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Gene expression amplification by nuclear speckle
association
Jiah Kim1, Neha Chivukula Venkata2, Gabriela Andrea Hernandez Gonzalez2, Nimish Khanna2, and Andrew S. Belmont1,2,3

Many active genes reproducibly position near nuclear speckles, but the functional significance of this positioning is unknown.
Here we show that HSPA1B BAC transgenes and endogenous Hsp70 genes turn on 2–4 min after heat shock (HS), irrespective of
their distance to speckles. However, both total HSPA1BmRNA counts and nascent transcript levels measured adjacent to the
transgene are approximately twofold higher for speckle-associated alleles 15 min after HS. Nascent transcript level fold-
increases for speckle-associated alleles are 12–56-fold and 3–7-fold higher 1–2 h after HS for HSPA1B transgenes and
endogenous genes, respectively. Severalfold higher nascent transcript levels for several Hsp70 flanking genes also correlate
with speckle association at 37°C. Live-cell imaging reveals that HSPA1B nascent transcript levels increase/decrease with
speckle association/disassociation. Initial investigation reveals that increased nascent transcript levels accompanying speckle
association correlate with reduced exosome RNA degradation and larger Ser2p CTD-modified RNA polymerase II foci. Our
results demonstrate stochastic gene expression dependent on positioning relative to a liquid-droplet nuclear compartment
through “gene expression amplification.”

Introduction
Striking variations in transcriptional activity have been cor-
related with nuclear compartmentalization. Across multiple
species and cell types, lamin-associated domains, as revealed
by DamID (DNA adenine methyltransferase identification),
show low gene densities and transcriptional activity (Kind
et al., 2013). Similarly, across multiple species and cell
types, the radial positioning of gene loci within a cell popu-
lation stochastically closer to the nucleus center is associated
with higher transcriptional activity (Kölbl et al., 2012;
Takizawa et al., 2008). This stochastic correlation between
gene expression and radial positioning may mask a more de-
terministic relationship between gene expression and gene
positioning relative to a specific nuclear body which itself
is radially distributed. Nuclear speckles, a RNP-containing,
liquid droplet–like nuclear body (Kim et al., 2019) enriched
in both RNA processing and transcription-related factors
(Lamond and Spector, 2003; Spector and Lamond, 2011), are a
prime candidate for such a nuclear body. Nuclear speckles
indeed show a radial distribution, with decreased numbers
near the nuclear periphery and increased concentration to-
ward the nuclear interior. By electron microscopy, they
appear as “Interchromatin Granule Clusters”—clusters of
∼20-nm-diameter RNPs lying between chromatin regions.

Nuclear speckles were suggested to act as a gene expression
hub for a subset of genes based on the observation of ∼10/20
highly active genes localizing near the nuclear speckle periphery
(Brown et al., 2008; Hall et al., 2006; Shopland et al., 2003).
Support for this expression hub model was significantly boosted
recently by a new genomic mapping method, TSA (Tyramide
Signal Amplification) sequencing (Chen et al., 2018), which
demonstrated that chromosome regions localizing most closely
with nuclear speckles correspond largely to the A1 Hi-C sub-
compartment, one of two major transcriptionally active chro-
mosomal subcompartments as mapped by Hi-C (Rao et al., 2014).
These nuclear speckle-associated chromosome regions were
enriched in the most highly expressed genes, housekeeping
genes, and genes with low transcriptional pausing. Another new
genomic mapping method, “Split-Pool Recognition of Interac-
tions by Tag Extension” (SPRITE; Quinodoz et al., 2018), also
showed that a large fraction of the genome with high levels of
active RNA polymerase II (polII) transcription preferentially
positioned near nuclear speckles.

This positioning of a subset of genes near nuclear speckles,
however, is only a correlation. Despite this genome-wide dem-
onstration of a subset of active genes positioning deterministi-
cally near nuclear speckles, there is no evidence that alleles of
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endogenous genes actually show different expression levels as a
function of speckle proximity. Indeed, the prevailing view has
been that nuclear speckles instead act primarily as a storage site
for RNA processing factors (Lamond and Spector, 2003).

Previously, we demonstrated increased speckle association of
bacterial artificial chromosome (BAC) transgenes containing the
Hsp70 gene locus, including the genes heat shock protein A1A
(HSPA1A), HSPA1B, and HSPA1L, after heat shock (HS; Hu et al.,
2009). This increased speckle association was also observed for
large, multicopy insertions of plasmid transgenes containing just
the HSPA1A gene and shown to depend on the HSPA1A promoter
and proximal promoter sequences rather than the actual tran-
scribed sequences (Hu et al., 2010). Live-cell imaging revealed
that the increased speckle association after HS for a large ∼700-
copy HSPA1A plasmid transgene array occurred either through
nucleation of a new nuclear speckle adjacent to the transgene
array or, more interestingly, through the actin-dependent, long-
range directed movement of the transgene array to a preexisting
nuclear speckle (Khanna et al., 2014). Strikingly, a significant
increase in the MS2-tagged HSPA1A transcript occurred only
after (but within several minutes after) first contact with a
nuclear speckle (Khanna et al., 2014).

However, the physiological relevance of the increased nas-
cent transcript signal after speckle association of this large
plasmid transgene array remained unclear with regard to the
actual behavior of the endogenous Hsp70 locus. Cytologically,
like other large, heterochromatic plasmid transgene arrays, this
transgene array showed an unusually condensed chromatin
mass during interphase, which was also preferentially posi-
tioned near the nuclear periphery. Moreover, in contrast to the
synchronous induction of transcriptional activation 2–5 min
after HS of the endogenous Hsp70 locus, this plasmid transgene
array showed a highly asynchronous transcriptional activation
over 10–30 min after HS (Hu, 2010). To determine the influence
of speckle proximity on transcriptional activation in a more
physiological context, we investigated Hsp70 gene activation as
a function of speckle association after HS at both the endogenous
and BAC transgene loci.

Results and discussion
First, using DNA and RNA FISH, we identified human haploid
HAP1 and Chinese hamster CHOK1 cell lines in which the en-
dogenous Hsp70 locus showed significant populations of both
speckle-associated (∼90%) and non–speckle-associated (∼10%)
alleles (≥0.45 µm from the nearest speckle; Fig. S1, A–D). In
contrast, human K562, Tig3, WI-38, and HCT116 cells showed
near 100% prepositioning of this locus adjacent to nuclear
speckles (not depicted; Tasan et al., 2018).

We next established that integrated human Hsp70 or HSPA1B
BAC transgenes in several independently derived CHOK1 cell
clones showed similar gene positioning relative to nuclear
speckles before and after HS (Hu et al., 2010; Khanna et al.,
2014), as seen for the endogenous HSP70 gene loci in both
HAP1 and CHOK1 cells (Fig. S1), suggesting a mechanism that
targets both the endogenous Hsp70 locus and BAC Hsp70
transgenes to nuclear speckles. Gene positioning was measured

by lac operator (lacO)/repressor staining for BAC transgenes and
either DNA or RNA immuno-FISH for endogenous genes.

The Hsp70 BAC contains a 171.5-kb human DNA insert en-
compassing three Hsp70 genes (HSPA1A, HSPA1L, and HSPA1B)
and a 256mer lacO repeat inserted 25.1/37.4 kb 59 of the HSPA1A/
HSPA1B gene (Hu et al., 2009). A 8-kb deletion removed the
HSPA1A and HSPA1L genes (placing the lacO repeat 29.4 kb up-
stream of HSPA1B), producing the HSPA1B BAC (Hu et al., 2010),
which was further modified by inserting a 24mer MS2 repeat
into the HSPA1B 39 UTR (Khanna et al., 2014). The C7-MS2 coat
protein (C7MCP) CHOK1 cell clone was selected for further
analysis; C7MCP cells contain one to three HSPA1B BAC copies
(quantitative PCR estimate) integrated at a single chromosomal
locus and express EGFP-lac repressor to stain the lacO repeat,
EGFP-SON to stain nuclear speckles, and mCherry-MCP to stain
HSPA1B transcripts.

