Only tetraploid hepatocytes within the first three layers of the portal node
(up to ~50 um distance) were used for noise analysis, to ensure analysis of a homogenous
cell population, since the liver is a polyploid tissue in which gene expression is spatially
zonated (Bahar Halpern et al., 2015). All quantifications of smFISH data are based on 30-100

cells.

Cell culture

Pancreatic islets were maintained and expanded up to one day in RPMI 1640 media
(Biological Industries) supplemented with 10% Fetal bovine serum (Biological Industries), 1%
of Penicillin-Streptomycin (Biological Industries) and 1% L-Glutamine (Biological Industries).
MIN6 cells were maintained and expanded in DMEM media (Biological Industries)
supplemented with 15% fetal bovine serum (Biological Industries), 1% of Penicillin-
Streptomycin (Biological Industries), 1% L-Glutamine (Biological Industries) and 0.1 mM f-
mercaptoethanol (Sigma). All treatment on MIN6 cells were performed on passages 20-30.
Cells seeded on cover-slips in 6 well plates. For different glucose concentrations cells were
starved in glucose free DMEM (Sigma D5030) supplemented with MIN6 medium
components for 16 hr then were treated for 1 hr with no addition of glucose (OmM glucose)
or addition of 30 mM glucose to the medium. For serum starvation, cells were maintained in
serum free medium for 16 hr. For insulin treated cells, cells were serum starved for 16 hr
and then were treated with 10nM insulin (Biological Industries 01-818-1H) for 1 hr. For heat

shock, the 6 well plate was floated in 45°C bath for 1 hr.



Isolation of primary pancreatic islet cells

Pancreatic islets from C57bl6 mice between the ages of 6-8 weeks, were prepared with a
solution of collagenase P (Roche, 11-213-865) diluted in RPMI 1640 (Biological Industries) at
a concentration of 1 mg/ml. The solution was first injected into the bile duct before removal
of the pancreas, followed by digestion for 6-7 min at 37 °C. The isolated pancreas was
washed twice with fresh RPMI and centrifuged in cold centrifuge for 1 minute at 200g. Pellet
was resuspended with 4 ml Histopaque 1119 (Sigma), 4 ml of Histopaque 1117 (Sigma) and
then 3 ml of RPMI 1640 were layered on top of the resuspended pellet. Tubes were then
centrifuged in cold centrifuge with no break or acceleration for 20 minute at 1000g.
Individual islets were separated and selected by hand using a microscope, and were then
trypsinized into single cells, cultured up to one day and fixed in 4% paraformaldehyde for 15

minutes.

Cell fractionation

Isolation of nuclear and cytoplasmic liver mRNA was performed according to the Nascent-
SEQ protocol (Menet et al., 2012) except for minor modifications. In order to isolate
cytoplasmic mRNA the supernatant was collected following nuclei isolation by sucrose
gradient. For isolation of nuclear mRNA the supernatant was collected following chromatin
isolation. For RNA extraction, 1/50 volumes of 5M Nacl and 2.5 volumes of 100% EtOH were
added to the supernatants collected, and the mixture was incubated at -20°C for 1 hour and
then centrifuged for 20 minutes at full speed. The pellet was resuspended in 0.5 ml 0.5% SDS
buffer (0.5% SDS, 0.1M NaCl, 1mM EDTA, 10mM Tris-HCl). Similar volume of acid
phenol:chloroform (Ambion AM9722) mixture was added. The mixture was then vortexed
and centrifuged at full speed for 5 minutes at RT. The aqueous phase was transferred to a

new tube and 1 ml of 0.5% SDS buffer was added to the phenol phase for re-extraction. The



two aqueous phases were combined and re-extracted with acid phenol:chloroform. The RNA
from the aqueous phase was then isolated using standard EtOH precipitation.

For isolation of nuclear and cytoplasmic RNA from MING, the cells (’“2x106) were first
trypsinized and washed with cold PBS. Cell pellet was then treated with 175 pl RLN buffer
(Tris pH8.0 50mM, NaCl 140mM, MgCl2 1.5mM, NP-40 0.15mM, EDTA 10mM, DTT 1mM,
RNase inhibitor 10U/ml) and incubated for 5 minutes on ice. Lysate was centrifuged at 300g
for 5 minutes in a cold centrifuge. The supernatant (cytoplasmic fraction) was separated and
the pellet was resuspended with same volume of RLN buffer and immediately centrifuged at
500g for 1 minute. Pellet was resuspended in 1 ml S1 buffer (sucrose 250mM, MgCl2 10mM,
RNase inhibitor 10U/ml), layered over 3 ml of S3 buffer (sucrose 880mM, MgCl2 10mM,
RNase inhibitor 10U/ml) and centrifuged for 10 minutes in cold centrifuge at 2800g. RNA
from the pellet (nuclear fraction) and the cytoplasmic fraction was isolated using RNeasy

Mini Kit (QIAGEN) according to the manufacturer’s instructions.

