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Nucleocytoplasmic shuttling of Gle1 impacts 
DDX1 at transcription termination sites

ABSTRACT  Gle1 is a nucleocytoplasmic shuttling protein with well-documented cytoplasmic 
roles as a modulator of ATP-dependent DEAD-box RNA helicases involved in messenger (m)
RNA export, translation initiation and termination, and stress granule dynamics. Here, we 
identify a novel nuclear role for Gle1 during transcription termination. In HeLa cells treated 
with a peptide that disrupts Gle1 nucleocytoplasmic shuttling, we detected nuclear accumu-
lation of specific mRNAs with elongated 3′-UTR (untranslated region). Enriched mRNAs were 
nascently transcribed and accumulated in the nucleus due to a change in transcription state 
and not due to altered nuclear export. Whereas Gle1 shuttling inhibition did not appear to 
perturb nuclear DDX19 functions, it did result in increased DDX1 nucleoplasmic localization 
and decreased DDX1 interactions with Gle1 and the pre-mRNA cleavage stimulation factor 
CstF-64. An increase in nuclear R-loop signal intensity was also observed with diminished 
Gle1 shuttling, as well as colocalization of Gle1 at R-loops. Taken together, these studies 
reveal a nuclear role for Gle1 in coordinating DDX1 function in transcription termination 
complexes.

INTRODUCTION
As nuclear messenger (m)RNA is synthesized, processed, and ex-
ported to the cytoplasm, a number of wide-ranging regulatory 
events impart indispensable plasticity for the range of gene expres-
sion required during eukaryotic cellular physiology. The generation 
of export-competent, protein-coding mRNAs begins with the tran-
scription of nascent pre-mRNA by RNA polymerase II (RNA Pol II), 

wherein the 5′-end is then capped and the transcript is potentially 
edited and spliced (Ben-Yishay and Shav-Tal, 2019). Transcription is 
terminated at transcription termination sites (TTSs) with cleavage of 
the pre-mRNA, release from the RNA Pol II complex, and subse-
quent polyadenylation at the 3′-end. Throughout this pathway, the 
mRNA is assembled into a specific mRNA-protein (mRNP) complex 
that facilitates transport across the nuclear envelope through nuclear 
pore complexes (NPCs) (Natalizio and Wente, 2013). Through the 
actions of ATP-dependent DEAD-box helicases (yeast Dbps/human 
DDXs), the proteins bound to the mRNP are dynamically exchanged 
to direct each step in mRNP maturation and ultimately impart direc-
tionality to the nuclear export process (Xie and Ren, 2019). Coordi-
nation of each step in the mRNP maturation process requires a mul-
titude of distinct factors that are the focus of intense investigation.

Transcription termination itself is a complex mechanism that re-
quires the functions of three large protein complexes (CPSF, CFI, 
and CFII) (Porrua and Libri, 2015; Porrua et al., 2016). After the poly-
adenylation site (PAS) is transcribed, RNA Pol II elongation slows 
and stalls downstream at a G-rich sequence. The PAS is then recog-
nized by the CPSF complex and designated as the TTS, initiating 
the process of 3′-end formation. Following this, the CFI and CFII 
complexes cleave the nascent pre-mRNA 18-30 nucleotides down-
stream of the PAS at U- or GU- rich sequences, and the 3′-end is 
subsequently polyadenylated. These processes are coupled by the 
function of Cleavage stimulation Factor-64 (CstF-64), a component 
of both the CFI and CFII complexes. Finally, the residual 5′ uncapped 
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transcript is degraded by exonuclease Xrn2, enabling disengage-
ment of RNA Pol II from genomic DNA (West et al., 2004; Richard 
and Manley, 2009; Proudfoot, 2011; Porrua and Libri, 2015).