The HSPA1B BAC transgene in CHOK1 cells showed near-
identical transcriptional induction dynamics after HS as the
endogenous human Hsp70 locus in HAP1 cells (Fig. 1 A), as
measured by single-molecule RNA (smRNA) FISH. HSPA1A and
HSPA1B genes have no introns. We used a human-specific FISH
probe set that did not detect endogenous CHO Hsp70 genes but
had the sensitivity to detect single, cytoplasmic Hsp70 RNAs
(HSPA1A and HSPA1B) in human cells or CHOK1 cells containing
human Hsp70 or HSPA1B BACs. The fraction of nuclei showing a
positive RNA FISH Hsp70 nascent transcript signal increased
from near 0 to 1 between 0 to 4 min after HS in both haploid
HAP1 and CHOK1 C7MCP cells containing the HSPA1B BAC
transgene (Fig. 1 A). Similar Hsp70 induction kinetics were ob-
served in CHO DG44 cell clones (Hu, 2010) containing either
integrated Hsp70 BAC transgenes or HSPA1B BAC transgenes
without MS2 repeats inserted (Fig. S2 A); therefore, the MS2
repeat with bound MCP did not affect these kinetics. Similar
kinetics also were observed in C7MCP cells using oligonucleotide
probes against the 39 MS2 repeats (Fig. S2 A); therefore, full-
length transcripts are induced with similar kinetics.

Induction kinetics also were similar for speckle-associated
and nonassociated alleles (Fig. S2, A and B). We defined BAC
transgenes and endogenous genes here as speckle associated (A)
if the transgene and/or nascent transcripts positioned within
0.15 µm from the nuclear speckle edge and non–speckle asso-
ciated (N) if the transgene located further than 0.45 µm from the
nuclear speckle edge or, for endogenous genes, if the nascent
transcripts located further than 0.45 µm from the nuclear
speckle edge. HSPA1B BAC transgenes in CHOK1 cells showed
49 ± 2.6 A and 48 ± 4.1% N induced alleles at 2 min HS and 99 ±
0.68 A and 97 ± 2.1% N at 4-min HS (percentage of induced al-
leles ± SEM estimate). In HAP1 cells, without tagged endogenous
Hsp70 loci, we cannot visualize transcriptionally inactive alleles
by RNA FISH. However, a similar fraction of “on” A and N alleles
at 2 min after HS (when only ∼40% of the alleles are on) as at
4 min after HS (when ∼100% of alleles are on; Figs. 1 A and S2 C)
also suggests no difference in induction kinetics.

We next compared the magnitude of the integrated RNA
FISH nascent transcript signal at both BAC transgenes and en-
dogenous human and CHO loci when they were speckle associ-
ated versus non–speckle associated. For the endogenous CHO
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locus, we used a smRNA FISH probe set specific for Chinese
hamster and performed experiments in WT CHOK1 cells.

The integrated nascent transcript signal should be propor-
tional to the transcription rate in a simplifiedmodel inwhich the

nascent transcript signal is produced by a steady state between
the transcription rate and the transcript release rate from the
transcription site, assumed to be constant over time. Indeed, in
C7MCP cells, the measured number of HSPA1B mRNAs per cell

Figure 1. Both HSPA1B BAC transgenes and endogenous genes induce synchronously 2–4 min after HS but show higher transcript levels when
associated with nuclear speckles. (A) Transcriptional induction of HSPA1B BAC transgene in CHOK1 cells and endogenous Hsp70 genes in HAP1 cells occurs
0–4 min after HS (SEM, three replicates). n = 110–210 for HAP1, n = 95–150 for CHOK1 cells, each replicate time point. (B) Scatterplot between levels of
nascent RNA signals (RNA FISH intensity at HSPA1B locus) versus numbers of mature mRNAs after 15-min HS. n = 99 and 71 for A and N. P value (A versus N) =
8.5 × 10−7 for transcript signal, 1 × 10−6 for mRNA count; paired Wilcoxon signed rank test. rA, Pearson correlation coefficient for speckle-associated locus; rN,
for nonassociated locus. (C) smRNA FISH image after 15-min HS. Nascent pre-mRNAs (top) at HSPA1B BAC transgene (arrowhead, middle). White dashes
outline cell border. The boxed region around BAC is enlarged on left. (D) Higher pre-mRNA levels (boxed regions) for speckle-associated (top) versus non-
associated (bottom) BAC transgenes. (Left) Representative images of smRNA FISH versus nuclear speckles and BAC transgene at 0, 1, and 2 h after HS. (Right)
Normalized pre-mRNA intensities at speckle-associated (black, A) or nonassociated (red, N) BAC transgenes 0, 1, and 2 h after HS, with fold differences (blue) of
mean (median) for A versus N. Nascent RNA intensities were normalized by mean intensity of A at 2 h. Cell numbers (A/N) = 101/101, 91/40, and 107/63 at 0, 1,
and 2 h. P = 4.5 × 10−11 at 1-h HS and 7.8 × 10−12 at 2-h HS for A versus N; 9.7 × 10−4 for A at 1 versus 2 h; and 8.4 × 10−4 for N at 1 versus 2 h; paired Wilcoxon
signed-rank test. (E) Left: Same as in D but for endogenous Hsp70 locus in CHOK1 cells (left two panels) versus haploid human HAP1 cells (right two panels).
Nonlinear intensity scaling used for red channel. Right: Same as in D, right, for endogenous Hsp70 locus in CHOK1 (left) versus HAP1 cells (right). Nascent RNA
intensities were normalized by mean intensity of A at 2 h in CHOK1 cells and HAP1 cells, respectively. CHOK1: cell numbers (A/N) = 46/33 and 50/28 at 1 and
2 h, P = 1.8 × 10−5 at 1-h HS and 7.5 × 10−8 at 2-h HS for A versus N, 0.0038 for A at 1 versus 2 h, 0.0015 for N at 1 versus 2 h; HAP1: cell numbers (A/N) =102/44
and 112/33 at 1 and 2 h, P = 2.0 × 10−9 at 1-h HS and 6.5 × 10−9 at 2-h HS for A versus N, 4.6 × 10−4 for A at 1 versus 2 h, 0.12 for N at 1 versus 2 h; paired
Wilcoxon signed-rank test.
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correlates linearly with the nascent RNA transcript FISH signal
(Fig. 1, B and C). Measurements were at 15 min after HS, when
the number of individual, dispersed HSPA1BmRNAs are still low
enough to count.

However, both the HSPA1B integrated nascent transcript
signal and total cellular mRNA count show higher values at
15 min HS for speckle-associated versus nonassociated trans-
gene alleles (Fig. 1 B; 2.1-fold and 1.5-fold higher for transcript
signal and mRNA count, respectively, P = 8.4 × 10−7 and 1 × 10−6;
paired Wilcoxon signed-rank test). This speckle-associated
versus nonassociated nascent transcript level ratio increases to
14-fold at 1 h and 57-fold at 2 h after HS (Fig. 1, D and E; and Fig.
S2 D). The ratio increased from 1 to 2 h due to an approximately
twofold increase in nascent transcripts for speckle-associated
transgenes combined with an approximately twofold decrease
in nascent transcripts for nonassociated transgenes (Fig. 1 D,
right, inset).

For the endogenous Hsp70 genes in both CHOK1 and HAP1
cells, we observed an approximately threefold (1 h) to approxi-
mately sevenfold (2 h) increased level of nascent transcripts
from speckle-associated versus nonassociated alleles after HS
(Fig. 1 E). Both the endogenous and BAC speckle-associated
Hsp70 genes showed roughly a doubling of nascent transcript
levels between 1 and 2 h after HS, but only the BAC transgenes
not associated with speckles showed a decrease in transcript
levels between 1 and 2 h.

Within the assumptions of our simple model, these results
would suggest increased transcription with speckle association.
Constant transcription but decreased RNA transport rates with
speckle association would also increase nascent transcript sig-
nals, but would not increase the mRNA count. However, both
increased nascent transcript signals and gene expression could
occur through a decrease in a nascent transcript degradation
rate, rather than through an increased transcription rate. In-
deed, nuclear speckles are enriched for nuclear export factors,
which may compete with RNA degradation pathways (Fan et al.,
2018; Silla et al., 2018); perhaps nuclear speckle-associated
nascent transcripts are more stable than nonassociated
transcripts.

We used previously validated siRNAs (Fan et al., 2018) to
reduce the protein levels of the exosome RRP40 subunit ∼50%
(Fig. S2 E, left). Interestingly, after knockdown, we observed a
reduction in the relative difference in mean nascent transcript
accumulation, measured by smRNA FISH, for speckle-associated
versus nonassociated BAC transgenes from ∼12-fold (35-fold,
median) for the scrambled siRNA control to ∼4-fold (7-fold,
median) at 1 h after HS (Fig. S2 E, right). Nascent transcript
levels increased in both cases, but the increase was propor-
tionally larger for N (3.5 mean, 8.3 median) versus A (1.1 mean,
1.7 median) transgenes. Thus, differential RNA degradation rates
may account for at least part of the difference in observed
nascent transcript and expression levels.