RNA sequencing

Libraries were prepared with I[llumina TrueSeq kits and sequenced on Illumina HiSeq. Reads
were aligned to the mouse mm10 reference genome using TopHat2 (Trapnell et al., 2010) by
using default parameters. Read counts for individual mouse genes annotated in Ensembl 80
were computed using HTseq (Anders et al., 2014). Reads for nucleoplasmic and cytoplasmic
transcripts and mRNAs were calculated by counting exonic reads in the last 500bp from the
3’ end of the gene. We only included the last 500bp of the spliced gene since RNA
degradation in the nuclear fraction was significantly elevated further upstream
(Sigurgeirsson et al., 2014). We converted the number of reads per gene to the number of
nuclear or cytoplasmic mRNA copies per single cell using smFISH measurements. These
measurements were performed on 30-100 cells for each calibration gene in MIN6 cells or

liver tissue sections from mice that were sacrificed at the same hour and were fasted as the



ones used in the RNA sequencing. For MING6 calibration we used the genes Acly, Fasn and
Actb. For liver calibration we used the genes Ass1 and Actb, genes which we have shown to
be relatively stable in their expression levels in diverse metabolic conditions (Bahar Halpern
et al., 2015) (Table S1). When analyzing the statistics of ratios of cytoplasmic and nuclear
MRNA the minimal number of copies per cell was set as 0.01 in MIN6 and 0.1 in liver for
both the nuclear and cytoplasmic fractions.

Splicing efficiencies were analyzed similar to the approach described in (Tilgner et
al.,, 2012). For each intron annotated in Ensembl 80 we counted the number of reads
mapping across the exon boundaries into the adjacent intron sequence (originating from
primary unspliced mRNA molecules), and compared them to the number of reads split-
mapping across the exon—exon junctions (originating from a successfully spliced transcript).
When estimating the fraction of nuclear genes and the enrichment of different classes
(Figure S1A-C) we only considered genes with more than 0.1 copies per cell in MIN6 or 1

copy per cell in liver.

Sequence Motif analysis
To identify sequence motifs that are over-represented in the 3’ UTR of retained genes, we
analyzed 717 genes that had more than 0.1 copies per cell in MIN6 cells or 1 copy per cell in
liver cells, and that had nuc/cyto ratios above 1.4 in MING6 cell and above 1 in liver cells. We
used the AmadeusPBM_v1.0 software (Linhart et al., 2008) to identify common motifs in the
3’ UTR of this gene set. In AmadeusPBM_v1.0, data type was set to “Target set”, sequence
type to “3’ UTR”, and the variant in scores for ranking motifs to “Binned” to control for
length and GC biases of the analyzed sequences. The motif length was kept to the default
value, 8. The ten significant motifs found are presented in Figure S2B.

To identify putative RNA binding protein motifs at the 3" UTR of our retained gene

selection we used the RBPmap software (Paz et al., 2014), which includes a comprehensive



database of 94 RNA binding proteins, the recognition sequences of which have been
defined. We removed 16 RBP that were expressed at less than 1 mRNA copy per liver cell. Of
the 717 retained genes, RBPmap found 654 valid sequences. For this set, we computed the
binding probabilities (minimal pvalue) of each of the 78 RNA binding proteins (Figure S2A,
Table S4).