Several RNA-dependent DEAD-box ATPases (DDX, DHX, Dbp) 
play a role in transcription termination. For example, DDX1 associ-
ates with CstF-64 to coordinate pre-mRNA cleavage (Bleoo et al., 
2001). DHX9 and another RNA helicase, SETX, also have a required 
role in modulating transcription termination, by unwinding the 3′ 
DNA:RNA hybrids (R-loops) that slow Pol II (Skourti-Stathaki et al., 
2011; Chakraborty et al., 2018). However, the mechanism by which 
RNA helicases coordinate with the transcription termination machin-
ery remains unclear. During other steps in gene expression, activa-
tion and control of DDXs are dependent on specific cofactors. In the 
cytoplasm, eIF4G and PDCD4 regulate eIF4A (DDX2) during trans-
lation initiation (Chen et al., 2019). Likewise, our prior work shows 
that proper mRNA export through NPCs requires stimulation of 
yeast Dbp5/human DDX19B by Gle1 bound to inositol hexakispho-
sphate (IP6) for ATPase-dependent remodeling of the mRNP protein 
composition (reviewed in Folkmann et al., 2011; Adams et al., 2017). 
Human Gle1 also interacts with DDX3 during cellular stress to regu-
late translation and stress granule formation (Aditi et al., 2015, 
2019). Importantly, other DDXs/Dbps act in the nucleus to resolve 
critical replication, mRNA transcription, and processing events, 
which may also be coordinated by cofactors. Dbp5 interacts with 
the TFIIH subunit of RNA Pol II (Estruch and Cole, 2003) and 
DDX19B is implicated in resolving DNA damage-induced R-loops, 
which can result in stalled transcription and replication fork catastro-
phes (Hodroj et al., 2017a,b). DDX1 and DDX5 also unwind R-loops 
(Li et al., 2008; Mersaoui et al., 2019) and are components of the 
R-loop interactome (Cristini et al., 2018; Wang et al., 2018), consis-
tent with their interactions with transcriptional machinery (Bleoo et 
al., 2001; Mersaoui et al., 2019). Despite these many examples of 
nuclear roles for DDXs/Dbps, no cofactors have yet been described 
that stimulate or coordinate their actions.

To date, the established functions for Gle1 in regulating DDX/
Dbp functions are in the cytoplasm or at the NPC cytoplasmic face 
(Adams et al., 2017; Aditi et al., 2019; and as reviewed in Folkmann 
et al., 2011). Although human Gle1 shuttles between the nucleus 
and cytoplasm, with both major isoforms Gle1A and Gle1B contain-
ing a 39 amino acid shuttling domain (SD) (Kendirgi et al., 2003), 
nuclear functions of Gle1 are not documented. By using a dominant 
cell-permeable peptide strategy in HeLa cells, we previously re-
ported that inhibiting Gle1 nucleocytoplasmic shuttling results in 
nuclear accumulation of poly(A)+ RNA (Kendirgi et al., 2003). To de-
termine the role of Gle1 in the nucleus and the mechanism by which 
Gle1 shuttling impacts nuclear poly(A)+ RNA localization, we con-
ducted a series of molecular and cellular studies. Here we report a 
novel nuclear function of human Gle1 and find that it works in con-
cordance with DDX1 to impact transcription termination and cleav-
age of pre-mRNA prior to polyadenylation.

RESULTS
Nucleocytoplasmic shuttling of human Gle1 is important for 
nuclear retention of specific mRNAs
We previously defined a 39 amino acid nucleocytoplasmic SD im-
portant for proper human Gle1 steady-state subcellular localization 
and normal nucleocytoplasmic distribution of poly(A)+ RNA. Specifi-
cally, a dominant-negative approach, wherein HeLa cells are incu-
bated with a cell-permeable peptide generated by fusion of the SD 
peptide to the antennapedia peptide (herein called, Gle1-SD), re-
duces Gle1 shuttling and docking at the NPC and increases the rela-
tive levels of nuclear poly(A)+ RNA (Kendirgi et al., 2003). At the 

time, we concluded that Gle1 shuttling was necessary for its role at 
the NPC in stimulating efficient mRNA export. However, we have 
since discovered that Gle1 functions independent of its role in ex-
port at NPCs to also modulate DDX/Dbps involved in other stages 
of gene expression (Bolger et al., 2008; Aditi et al., 2015; Jao et al., 
2016; Glass and Wente 2019). This led us to consider whether Gle1 
might have a bona fide nuclear role that also requires its shuttling to 
allow proper poly(A)+ RNA distribution.