At the same time, we also observed an increased number and
intensity of RNA polII Ser2p foci adjacent to and overlapping the
lacO spot (29 kb upstream of HSPA1B) and/or MS2 nascent
transcript signal for A versus N transgenes at 1 h after HS (Fig.
S2 F). A larger fraction of A versus N transgenes show multiple,

clustered versus single RNA polII Ser2p foci overlapping the
lacO spot and/or MS2 nascent transcript signal and separate
from the transgene’s associated nuclear speckle, and a lower
fraction of A versus N transgenes show single RNA polII Ser2p
spots (Fig. S2 F, left). Moreover, A transgenes show a nearly
twofold higher mean integrated intensity of these RNA polII
Ser2p foci. To the extent that these RNA polII Ser2p foci are
either a consequence of or even causally related to higher
transcription rates, these data suggest that the higher nascent
transcript levels for speckle-associated transgenes may also be
due to higher transcription rates with speckle association.
Given the small size of the HSPA1A and HSPA1B transcription
units, direct determination of transcription rates and the
relative contribution of differential RNA degradation versus
transcription rates for speckle-associated versus nonassoci-
ated genes is experimentally challenging and awaits future
investigations.

The increased Hsp70 nascent transcripts with speckle asso-
ciation raised the question of whether genes flanking the Hsp70
locus would show similar behavior. We measured nascent
transcripts from three active human genes, VARS, LSM2, and
C6orf48, flankingHSPA1B on the HSPA1B BAC (Fig. 2, A–C) stably
integrated in CHOK1 C7MCP cells. By smRNA FISH, all three
genes showed nearly ∼100% of alleles with nascent transcripts
and a 2.5–3-fold increase in nascent transcript levels with
speckle association (Fig. 2, B and C).

Similarly, for the endogenous human Hsp70 locus in HAP1
cells, we measured 3.0-fold increases with speckle association
for each of the VARS, LSM2, and C6orf48 gene nascent transcript
levels and 1.7-fold for theMSH5 gene nascent transcript (Fig. 2, D
and F). In contrast to C6orf48, which showed constant tran-
scriptional activity, MSH5, LSM2, and VARS are bursting genes
that show nascent transcripts in only 90 ± 2%, 46 ± 3%, and 70 ±
3% of these haploid cells (mean ± SEM from three independent
experiments). However, for each of these three bursting genes,
the fraction of cells with visible nascent transcripts associated
with nuclear speckles versus visible nascent transcripts not
associated with nuclear speckles (Fig. S2 G) was comparable to
the fraction of gene loci mapped by DNA FISH as adjacent to
nuclear speckles versus not adjacent to nuclear speckles (Fig.
S1 A). Thus, speckle association did not increase the frequency
of bursting for these genes, but did enhance their levels of
transcription.

To determine the temporal relationship between speckle
association and transcription, we used live-cell imaging of the
HSPA1B BAC transgenes in C7MCP cells. From 1,080 cell videos,
we obtained 438 in which the BAC transgene, nuclear speckles,
and MS2-tagged transcripts could all be tracked over the entire
20- to ∼25-min observation period. The observed dynamics
from each of these 438 cells were then sorted into different
categories. The three simplest general categories corresponded
to cells in which the transgene was always associated with a
speckle (Fig. 3 A), cells in which the transgene started distant
from a speckle but then moved to and remained associated with
a speckle (Fig. 3 B), and cells in which the transgene became
associated with a speckle and showed a visible transcription
signal, but then moved away from the speckle (Fig. 4 A).
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In the first category (146/438 cells), the BAC transgene re-
mained localized within 0.15 µm of the nuclear speckle during
the entire observation period (Fig. 3 A and Video 1). Nascent
transcripts became visible above the diffuse background of the
MCP typically 2–4 min after the temperature reached 42°C for
HS (Fig. 3 C, gray bars), and increased gradually afterward in a
typical example (Fig. 3 A and Video 1). In the second category
(41/438 cells), the transgene–speckle distance at some point
exceeded 0.45 µm, but then the transgene became stably asso-
ciated with a nuclear speckle, and subsequently, a MS2 signal
appeared (Fig. 3 B and Video 2). On average, these cells showed
an ∼3-min delay in the appearance of a visible MS2 signal

relative to cells in the first category (Fig. 3 C, red bars), due
largely to the extra time required for the transgene to move to
the speckle. If speckle contact occurred after the temperature
had already reached 42°C, a visible MS2 signal typically ap-
peared above background 0–2 min after contact. The time lag in
transcription was longer when speckle association occurred
before the temperature reached 42°C (Fig. 3 D).

In the third category of speckle movements (28/438 cells),
the transgene associated with a nuclear speckle and produced a
visible MS2 nascent transcript signal but then moved away from
the speckle (Fig. 4 A). Significantly, a decrease or disappearance
of the MS2 signal followed this transgene–speckle separation in

Figure 2. Transcription amplification of speckle-associated genes flanking Hsp70 gene locus at 37°C. (A and D) Probed gene locations (gray boxes,
magenta gene names) relative to Hsp70 genes in BAC construct (A) in CHOK1 cells and at endogenous locus (D) in human HAP1 cells. (B and E) Representative
images of smRNA FISH (red) signals for specific BAC transgene (B) or endogenous gene (E) showing nascent transcripts associated (top) versus nonassociated
(bottom) with nuclear speckles (intensities scaled differently for top and bottom). White arrowheads point to BAC (B) or nascent transcripts (E); empty
arrowheads point to nuclear speckle. Scale bars = 1 µm. (C and F) Boxplots showing nascent transcript levels for three (C) or four (F) genes flanking BAC
HSPA1B transgene (C) or endogenous Hsp70 locus (F) as function of speckle association (A) or nonassociation (N). Mean (square inside box), median (line inside
box), box (interquartile range), ends of error bars (upper and lower limit), × (top: 99%, bottom: 1%), – (top: maximum, bottom: minimum). Intensities are
normalized by the mean intensity at speckle-associated loci: fold differences (×) of the mean (median) between A versus N (black). In C, number of cells (A/N) =
112/44, 143/37, and 185/39; P = 0.0024, 0.013, and 0.016 (pairedWilcoxon signed-rank test) for VARS, LSM2, and C6orf48 BAC transgenes. in D, number of cells
(A/N) = 168/64, 144/47, 123/52, and 203/86; P = 2.0 × 10−6, 1.4 × 10−5, 0.23, and 1.5 × 10−11 (paired Wilcoxon signed-rank test) for endogenous MSH5, VARS,
LSM2, and C6orf48 genes.
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a typical example (Video 3). Once transgenesmoved farther than
0.5–1 µm from a speckle, transcripts typically decayed within
1–2 min. However, when transgenes moved smaller distances
away from the speckle, a low level of transcription was main-
tained longer rather than a rapid and complete decay of the MS2
signal. When nascent transcript levels were low, we typically
observed loss of the transcript signal right after transgene–
speckle separation, while when nascent transcript levels were
high, a complete loss of transcript signal appeared to require a
larger separation. Indeed, we could observe creation of a con-
necting “bridge” of MS2-tagged transcripts lying between the
transgene and speckle periphery. We also could observe defor-
mation of the speckle shape toward the transcripts (Fig. 4 B and
Video 4). These transcript bridges sometimes elongated as the
transgene moved away from the speckle until the transgene had

moved far enough away to break contact. Once the transgene
dissociated with the speckle, the nascent transcript signal did
not increase without new speckle association (Fig. 4 C). Plotting
speckle–transgene distances and nascent transcript levels, av-
eraged over tens of movies, as a function of time after HS (Fig. 5
A, left), after speckle association (Fig. 5 A, middle), or after
speckle disassociation (Fig. 5 A, right) reveals that these typical
examples, discussed above, represent predominant patterns for
these three categories of speckle-transgene dynamics.