In order to estimate the significance of the similarities between the 10 common
motifs found in the 3’UTR of the 717 genes with the most retained mRNAs and the RBP
motifs, we followed the procedure presented in ltzkovitz et al. (ltzkovitz et al., 2006).
Shortly, for each 3’UTR motif — RBP motif combination, we performed all pairwise
comparisons of the shifted versions of their PWMs, with the condition of a 5-positions
overlap minimum. For each relative shift, we summed over all the overlapping motif
elements the similarity of the two elements in the two motifs found at the same position,
weighted by the product of the element information content of both motifs. The similarity
was taken to be one minus the Shannon-Jensen distance. Finally, the combination similarity
was taken to be the maximum value out of all the shifts. For each pairwise comparison, we
estimated the P-value by generating 1000 randomized realizations of the two motifs. In each
realization, we randomly exchanged the A-T and C-G positions in each column of the motif's
PWM, thus preserving the GC content. In addition, we randomly permuted the different
positions within the motif. The P-value was taken to be the per cent of realizations with
similarity larger than the estimated one (for further details, see the section “Measurement
of sequence similarity” in Itzkovitz et al., 2006). We did not find combinations that were
significant with an FDR<0.2.

Measurements of nuclear export rates
To assess the nuclear export rates, cytoplasmic degradation rates and burst parameters we
used the method of Bahar Halepern et al. We first identified mono-nucleated tetraploid

hepatocytes by nuclear size and transcription sites (TS) of Pckl, a ubiquitously expressed



gene that exhibited close to 4 active TS in each tetraploid nucleus (Bahar Halpern et al.,,
2015). Active TS of the genes of interest were then identified in these nuclei based on dots
that appeared in both the intronic and exonic channels. The burst fraction f was computed
as the average number of active TS per cell divided by 4. Only cells for which the entire
nucleus appeared in the stacks were considered.

We estimated the transcription rate from active TS, u, by inferring the number of
Pol2 molecules per active TS (M) (Bahar Halpern et al., 2015). This was inferred from the
intensity of the exonic dots, using correction factors for the spread of the smFISH probes
along the genes of interest (Table S5). We used the Pol2 occupancy, M, the length of the
gene, L, and the speed of RNA polymerase (v=34bp/s, Bahar Halpern et al., 2015) to obtain
the average transcription rate from an active TS: u = M - v/L. Overall transcription rate per
cell was calculated as S =4 - f - u. We next used equations [3-4] to obtain the nuclear
export rate and cytoplasmic degradation rates by dividing the cellular transcription rate by
the average numbers of nuclear and cytoplasmic mRNA respectively.

To quantify the number of nuclear mRNA molecules we counted the number of
nuclear exonic dots in 5 consecutive optical sections around the stack in which the nucleus
had the largest area, divided by the quantified nuclear volume to obtain concentrations and
multiplied it by the total nuclear volume, obtained from Martin et al. (Martin et al., 2002).
Cytoplasmic mRNA was quantified similarly using cytoplasmic counts and volumes. For
Mixipl, where nuclear mRNAs were often clustered, we used the summed nuclear dot
intensity divided by the average intensity of a single cytoplasmic dot, instead of the number

of nuclear dots.

Fitting a 2-state bursty transcription model



The bursting rates ko and kyrr were computed by fitting the model of Raj et al.
(Raj et al., 2006) to the distribution of nuclear mRNA. According to this model the
distribution of mRNA per cell, Y, generated by a single bursty promoter is:

r(*ot+y) r(*on.korr)

A
r(y+ 1)1"(kOTN+kO%+Y) r(kOTN)

[S1]P(Y) =

Ky kon kon | korr _K
(/1) 1F1(/1 +7Y, T T +Y, /1)

Where ;F; is a confluent hypergeometric function of the first kind. Since our cells
are tetraploid we convolved the distribution with itself 4 times. This was justified since the
promoter state of each chromosomal locus was independent of the states of the other
promoters in that cell (Figure S5). Importantly, in Equation [S1] nuclear export rate A was
used instead of the degradation rate &, since it plays a similar role in generating the nuclear
variability (Equation [3]). Since we measured f=kon/(kon+korr) @s well as uand A our fit
had only a single free parameter. To assess the noise that would be observed without
nuclear retention we used equation [S1] with § and our inferred kyy, korr. TO assess the
differences in noise we performed 10,000 sampling events of N cells from this analytical
distribution, where N is the number of cells quantified for the gene of interest. We
measured the coefficient of variance of each random sample and computed a p-value as the
fraction of sampled sets that had a CV that was lower than the experimental one.

When fitting the distributions of nuclear and cytoplasmic mRNA we corrected for
the effect of subsampling a partial volume of the nucleus and cytoplasm (Bahar Halpern et
al., 2015). To minimize the broadening of the mRNA distributions due to a small subsample
effect we quantified the mRNA concentration in 15 consecutive optical sections around the
stack with maximal DAPI area, rather than 5 optical sections, as was done when computing
nuclear export rates (Figure 2F). While quantifying large number of optical sections could
potentially result in inclusion of mRNA molecules that are either below or above the nucleus
this phenomenon was negligible for the genes in which we analyzed noise distributions, for

which cytoplasmic mRNA concentrations were small.