First, we sought to determine if the nuclear poly(A)+ RNA accu-
mulation observed following Gle1-SD treatment represents the re-
tention of bulk mRNA or of a specific class of mRNA. HeLa cells 
were treated with 5 μM Gle1-SD or control Gle1-scramble (Gle1-scr) 
peptide for 4 h at 37°C. Nuclear RNA was then isolated (Supple-
mental Figure S1A), and RNA-sequencing (RNA-seq) of respective 
poly(A)+ RNA libraries was performed. A marked increase in the lev-
els of ribosomal RNA species was noted in the nuclear fraction of 
Gle1–SD-treated cells, a surprising observation given that previous 
analysis of Saccharomyces cerevisiae gle1 mutants did not uncover 
ribosomal RNA export defects (Neumann et al., 2016). Ribosomal 
RNA was depleted prior to generation of poly(A)+ RNA libraries 
for RNA-seq, precluding further analysis of the finding in this study. 
Differential expression analyses revealed that 3090 protein coding 
mRNAs significantly accumulated in the nucleus by at least twofold 
(Figure 1A and Supplemental Figure S1B). Although some variability 
in this cohort was observed between independent samples, we 
identified 70 unique protein coding mRNAs that consistently accu-
mulated in the nucleus of Gle1–SD-treated cells by greater than 
fivefold (Supplemental Table S1). This set of nuclear-retained tran-
scripts is referred to as Gle1-SD target mRNAs. Importantly, RNA-
seq was also performed on nuclear RNA from HeLa cells treated 
with wheat germ agglutinin (WGA), which blocks NPC transport and 
mRNA export by binding to O-GlcNAc-ylated NPC proteins (Nups) 
(Dargemont 1992; Kehlenbach 2003; Li and Kohler 2014). No sig-
nificant overlap was observed between the Gle1-SD target mRNAs 
and the transcripts accumulating in the nuclei of WGA-treated cells 
(Supplemental Figure S1C).

To corroborate the RNA-seq differential expression analysis, we 
performed RT-qPCR for a subset of 12 Gle1-SD target mRNAs. Nu-
clear transcript levels were quantified in untreated, Gle1-scr, and 
Gle1-SD nuclear RNA. The qPCR reads from each primer set were 
first normalized to actin reads in their respective samples (ΔCT 
value). The difference between ΔCT values of treated and untreated 
samples (ΔΔCT) was used to calculate log2 fold change, which is 
plotted in the graph. For the 12 targets analyzed, similar transcript 
levels were detected in Gle1–scr-treated and -untreated samples. In 
contrast, significant nuclear enrichment was observed in Gle1–SD-
treated cells (Figure 1B). Total RNA levels (Supplemental Figure 
S1D) of the 12 representative Gle1-SD target mRNAs were also de-
termined by RT-qPCR. Although we observed an increase in total 
RNA levels for these target genes, nuclear enrichment of these tar-
get genes was much higher as seen by the level of fold change on 
the y-axis. An increase in nuclear:cytoplasmic ratio of these tran-
scripts also validated nuclear enrichment (Supplemental Figure 
S1E). Fos and FosB transcript levels were most notably increased, 
and RT-qPCR of amplicons in the 3′-UTR (untranslated region) of Fos 
and FosB further confirmed this enrichment (Figure 1, C and D).