More complicated dynamics classifications were also seen
(Figs. 5 B and S3). Although transgenes and speckles usually
associated by transgenes moving to the speckle, occasionally
speckles moved to the transgenes (Fig. S3, A–D). Additional
dynamics include speckle protrusion to a transgene (7.5%, Fig.
S3 C), nucleation of a new speckle (8%, Fig. S3 D), andmovement

Figure 3. Strict temporal correlation between speckle association and HSPA1B transcriptional amplification. (A and B) Left: Transgene location (solid
arrowheads), nuclear speckles (open arrowheads), andMS2 signal versus time (minutes) after start of observation (heating on at 1min, stable HS temperature [HS-T]
reached at 5 min). Right: Distance (d) of Hsp70 transgene/nascent transcript from closest speckle (green) and nascent RNA level (red). (A) Transgene associated with
speckle throughout HS (category 1, 146/438 cells). MS2 signal appears 1 min after reaching HS-T at 5 min (Video 1). (B) Transgene initially unassociated with speckle
(category 2, 41/438 cells). MS2 signal appears at 10 min, ∼5 min after reaching HS-T and ∼1 min after moving to and contacting speckle (Video 2). (C) Histogram
showing time of MS2 signal appearance after reaching HS-T for transgenes initially speckle associated (gray, n = 251) versus non–speckle associated (red, n = 159).
MS2 signal delayed∼3minwhen not associated (mean = 6.5min) versus associated (mean = 3.6 min). P = 2.2 × 10−16; paired t test. (D) Scatterplot showing timing of
speckle–transgene association after reaching HS-T versus initial transgene distance to speckle versus time lag (color) between speckle–gene association and ap-
pearance of MS2 signal (n = 42 displayed). Time lags: mean = 3.8 min, typically 0–3 min after reaching HS-T.
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of the transgene from one speckle to another (6.4%). In 5 of 438
cells (1.1%), although the transgene did not associate with any
speckles, we observed small transient increases for no longer
than one time point of the MS2-tagged nascent transcript signal
above the background (Fig. S3 E). These transient increases
above background are consistent with fluctuations in the low-
level transcript levels seen by smRNA FISH for nonassociated
HSPA1B transgenes (Fig. 1) but mostly missed in our live-cell
imaging due to the mCherry-MCP background. In all other ca-
ses, appearance of a MS2 signal above background was coupled
to nuclear speckle association, which in contrast yielded sub-
stantially higher frequency and longer duration of increased
transcript signals. A physical connection between the BAC
transgene, its nascent transcripts, and the associated nuclear
speckle is demonstrated by their coordinated movements (8.5%;
Fig. S3 F and Video 5). These rarer classifications shed additional
light on the functional significance of nuclear speckle associa-
tion to HSPA1B transcription.

Interestingly, at both HS and normal temperatures, we ob-
served long-range transgene movements relative to nuclear
speckles (Fig. 5 B). These movements included repetitive oscil-
lations in which transgenes moved large distances away from
speckles and then back to the same speckle (Fig. S3 G and Video 6)

or sometimes to a different speckle (Fig. S3 H). Based on our
results, we anticipate that such oscillations should produce
significant variations in the transcriptional levels of the
four genes flanking the Hsp70 locus and, during HS, of the
Hsp70 genes.

In summary, our results suggest a new phenomenon of “gene
expression amplification” for Hsp70 genes and four genes
flanking the Hsp70 locus, whereby association with nuclear
speckles is associated with a severalfold boost in gene expres-
sion. This gene expression amplification phenomenon appears
to be distinct from the now well-described phenomenon of
transcriptional bursting, in which genes pulse on and off for
extended time periods.

More specifically, we showed that whereas all Hsp70 alleles
turn on within several minutes after HS, the amount of nascent
transcripts measured adjacent to Hsp70 transgene and endoge-
nous genes is several-fold higher for alleles that are associated
with nuclear speckles. At 15 min after HS, at least, this inte-
grated nascent transcript signal correlates with the actual levels
of gene expression measured by counting total numbers of
Hsp70 mRNAs per cell. At later times after HS, we assume that
this nascent transcript signal remains proportional to the net
rate of transcript production and nuclear export. Moreover, by

Figure 4. Temporal correlation between speckle dissociation and decrease in HSPA1B transcription. Display and labeling is the same as in Fig. 3
(A and B). (A) HSPA1B transgene disassociating from speckle (category 3, 28/438 cells). Nascent transcripts decrease and then disappear after transgene
separates from speckle (Video 3). (B) HSPA1B transgene disassociating from speckle. d, distance of HSPA1B transgene (green) or nascent transcript
(orange) from closest speckle (2/28 cells falling in category 3). Nascent transcripts accumulate in elongated connection between speckle and transgene
after their separation (Video 4). (C) No speckle association of HSPA1B transgene after HS (5/438 cells). MS2 signal sometimes transiently rises slightly
above background but does not persist.
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Figure 5. Statistics for classifications of relative movements between BAC transgene and nuclear speckle. (A) Cartoons of representative dynamics
(categories 1–3, top) during HS and corresponding averaged plots of live-cell data (bottom, mean ± SEM, n = 21–47 movies). Distance (d, green) of HSPA1B
transgene from closest speckle and nascent RNA levels (red) in arbitrary units. Category 1 (left): stable speckle association of HSPA1B transgene and tran-
scription increase after temperature reaches 42°C, 47 movies; category 2: transcription increase as function of time after transgene association with speckle
(t = 0), 24movies; category 3: transcription decrease as function of time after transgene dissociation (t = 0) from speckle, 21 movies. (B)Numbers for categories
of dynamics observed for 20 to ∼25 min with or without HS. dmax, maximum distance between transgene locus and speckle during imaging; d1, distance
between transgene locus and speckle at first time point; dn, distance between transgene locus and speckle at any time point during imaging; F, forward relative
motion bringing transgene and speckle closer; B, backward relative motion moving transgene and speckle apart; +α, additional movements. (C) Three models
for correlation of nascent transcript increase with speckle association: nuclear speckle (green), gene (yellow), and nascent transcripts (red; solid lines, intact;
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live-cell imaging, we showed a tight temporal order of events
whereby increased/decreased nascent transcripts, labeled by the
MS2 repeats, strictly follow speckle association/disassociation.
This temporal ordering of events is consistent with a causal
relationship between speckle association and increased net
production of MS2-tagged transcripts.

Our results currently support a working model (Fig. 5 C, left)
in which speckle association leads to decreased nascent tran-
script degradation via exosomes, possibly combined with an
increased rate of transcription, leading to a net increased rate of
transcript production and gene expression. Alternative model
1 (Fig. 5 C, middle), in which speckle association results in a
reduced release rate of nascent transcripts from the transcrip-
tion site, would also lead to an observed increased nascent
transcript accumulation with speckle association. However, this
would not cause an increased net production of transcripts and
is therefore inconsistent with our observation of increased gene
expression measured by total cellular mRNA count 15 min after
HS. Alternative model 2 (Fig. 5 C, right) would be that increased
transcription and nascent transcript accumulation occur first,
causing increased speckle association shortly afterward. While
this secondmodel would explain the correlation between speckle
association and increased nascent transcript levels, it is incon-
sistent with our observed tight temporal ordering of events
in which increased (decreased) nascent transcript levels always
follows rather than precedes speckle association (disassociation).
Further mechanistic studies will be needed to dissect the exact
contributions of changes in transcriptional initiation, pause-
release, elongation, and/or RNA degradation rates to the in-
creased nascent Hsp70 transcript accumulation and net increase
in mRNA production after 15-min HS that we observe with
speckle association.

Our results parallel our previous findings of the appearance
of Hsp70 nascent transcripts after speckle association of a very
large plasmid transgene array. However, this plasmid array was
unusually heterochromatic, and its activation dynamics after HS
were greatly delayed and abnormal compared with the endog-
enous heat-shock locus. Our new results now extend this earlier
work by placing these observations in a more physiological
context relevant to gene regulation of endogenous gene loci.
Moreover, our results now strongly suggest that increased
Hsp70 gene expression results from increased expression per
allele and not to changes in the percentage of expressing alleles.
The tight temporal correlation between speckle association/
disassociation and increased/decreased nascent transcripts
suggests that expression amplification follows contact with the
nuclear speckle periphery, through direct contact between
transgene and speckle and/or through the bridging of nascent
transcripts. An actual physical linkage between transgene and
speckle through the bridging nascent transcripts is further

suggested by live-cell videos showing elongation of the MS2
signal during transgene movement away from speckles (Fig. 4 B
and Video 4) and coordinated movements of speckle, transcript,
and transgene (Fig. S3 F and Video 5).

Overall, our results support the concept of nuclear speckles
as a gene expression hub (Hall et al., 2006), capable of in-
creasing the net production of transcripts of associated genes.
This expression amplification function of nuclear speckles can
add to previously suggested nuclear speckle functions, in-
cluding modulation of posttranscriptional processing activities
such as splicing and nuclear export (Galganski et al., 2017;
Spector and Lamond, 2011). We propose speckle association as
another possible mechanism of stochastic gene expression for a
potentially large subset of active genes. Future work will be
aimed at determining the prevalence of expression amplifica-
tion mediated by nuclear speckle contact and its underlying
molecular mechanism.