Computing the spatial correlations of nuclear transcripts with nuclear domains

We estimated 2D spatial correlation a (co-localization) between fluorescently labeled
transcripts of two different genes, using the particle image cross-correlation spectroscopy
(PICCS) method (Semrau et al.,, 2011). The first sets of particles were the foci of either
Malatl or Neatl, IncRNA markers for speckles or paraspeckles respectively. The second set
of particles included the transcripts of the gene with nuclearly retained mRNA (Mlxipl, Nlrp6,
or Acly as a control). For simplicity, we denote the sets of dots from the two fluorescence
channels by FP1 and FP2. We used 2D image slices rather than 3D, as in (Semrau et al.,

2011).

We corrected shifts between the fluorescent channels using normalized image
cross-correlation. We used DAPI staining to identify the nuclei and the dense chromatin
regions within them. For each image, to reduce axial dependent sensitivity, we normalized
all axial layers to have the same DAPI median intensity as the first axial layer. Next, we
pooled each Z-stack in each nucleus that had at least 1 FP1 transcript within it, to obtain N
samples, to obtain N samples, Ny;,. In each sample, we counted the number of FP2 around
each FP1 within an increasing distance [ until a limited length of 1um. We considered only
FP1 transcripts that were distant from the nucleus edge by at least 1um. We averaged the
profiles from all the N samples and obtained the average normalized cumulative distribution

of FP2 transcript around an FP1 transcript, i.e.
_ Npp1
[SZ] Cnorm(l) - C(l) Py
FP2
Where C(l) is the number of FP2 particles within a circle of radius [ around an FP1 particle.
Ngpq and Ngp, are the numbers of FP1 and FP2 particles in that sample. The normalization is

important to control for multiple FP1 particles within the same sample. The cumulative

distribution of FP2, C,,,r-m (1) has the following form



[S3] Crorm(D) = aP(D) + (1 - a)znormnlz ’

Where «a is the fraction of the FP2 transcripts which are correlated with the FP1 transcripts,
P(l) is the cumulative probability to find a distance smaller than [ between FP1 and FP2
transcripts, and X, ,,., is the 2D spatial density of FP2 particles. At [ large enough distances,
P(1)=1 and the added FP2 transcripts are completely uncorrelated with the FP1 transcript, so
the Cporm (D) vs. [2 form is linear. We estimated « by fitting a line to Cp,g-m (1) at large [. We
found Cpprm (D) linear at 0.4 < I < 1 um for all data sets, so we used this [ range for the fit

(Figure S4). For estimating the uncertainty of a, we used the jackknife resampling technique:

Nsgm-1 ©N _
[54] At = \/ﬁzi;im(ai - @),
Where q; is a estimated from all the samples except for sample i.

When assessing whether the spatial correlation measured by «a is significant it is
critical to take into account the fact that mRNA are not randomly distributed in the nucleus.
Vargas et al. have shown that regions of dense chromatin are largely depleted of mRNA
(Vargas et al., 2005), a phenomenon that we also observed using our smFISH approach. To
account for this non-random exclusion of mRNA we generated randomized datasets in
which the FP2 dots were randomly distributed within the allowed nuclear region and
recomputed the spatial correlations between FP1 and the randomized FP2. This calculation
yielded the probability to have any a value when there is no correlation, P, (), and was
compared to the a probability distribution from the data, P4+, (). For obtaining Pg;p, ()
we ran 1000 simulations. For each simulation and each sample, we kept the positions of the
FP1 transcripts and randomly placed the number of FP2 transcripts in that sample within all
the allowed pixels (excluding the dense chromatin regions). Then for each simulation we

estimated @, as mentioned above, by counting Cy,,-n (1) and estimating a by fitting a line at



the 0.4 <1 <1 umlrange. For estimating Py,¢, (@), we assumed a Gaussian distribution
where the mean and standard deviation were taken to be the a and Aa, respectively, which

were estimated from the data.

The P-value is evaluated in the following way:
, 1
[S5] pral(a’) = fo(, Psim(@)da

[S6] pval = fol pval(a') Pygeq(aNda’ .
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