To further define characteristics of the enriched RNAs in Gle1–
SD-treated cells, we analyzed the RNA-seq data to examine the 
abundance of reads across the Gle1-SD target transcripts 2 kb up-
stream and downstream of the TTS. This analysis revealed that 
transcripts were increased across the entire gene body but also 
distinctly at the TTS and 3′-UTR in the Gle1–SD-treated sample 
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FIGURE 1:  Treatment of HeLa cells with Gle1-SD peptide leads to nuclear accumulation of 
specific mRNAs. (A) Heat map from RNA-seq data illustrating differences in nuclear RNA 
accumulated in HeLa cells when treated with 5 µM of Gle1-scr or Gle1-SD peptide. Heat map 
depicts z-transformed gene expression of all genes that showed a fold change of ≥2 and false 
discovery rate of ≤0.05. (B) Twelve gene targets from RNA-seq data were confirmed with 
RT-qPCR in CDS region. The qPCR reads were normalized to actin reads in the respective 
samples (ΔCT value). The difference between ΔCT values of treated and untreated samples 
(ΔΔCT) was used to calculate log2 fold change, plotted in the graph. The graph represents fold 
change values (mean ± SEM) from three biological replicates performed in triplicate. (C) Top 
panel depicts position of the primers designed to amplify CDS and 3′-UTR (defined in 
Supplemental Table S2). RT-qPCR analysis of fold change (mean ± SEM) in 3′-UTR of Fos from 
three biological replicates was performed in triplicate. Samples were normalized to actin (intron 
1, In1) using ΔΔCT method. (D) Top panel depicts position of the primers designed to amplify 
CDS and 3′-UTR. RT-qPCR analysis of fold change (mean ± SEM) in 3′-UTR of FosB from three 
biological replicates was performed in triplicate. Samples were normalized as in C. ΔCT values 
were used to calculate statistical significance using one-tailed, paired t test (**p < 0.005, 
*p < 0.05).

(Figure 2A). To directly measure elongation of Fos and FosB, HeLa 
cells were treated with Gle1-SD peptide and nuclear RNA was sub-
jected to RT-qPCR for amplicons downstream of the TTS. Increased 
levels of Fos and FosB mRNA were detected in the region down-
stream of the cleavage site, confirming that the Fos and FosB tran-
scripts were indeed elongated (Figure 2, B and C). Previous studies 
report that loss of termination factors can result in the elongation 
of transcripts beyond the TTS and usage of cryptic downstream 
polyadenylation signals (Yao et al., 2012; Vilborg et al., 2015; 
Proudfoot, 2016). The phenotype detected in our Gle1-SD RNA-
seq data is consistent with such transcript lengthening, indicating a 
potential transcriptional termination defect. From these results, we 
concluded that disruption of nucleocytoplasmic shuttling of Gle1 
results in nuclear accumulation of specific mRNA transcripts with 
extended 3′-UTRs.

Nascently transcribed mRNAs show 
nuclear accumulation with Gle1-SD 
treatment
Both siRNA-mediated Gle1 depletion in hu-
man cell lines and temperature-sensitive 
gle1 mutants in S. cerevisiae result in a sig-
nificant nuclear accumulation of bulk poly(A)+ 
RNA, reflecting the conserved, essential 
function of Gle1 in mRNA export (Murphy 
and Wente 1996; Folkmann et al., 2013). To 
further clarify if Gle1’s role in bulk mRNA ex-
port contributes to the nuclear accumulation 
of Gle1-SD target mRNAs, we tested 
whether the nuclear-retained transcripts 
were comprised of nascently transcribed 
RNA or pre-existing RNA sequestered in the 
nucleus. HeLa cells were treated with the 
transcription inhibitor actinomycin D for 30 
min prior to Gle1-SD or Gle1-scr peptide 
treatment. Nuclear RNA was isolated and 
transcript levels were quantified by RT-qPCR. 
When transcription was inhibited, Gle1 tar-
get RNA transcript levels were not elevated 
in Gle1–SD-treated cells (Supplemental 
Figure S1F). This indicated that Gle1-SD 
treatment produces a change in transcrip-
tion state and does not alter nuclear export.