Materials and methods
Cell culture and establishment of cell lines
CHOK1 cells were grown in Ham’s F12 medium (Cell Media
Facility, University of Illinois at Urbana-Champaign) with 10%
FBS (Sigma-Aldrich, F2442) at 37°C in a 5% CO2 incubator. To
generate stable CHOK1 cell lines, we performed a series of
DNA transfections followed by selection of stable colonies
with four different DNA constructs in the following order:
92G8+39MS2+GKREP_C26 Hsp70 BAC (G418, 400 µg/ml),
p39SS-EGFP-dlacI (hygromycin, 200 µg/ml; Robinett et al.,
1996), EGFP-SON-Zeo BAC (zeocin, 200 µg/ml), and pUb-
MS2bp-mCherry (puromycin, 400 µg/ml; Khanna et al.,
2014). Modifications of the original 92G8 Hsp70 BAC (In-
vitrogen) to 92G8+39MS2+GKREP_C26 included insertion of a
lacO repeat and Kan/Neo selectable marker cassette (Hu et al.,
2009), deletion of 8 kb containing the HSPA1A and HSPA1L
genes (Hu et al., 2010), and insertion of MS2 repeats into the
39 UTR of HSPA1B (Khanna et al., 2014). The original SON
BAC (Invitrogen, 165J2) was modified by adding GFP to the
NH2 terminus of the SON coding region to generate EGFP-
SON-Zeo BAC (Khanna et al., 2014). The final CHOK1 cell clone
we used for live-cell imaging in these studies was C7MCP.
C7MCP cells were maintained in complete medium with
200 µg/ml G418, 100 µg/ml hygromycin, 100 µg/ml zeocin,
and 200 µg/ml puromycin. When cells were seeded on cov-
erslips or glass-bottom dishes 2 d before cell imaging, medium
was changed to complete medium without any pH indicator
and with no G418, hygromycin, zeocin, or puromycin added.
The Hsp70_38 CHO DG44 stable cell clone (Hu et al., 2009)
contains the HSPA1B BAC, modified with the lacO repeat and
Kan/Neo selectable marker, integrated at low copy number at

dashed lines, degraded). Left: Current working model. Nascent transcripts increase after speckle association through a decreased, exosome-mediated nascent
transcript degradation rate, and possibly an increased transcription rate. Middle: Alternative model 1. Nascent transcripts adjacent to transcription site increase
due to a reduced transcript release rate; at steady state, this would not change the rate of mRNA production and is inconsistent with the increasedmRNA count
15 min after HS. Right: Alternative model 2. Nascent transcript levels increase before speckle association, causing subsequent speckle association; this is
inconsistent with live-cell imaging temporal ordering of events.
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a single chromosomal site. The parental CHO DG44 cell line
used for the generation of this clone stably expressed EGFP-
Lac repressor. Hsp70_38 cells were grown in Ham’s F12 me-
dium with 10% FBS, 100 µg/ml hygromycin, and 200 µg/
ml G418.

smRNA FISH probe design
smRNA FISH was performed using Stellaris probes and the
Stellaris protocol (Biosearch Technologies). Probes were de-
signed with the Stellaris Probe Designer using 1.5 to ∼2.5 kb of
the 59 end of the coding sequence. FISH probe sets for each gene
consisted of ∼33 20mer DNA oligonucleotides, complementary
to the target RNA. A probe set for MS2 repeats consisted of eight
20mer oligonucleotides. Probe sets are listed in Table 1.

smRNA FISH procedure
Each oligonucleotide contained an amino group at the 39 end for
fluorophore coupling using either Cy5 N-hydroxysuccinimide
(NHS) ester (GE Healthcare, PA15102) or rhodamine NHS ester
(Thermo Fisher Scientific, 46406). NHS esters and probes were
incubated overnight in 0.1 M sodium bicarbonate solution (pH
8.0) at RT, and purified using Bio-Spin P6 columns (Bio-Rad,
7326221) according to the manufacturer’s protocol. Purified,
pooled probe concentrations were ∼50–100 µM in Tris buffer,
pH 7.4.

Cells were seeded on coverslips (Thermo Fisher Scientific)
2 d before experiments. For HS, a well-plate or dish containing
the coverslip and medium was sealed using parafilm and incu-
bated in a 42°C water bath. Cells were fixed using freshly pre-
pared 3.6% PFA (Sigma-Alrich, P6148-500G) in PBS for 15 min at
RT. After washing for 5 min three times in PBS, cells were
permeabilized using 0.5% Triton X-100 (Thermo Fisher Scien-
tific, 28314) for 10 min in diethyl pyrocarbonate (DEPC)-treated
PBS. For DEPC treatment, 1 ml fresh DEPC was added to 1 liter
PBS orwater, incubated >15 h at RT, and autoclaved for 25min to
inactivate the remaining DEPC. After rinsing three times in
DEPC-treated PBS, the permeabilized cells were equilibrated in
wash buffer (10% formamide [Sigma-Aldrich, F9037] and 2×
SSC) for 30 min. The cells were incubated in hybridization
buffer with smRNA FISH probes (final concentration,∼300–500
nM) for 15 h at 37°C. The hybridization buffer contained 2× SSC,
10% formamide, 10% wt/vol dextran sulfate (Sigma-Aldrich,
D8906), 1 mg/ml Escherichia coli tRNA (Sigma-Aldrich, R8759),
2 mM ribonucleoside vanadyl complex (NEB, S1402), and 0.02%
RNase-free BSA (Ambion, AM2618) in DEPC-treated water. The
cells were then washed twice for 30 min at 37°C in wash buffer
andmounted in aMowiol-DABCO antifademedium (Harlow and
Lane, 1988).

smRNA FISH in HAP1 cells was followed by immunostaining
against SON. After smRNA FISH, cells were fixed again with
3.6% PFA in DEPC-treated PBS for 15 min and washed three
times for 5 min. Cells were incubated in blocking buffer (0.5%
Triton X-100, 1% wt/vol RNase-free BSA, and 20 µM ribonu-
cleoside vanadyl complex). Cells were incubated with primary
antibody against SON (Sigma-Aldrich, HPA 023535) at a 1:300
dilution in DEPC-treated PBS for 1 h in a humid chamber at RT,
washed three times for 5 min in DEPC-treated PBS, and incubated

with Alexa Fluor 488–labeled, goat anti-rabbit IgG secondary
antibody (Invitrogen, A11008) at a 1:300 dilution in DEPC-
treated PBS for 1 h in a humid chamber at RT. All antibody
solutions were supplemented with 0.4 U/µl RNase inhibitors
(Lucigen, E0126). For smRNA FISH against endogenous tran-
scripts in WT CHOK1 cells, immunostaining against SC-35
was done before smRNA FISH. We followed a similar im-
munostaining procedure as described above, but with primary
antibody against SC35 (1:300 in PBS; Abcam, ab11826) for 12 h at
4°C and with Alexa Fluor 488–labeled, secondary goat anti-
mouse IgG antibody (Invitrogen, A11029) at a 1:300 dilution
in DEPC-treated PBS. After washing three times for 5 min in
DEPC-treated PBS, slides were mounted in a Mowiol-DABCO
antifade medium.

Exosome knockdown
C7MCP cells were seeded on coverslips (Thermo Fisher Sci-
entific) and transfected the next day with 20 nM of scrambled
or EXOSC3 (Dharmacon) siRNA using RNAiMax (Life Tech-
nologies) as per the manufacturer’s instructions. The se-
quence of siRNA for RRP40 knockdown was 59-GGCAUAGUG
AUUGCUAAAUUU-39. Scrambled siRNA were commercially
available, ON-TARGETplus non-targeting pool (Dharmacon,
D-001810-01-05). Cells were used for either immunoblotting or
RNA-immunoFISH after 96 h (two rounds of transfection). For
HS, dishes containing the coverslips were sealed with parafilm
and placed in a water bath at 42°C for 1 h and immediately fixed
using freshly prepared 4% PFA. smRNA FISH for Hsp70 and
immunostaining was performed as described previously using a
1:250 dilution of rabbit monoclonal EXOSC3 antibody (Abcam,
ab190689) and 1:100 dilution of secondary anti-rabbit Alexa
Fluor 405 antibody (Jackson Immunoresearch Laboratories,
711-475-152). Cell lysates were prepared using Laemmli buffer
and resolved on a 10% polyacrylamide gel. Proteins were
transferred onto a Immobilon polyvinylidene fluoride mem-
brane (Millipore). The blot, after blocking in 5% skim milk
in 0.1% Triton X-100 in PBS, was incubated overnight with
either anti-EXOSC3 (1:10,000 dilution) or anti-Lamin B1
(Abcam, ab16048) antibody in 5% skimmilk in 0.1% Triton X-100
in PBS at 4°C overnight. The blot was washed three times with
0.1% Triton X-100 in PBS and incubated with HRP-conjugated
goat anti-rabbit antibody (1:10,000 dilution in 5% skim milk
in 0.1% Triton X-100 in PBS) at RT for 1 h, and then washed
three times with 0.1% Triton X-100 in PBS. Using luminol as
substrate, the blot was visualized by chemiluminescence us-
ing the Immobilon Western Chemiluminescent HRP substrate
(Millipore, WBKLS0100) and iBright CL1000 Imaging system
(Invitrogen).

RNA polymerase staining
Immunostaining used a 1:1,000 dilution of rabbit anti-RNA polII
COOH-terminal domain repeat YSPTSPS (phospho S2) antibody
(Abcam, ab193468) followed by a 1:500 dilution of secondary anti-
rabbit Alexa Fluor 647 (Invitrogen, A-21244). To measure Ser2P
accumulation adjacent and over the transgene, projected images of
the Z-stacks showing the transgene were generated from conser-
vative, iterative deconvolved (Softworx, GE Healthcare) images.
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Table 1. Probe sets for smRNA FISH

Sequence (59–39)

Hsp70 for CHO Hsp70 MSH5 VARS LSM C6orf48 MS2 repeats

CACGCACGAGTAGGTGGTG GGGAGTCACT
CTCGAAAGAC

CCACGAGCCT
GCAAAAGGA

ACACCCCTGA
GCACGACG

GAGCGCAAG
CTGGGTAGAG

GAGCCCACTTCG
CAAAAAG

CATGTTTTCTAG
AGTCGACC

CTTCCGTGCTGGAACACG CACAGGTTCG
CTCTGGAAAG

CGCTACAGGT
GGGAGAACG

CGCGGACGCA
GGACGAGA

CAAGCGCTGA
CGGGCAAAG

AACTCTCATACT
GCCAACC

ATACTGCAGACA
TGGGTGAT

TGGTCGTTGGCGATGATCT AACGCCGGA
AACTCAACACG

CGCCTTTTCA
GTAACCTGA

CCGGTCTCAC
GAGGAACA

GCGGGAAGCG
ACGCAGAAA

CACTCAACAGTC
GGGCCAT

CCTTAGGATCTA
ATGAACCC

GTCGGTGAAGGCCACGTAG CGACAAGAGC
TCAGTCCTT

TCACGCGCT
TATCTTCCTC

CTTTGTGACA
GGGAGCGT

CAGGTCTGGG
GAAACCGAA

TGCGCAAAG
GCAGCGCAAG

TGATCCTCATGT
TTTCTAGG

CGTCGAAACACGGTGTTCTG TGAGACTGGG
GGCTGGAAAC

GAGTCGTGCA
CGTCTTATG

TAGTTCCCTA
AGATCGCC

GGAAGACAGC
AGGGTGCTG

CAACGGTAGTTC
ACCCAAC

AGAGTCGACCTG
CAGACATG

CGAACTTGCGGCCGATCAG TGGTCGTTGG
CGATGATCTC

GAAGGAAGG
GGTCTGAGGG

AGTCGAGCGG
GCAGAGAC

CTTTTGACGTC
ACGGTACC

AGACACCAG
AAACTCCAGT

ATGGGTGATCCT
CATGTTTT

GATCTCCTCGGGGTAGAAG TTCGCGTCAA
ACACGGTGTT

TCATTCCTG
TCACGCGGAG

AATCCACCTCA
CAGCCAG

GGTACAAAGG
CCAGATCCC

GAGCTAGGT
CAGTTCCAAG

AATGAACCCGGG
AATACTGC

CATCTTCGTCAGCACCATG TTGTCTCCGTCG
TTGATCAC

ATTGTGGGA
AACTCCACGC

AGATGGTCAG
ACTGGGCC

CTCCTCAATG
AACCTGAGA

TTGTTTTGAGTC
AGCAGGG

AGGCAATTAGGT
ACCTTAGG

TGATCACCGCGTTGGTCAC AGATCTCCTC
GGGGTAGAAT

GGTGAATTCTC
GGGTATTT

CGCGTGTACG
TACTGGAG

ATATCCCATT
TGTTCTCAG

CCATTTTGCAAT
CACTCGC

GAGTCGTTGAAGTAGGCGG ATCTCCTTCAT
CTTGGTCAG

TGGAGAGCTGT
GGACACAG

TCGGCGTCTGG
TTGGATG

TTTTTTCCCTC
ATCATGGA

ATCATCACTCCC
TTCCTAT

CGTGGGCTCGTTGATGATC CTGCGAGTCGTT
GAAGTAGG

TACTTCTGC
TACAGGGCTG

GGAGTGTGGAA
GGCTCTC

TCCTCACTGAA
TCTCTCTC

CACTCAAGAGTT
ACCTGGG

CCAGGTCGAAGATGAGCAC ATGATCCGCA
GCACGTTGAG

TGGCGCGCA
GAATGCAAAG

AACTATCCACC
ATCGCGG

AGGTCTAACTT
TTCCGTCT

TCAGAGCGC
TGCGGTGATG

ATGGACACGTCGAACGTGC TCAGGATGGA
CACGTCGAAG

ACGATTCACA
GAGGAGGCC

GGGGAGTTCC
TGGGGAAG

AAGCTTGCCT
GGCAGAGAA

AAATGCTGGACC
GAGGGGG

GAAGATGCCGTCGTCGATC TCGAAGATGC
CGTCGTCGAT

AAAAGTGAGGG
CGGTTCGG

TCTCAGAGG
GGCAGTGTC

AGAAAATATC
CCACCCGCA

CCATGAACTCGT
TGAGCCT

CACGAAGTGGCTCACCAGC CCCTCAAACAG
GGAGTCGAT

CATGAGCTTG
GAGGCTCTG

CTGTCAGGAG
CCGAGGAC

CCCACTCCTT
TCAATGAAT

TTACAACTCCTA
ACGGGGA

TGGACGACAGGGTCCTCTT GGTGATGGAC
GTGTAGAAGT

CTTGGGTTCG
CTCCTAAG

CTGAGGGTCT
GACCAGGC

CTGTGCTCTC
TCAGTCGAC

GGATAACAC
GGCGATGAAC

CCTCGAACAGGGAGTCGAT TTCGGAACAG
GTCGGAGCAC

CTGGGGAAGCC
GGAGGAG

AGACACCCG
AGTCCCATA

AAGTCCCAGA
GAGACTCTG

CCTAATACTCAC
CTTTACT

CGCCGTGATGGACGTGTAGA AGGACCAGG
TCGTGAATCTG

TTCTACTCCC
CTCAGAGAC

CTCACGGG
AGCTCCTTCG

AAGGCTGGAG
CCCAAATTA

AGGCATTCAAAA
GGCTCTC

GGAACAGGTCCGAGCACAG TTGAAGAAGT
CCTGCAGCAG

CCATCAACT
CTCCATTCAA

GGTCCTATGT
TTGAGTAG

CATCCCTGACA
GTTCTCAA

TTGGGAACA
AAGCTTTCCG

CTTCTGCACCTTGGGGATG TTGATGCTCT
TGTTCAGGTC

CCAACCCTCT
TTTATTCTA

GAAGACTGCG
GGATCGAG

TACTGGTATTG
TGAACCCC

ATGCCCATGAAC
GAAAGCT

GTTGAAGAAGTCCTGCAGC TGCACGTTC
TCGGACTTGTC

GATCTGTCCAG
CAAGGAAG

AGGTCCGAAC
GAAGTGGA

GGAGTGTCC
TTTGACAGTA

ACTCCTATTTTG
CAGTAGA

GATGCTCTTGTTGAGGTCG TTGATCAGGG
CAGTCATCAC

ATTCCACAGCA
CACACAGA

GGGAGACGTA
GAGGGTGG

TGTGGGAAG
GAGCATGGTA

GGACGTTAG
AAAGGGAGGA

CTGCACGTTCTCAGACTTG TCGTACACCTG
GATCAGCAC

TAGGCAATGC
CCAAGTATC

CTGGGGAAGG
CATCTGGG

GGGAGAGAGG
GGGAAAACC

AGGGAAGCTCTT
CTGGAAA

TTGATGAGCGCCGTCATCA CAGATTGTT
GTCTTTCGTCA

GTGGAGTCAC
TAGTATCAT

TAGCGAGCGG
CTATGAGG

TAGTTCCACGA
CCACATCC

CCAATTAGG
GAGATCTGGA

GAGTAGGTGGTGAAGGTCT ATGTCGAAGG
TCACCTCGAT

GCATCTGGCA
TGAAGTGGA

GTGGCTGGAG
ACAGATGC

GTACCTACCTC
AGGTCATT

AGCATCGGA
GACTCTAGTC
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Using ImageJ (National Institutes of Health), integrated intensity
measurements were made within a manually defined region of
interest surrounding the Ser2P foci near the transgene. Back-
ground integrated intensity from a nearby region of the same area
was subtracted from these measurements.

Microscopy and data analysis of fixed samples
For fixed cells, we used a Personal Delta Vision microscope
(GE Healthcare) equipped with a Coolsnap HQ camera and
Plan Apo N 60×/1.42-NA oil-immersion objective (Olympus).
Sections were spaced every 200 nm in z. Pixel size was 67 nm.
3D z-stacks were processed using the “enhanced” version of
the iterative, nonlinear deconvolution algorithm provided by
the Softworx software (GE Healthcare; Agard et al., 1989) and
projected in the x-y plane using a maximum-intensity algo-
rithm. The distance between a gene and a nuclear speckle was
measured from the maximum-intensity projection of the 3D
dataset (the edge of the speckle was defined as where the
nuclear speckle intensity fell to 40% of its intensity maxi-
mum), and the distance was measured to the center of the
BAC transgene or the edge of a FISH signal. Measurements
were made manually using the line profile function in
ImageJ. smRNA FISH signal intensities over nascent tran-
scripts were measured by manually selecting the nascent
RNA FISH area in 2D summed projections of the 3D raw da-
taset, summing the pixel intensities, and then subtracting the
background intensity estimated from a same-size area adja-
cent to the nascent transcript signal. Measurements were
made using ImageJ. For counting the number of mature

mRNA spots, we used the StarSearch software program, as
described elsewhere (Levesque et al., 2013; Shaffer et al.,
2013). Figs. 1 E and S2 D (but not line scans) were scaled
using a gamma value <1, applied uniformly across all images.
This reduced the intensity dynamic range, allowing simul-
taneous visualization of both intense nascent transcript sig-
nals and dimmer, less intense nascent transcript signals and
cytoplasmic mRNAs with the same scaling.

Live-cell imaging and analysis
Cells were plated on 35-mm dishes with a #1.5-thickness glass
coverslip bottom (MatTek, P35G-1.5-14-C) 48 h before imaging.
For rapid wide-field live-cell imaging, we used an OMX V4 mi-
croscope (GE Healthcare) equipped with a U Plan S-Apo 100×/
1.40-NA oil-immersion objective (Olympus), two Evolve
electron-multiplying charge-coupled device cameras (Photo-
metrics), a live cell incubator chamber (GE Healthcare) with
separate temperature controllers for the objective lens and the
incubator heater, and a humidified CO2 supply. MatTek dishes
were placed on the microscope, and temperatures for both the
objective lens and incubator chamber were maintained at 37°C
for ∼1–3 h before data acquisition. Temperatures were set to
44°C on both temperature controllers immediately after the first
time framewas taken, with ramping from 37°C to 44°C requiring∼5
min. Empirically, this temperature setting of 44°C for the
controllers produced a temperature of 42°C in the medium
inside theMatek dish, and a similar transcriptional induction of
the Hsp70 BAC transgene MS2 signal on the microscope as seen
off the microscope with a 42°C HS.

Table 1. Probe sets for smRNA FISH (Continued)

Sequence (59–39)

Hsp70 for CHO Hsp70 MSH5 VARS LSM C6orf48 MS2 repeats

CGTACACCTGGATCAGCAC TGACGTTCAG
GATGCCGTTG

GAGAAGCTTG
AGGCTCTCG

GTTGGACAAG
GACAGCCG

CCCAACAGAC
TTGTTGGAA

GTTCCCTAAATG
AGTCAGA

GATGCCGCTGAGCTCGAAG TCATGTTGAA
GGCGTAGGAC

GGAATTCATG
GTTCCATCC

CGTGTCGGC
GTAACTGAC

TGCTTTGTATT
GTTTTCCA

CTTCTGGAGACC
CAAGTAT

ATCGATGTCGAAGGTCACC TGTCCAGAAC
CTTCTTCTTG

CATCTGCAA
TCCCAGAGAG

CACAGGCAG
CTGGTATTA

AAAGAGGTTC
CAGGGCCC

TGGGCTTCCAGA
GTTCATT

TGACGTTCAGGATGCCGTT CACGAGATG
ACCTCTTGACA

CGAGCTTCGGA
GTCCCAG

GTACATCTTCC
ACCTCGC

CTCTGTGAAGGT
GCATTGT

TAGGACTCGAGCGCGTTCT TTGTGCTCAA
ACTCGTCCTT

AGGCACAAG
GCATTTATTT

CCTTCACTCAGA
TTAGTGC

GCGCTCTTCATGTTGAAGG CTGATGATG
GGGTTACACAC

ACTGCGCCT
GACCTGTATT

GAGGGGGAG
ATTCCAAACC

AGGAGATGACCTCCTGACA ACTAAAGAAC
AAAGGCCCCT

GCCATACAAAGC
TTCTCTC

CACGAACTCCTCCTTGTCG AAGTCCTTGA
GTCCCAACAG

CTAATCCACCTCCTCGATG CCATCAGGT
TACAACTTAAC

ACACCGGGAGAGCAAGCAG

AGGGCTAACTAACCCTGAC
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3D images (z-spacing = 200 nm) were acquired once every
minute, typically using the solid-state illumination with 1%
transmittance, 10–15-ms exposure for each z-slice for 477 ± 16-nm
excitation (GFP) and 2 to ∼5% transmittance and 10–20-ms expo-
sure for each z-slice for 572 ± 10-nm excitation (mCherry). Typi-
cally, 3D stacks from each of 20–25 fields of viewwere taken during
each 1-min interval using the point-visiting function of the Soft-
worx image acquisition software, with each 3D data stack acquired
over ∼1 s or less. 3D z-stacks were processed using the enhanced
version of the iterative, nonlinear deconvolution algorithm pro-
vided by Softworx (Agard et al., 1989; GEHealthcare), and projected
into the x-y plane using a maximum-intensity algorithm. Using a
custom Matlab program, each cell in the projected live-cell
videos (512 × 512-pixel area per frame) was tracked and crop-
ped into a 256 × 256-pixel area per frame with the cell trans-
lated to the center of the area and saved as a single file. Custom
Matlab scripts written for data analysis described here are
publicly available on Github: https://doi.org/10.5281/zenodo.
2559675. If necessary, a rigid body registration (ImageJ plugin
“StackReg”) was applied to correct for any x-y nuclear rotation
and/or translational displacement between sequential time
points. Each of these individual cell video files was then visu-
ally inspected and sorted into different categories of dynamics
for further analysis.

Online supplemental material
Fig. S1 shows positioning of HSPA1B BAC transgene or endoge-
nous Hsp70 genes relative to nuclear speckles before or after HS.
Fig. S2 contains various supporting data: transcription induction
kinetics in different clones; cell images corresponding to Fig. 1 D;
exosome knockdown and HSPA1B transcription levels; intensity
of Ser2P foci as function of speckle association; and speckle
association of Hsp70 flanking genes. Fig. S3 shows additional
examples of speckle and transgene dynamics. Video 1 shows
transcription increase after HS for stably associated transgene
(Fig. 3 A). Video 2 shows transcription increases after speckle
association (Fig. 3 B). Video 3 shows transcription decreases
after disassociation from speckle (Fig. 4 A). Video 4 shows dis-
sociation of transgene from speckle with transcripts bridging
transgene and speckle (Fig. 4 B). Video 5 shows coordinated
movement of attached transgene and speckle (Fig. S3 F). Video
6 shows transgene oscillations away from and back toward
nuclear speckle (Fig. S3 G).
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Kim et al., https://doi.org/10.1083/jcb.201904046

Figure S1. Positioning of HSPA1B BAC transgene or endogenous Hsp70 gene relative to a nuclear speckle before (37°C) or after HS. (A) Histograms
showing fraction of BAC HSPA1B transgenes (lacO) in CHOK1 cell clone C7MCP or endogenous Hsp70 alleles in HAP1 cells (DNA FISH) at varying distances from
the nuclear speckle before and after 30-min HS (mean ± SEM, three biological replicates, n = 100–170 per replicate). (B) Boxplots showing distribution of
varying distances from speckle shown in histogram A. Mean (square inside box), median (line inside box), box (interquartile range), ends of error bars (upper
and lower limit), × (top: 99%, bottom: 1%), – (top: maximum, bottom: minimum). *, P < 0.05; ****, P < 0.00001; n.s, not significant; pairedWilcoxon signed-rank
test. (C) Histograms showing fractions of RNA FISH signals from the endogenous Hsp70 locus in CHOK1 or HAP1 cells at varying distances from nuclear
speckles after 30-min HS (mean ± SEM, three biological replicates, n = 100–120 per replicate). (D) Boxplots showing distribution of varying distances from
speckle shown in histogram C. Box format is same as B. n.s, not significant; paired Wilcoxon signed-rank test. (E) Position of BAC transgene (green, white
arrowhead) and nuclear speckle (green, empty arrowhead; left) or endogenous gene DNA FISH signal (red, white arrowhead) and nuclear speckle (green, empty
arrowhead; right, DAPI staining, blue) at 37°C (top) or after HS (bottom). Scale bars = 1 µm. (F) Position of RNA FISH of endogenous Hsp70 locus transcripts
(red, white arrowheads) and nuclear speckle (green, empty arrowheads) after 30-min HS in CHOK1 cells (left) or HAP1 cells (right). Scale bar = 1 µm.
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Figure S2. Various supporting data. (A) Transcriptional induction of HSPA1B BAC transgene without MS2 repeats in CHO DG44 cells detected by smRNA
FISH against HSPA1B (clone 38, percentage ± SD estimate, n = 42 to 46 each time point, magenta) and of HSPA1B BAC with MS2 repeats in CHOK1 cells
detected by smRNA FISH against MS2 (clone C7MCP, percentage ± SD estimate, n = 74 to 96 each time point, green). Full induction occurs 2–4 min after HS in
both. (B) Transcriptional induction of speckle-associated (A) and non–speckle-associated (N) HSPA1B BAC transgene in CHOK1 cells (clone C7MCP). Both A and
N are induced within 0–4 min after HS (percentage ± SD estimate, n = 360, 211 observed for A; n = 147, 69 for N). (C) Histogram showing fraction of en-
dogenous Hsp70 alleles in HAP1 cells upon speckle association or non–speckle association after 2- and 4-min HS (mean ± SEM, three replicates). At 2-min HS, n
= ∼100, 38% activated cells on average among observed 201 to 360 cells, and at 4-min HS, n = 70 to 111, 96.8% activated cells on average among observed 70
to 120 cells for each replicate. (D) Whole-cell images of nucleus shown in Fig. 1 D (left) and intensity profile of nascent mRNA transcripts at HSPA1B BAC
transgene locus (right). Integrated mature mRNA signal is proportional to nascent mRNA signal as in Fig. 1 B. Left: White dashes outline cell border. Right, top:
Image of nascent transcripts in red, HSPA1B BAC in light green and nuclear speckle in green, and merge. Right, bottom: Intensity profile of nascent transcript
measured along the white dash line in top image. Intensities scaled nonlinearly in images to reduce red channel intensity dynamic range (left) but linearly for
line scans. (E) Nascent mRNA level change after EXOSC3 knockdown at 1-h HS. Left: Immunoblotting with EXOSC3 antibody to estimate the percentage of
knockdown. The EXOSC3 protein in the knockdown samples (100%, RRP40 siRNA treated) was estimated against different percentages (25, 50, 75, and 100%)
of scrambled siRNA-treated cell lysates. Lamin B1 was used as the loading control. Right: Boxplot of nascent mRNA intensity (smRNA FISH) at A and N locus for
scrambled siRNA or RRP40 siRNA–treated cells with fold differences (blue) of mean for A versus N. Mean (square inside box), median (line inside box), box
(interquartile range), ends of error bars (upper and lower limit), × (top: 99%, bottom: 1%), – (top: maximum, bottom: minimum). **, P < 0.01; ****, P < 0.0001;
n.s, not significant; paired Wilcoxon signed-rank test. n = 107 and 39 observed for A and N in scrambled; 106 and 43 for RRP40 siRNA–treated cells. (F) RNA
polII phosphorylated on serine 2 (Ser2P) and MS2MCP-mCherry signal at 1-h HS. Left: Representative images of Ser2P polII (red, bottom left and right) signals
and MS2 signals (red, bottom right, and yellow, right) for BAC transgene (light green) associated (top) versus not associated (bottom) with nuclear speckles
(green). Right: Boxplot of relative Ser2P normalized by mean Ser2P intensity of A with fold differences (blue) of mean for A versus N. **, P < 0.01; paired
Wilcoxon signed-rank test. n = 165 and 33 observed for A and N. (G) Histograms showing fraction of endogenous Hsp70 flanking gene alleles in HAP1 cells at
varying distances from the nuclear speckle (mean ± SEM, three experimental replicates, n = 128 to 289 activated loci observed in each experiment. Scale bars =
1 µm (D, enlarged panels, and F) or 5 µm (D) .
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Figure S3. Additional examples of speckle and transgene dynamics. Time stamp during HS (yellow), BAC transgene (white arrowheads, bright green), nuclear speckle
(empty arrowheads, lighter green), andRNAMS2-tagged transcripts (red,mCherry-MCP). All scale bars = 1 µm. (A)Combined speckle and transgenemovements after speckle
movement toward and associationwith the transgene (category: F, Fig. 5 B). Dotted lines connect to relatively stationary speckles. (B)Movement of two speckles toward the
transgene locus (category: F, Fig. 5 B). (C) Speckle protrusion toward the active transgene locus (category: speckle protrusion, Fig. 5 B), with the transgene thenmoving closer
to speckle. (D) Speckle formation at the active transgene (white arrowhead) after HS at 7 min, with nascent transcripts appearing above background at 8 min (category:
speckle formation, Fig. 5 B). (E)Nopersisting transcription for nonassociating locus (category: no association, Fig. 5 B). Arrow (15min) shows direction of transgenemovement.
Transcriptional bursting is observed at both nonassociating transgene loci at 13min. These bursting signals are observed again at 15min at both loci. At 16min, one transgene
(left) associates (A)with a speckle and nowmaintains elevated transcript signal during the rest of the observation time, whereas the other transgene that is not associated (N)
with speckle does not maintain an elevated transcript signal. (F) Coordinatedmovement of speckle and gene (category: coordinate movement of speckle and gene, Fig. 5 B).
White arrowsmark the direction of genemovements. Nuclear speckle and associated BAC transgene (white arrowhead)move together as a single unit beforemergingwith a
different speckle, suggesting a stable attachment of transgene and speckle (Video 5). (G andH)Movements of Hsp70 BAC transgene away from and back to nuclear speckles
at 37°C. White arrows mark the direction of gene movements. BAC transgene shows two (G) or four (H) long-range movements away from and then back toward nuclear
speckle. Category in G: FB + α, Fig. 5 B and Video 6; category in H: gene moving to a different speckle, Fig. 5 B.
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Video 1. Maximum-intensity 2D projections of 3D image stacks calculated for each 1-min time point. Time given in minutes.
Scale bar = 1 µm; 12 fps. Temperature increase begins at 1 min, reaching 42°C at ∼5 min. Transgene always speckle-associated: MS2
signal appears without delay (∼1 min after reaching HS temperature at 5 min, see also Fig. 3 A). Transgenes (green), nuclear speckles
(lighter green), and MS2-tagged nascent transcripts (red).

Video 2. Maximum-intensity 2D projections of 3D image stacks calculated for each 1-min time point. Time given in minutes.
Scale bar = 1 µm; 12 fps. Temperature increase begins at 1 min, reaching 42°C at ∼5 min. Appearance of MS2-tagged nascent
transcripts (red) is delayed after HS, with MS2 signal appearing after nonassociated transgene (green) moves to and makes contact
with nuclear speckle (see also Fig. 3 B). Lighter green, nuclear speckles.

Video 3. Maximum-intensity 2D projections of 3D image stacks calculated for each 1-min time point. Time given in minutes.
Scale bar = 1 µm; 12 fps. Temperature increase begins at 1 min, reaching 42°C at∼5 min. Decrease and disappearance of MS2-tagged
nascent transcripts (red) after disassociation of transgene (green) from nuclear speckle (lighter green; see also Fig. 4 A).

Video 4. Maximum-intensity 2D projections of 3D image stacks calculated for each 1-min time point. Time given in minutes.
Scale bar = 1 µm; 12 fps. Temperature increase begins at 1 min, reaching 42°C at ∼5 min. Delayed decay of MS2-tagged nascent
transcripts (red) after transgene (green) disassociation from nuclear speckle (lighter green). This delay is associated with a nascent
transcript accumulation between transgene and speckle that elongates and appears to physically connect the nuclear speckle with
the transgene even after the transgene moves away from the speckle (see also Fig. 4 B).

Video 5. Maximum-intensity 2D projections of 3D image stacks calculated for each 1-min time point. Time given in minutes.
Scale bar = 1 µm; 12 fps. Temperature increase begins at 1 min, reaching 42°C at∼5 min. Coordinated movement of transgene (green)
and nuclear speckle (light green) suggesting stable physical attachment of transgene with speckle during HS (see also Fig. S3 F). Red,
MS2-tagged nascent transcripts.
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Video 6. Maximum-intensity 2D projections of 3D image stacks calculated for each 1-min time point. Time given in minutes.
Scale bar = 1 µm; 12 fps. Oscillating movement of transgene (green) relative to nuclear speckle (light green) at 37°C (see also Fig. S3
G). Red, MS2-tagged nascent transcripts.
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