To directly measure whether Gle1 shut-
tling specifically impacts transcription of the 
target RNAs, we employed a click chemistry 
approach to selectively isolate nascently 
transcribed RNA (Figure 3A). HeLa cells pre-
treated with Gle1-SD or Gle1-scr peptide 
for 1 h were incubated with ethynyl uridine 
(EU) in the presence of the peptide to spe-
cifically label newly synthesized RNA. The 
EU-tagged mRNAs were biotinylated by 
click chemistry, captured with streptavidin 
magnetic beads, and subjected to RT-qPCR. 
Increased levels of nascently transcribed tar-
get RNAs were detected following Gle1-SD 
treatment, as compared with Gle1-scr treat-
ment (Figure 3B). Taken together, these data 
revealed that Gle1 has a novel function in 
the nucleus, potentially linked to transcrip-
tion termination of specific nascent mRNAs.

Gle1’s role in transcription termination is independent of 
DDX19B
Given that Gle1 functions in nuclear export and translation by 
modulating DDXs, we next sought to determine if a DEAD box 
helicase is acted on by Gle1 during transcription termination. Hu-
man Gle1’s role in the activation of DDX19B at NPC for mRNA 
export is well documented (reviewed in Folkmann et al., 2011; 
Adams et al., 2017). DDX19B normally exhibits a pancellular dis-
tribution, localizing to the cytoplasm and nuclear rim and in the 
nucleus to a lesser extent (Zolotukhin et al., 2009; Hodroj et al., 
2017a). However, a recent study reports that DDX19B is phos-
phorylated in response to DNA damage and translocates to the 
nucleus to resolve DNA–RNA hybrids (R-loops) (Hodroj et al., 
2017a). This nuclear function is further bolstered by R-loop 
interactome studies that find DDX19B is one of the helicases 
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associated with R-loops (Cristini et al., 
2018; Wang et al., 2018). To investigate 
whether Gle1’s effects on transcription ter-
mination are mediated by DDX19B, we 
first examined the localization of DDX19B 
after Gle1-scr or Gle1-SD treatment by in-
direct immunofluorescence (IF) micros-
copy (Supplemental Figure S2, A and B). 
Quantification of the nuclear-to-cytoplas-
mic fluorescence intensity ratio demon-
strated that no change in localization of 
DDX19B occurred with Gle1-scr or Gle1-
SD treatment, whereas DDX19B redistrib-
uted to the nucleus as described (Hodroj 
et al., 2017a) following treatment with the 
DNA damage agent camptothecin (Sup-
plemental Figure S2, C and D). Thus, im-
paired Gle1 shuttling did not result in al-
tered levels of DDX19B in the nucleus.

We further reasoned that if Gle1 modu-
lates the activity of DDX19B during the 
transcription termination process, then 
Gle1-SD target mRNAs should accumulate 
in the nucleus when a dominant-negative 
(DDX19R372G) or helicase-dead (DDX19E242Q) 
variant of DDX19B is overexpressed 
(Hodge et al., 2011; Noble et al., 2011). 
The GFP-DDX19WT, GFP-ddx19R372G, or 
GFP-ddx19E242Q plasmids were transfected 
into HeLa cells and GFP-positive cells were 
sorted by flow cytometry. Nuclear RNA was 
isolated and subjected to RT-qPCR for 
analysis of Gle1-SD target transcript levels. 
We found that none of the analyzed mRNAs 
showed nuclear accumulation with over-
production of either the dominant-nega-
tive or the helicase-dead ddx19, or with 
wild-type DDX19B (Supplemental Figure 
S2E). Taken together, we concluded that 
the observed effect of Gle1 on nuclear ac-
cumulation of target RNAs occurs indepen-
dent of DDX19B.

Nuclear function of Gle1 is mediated 
through DDX1
In addition to DDX19B, the DEAD-box 
helicase DDX1 is independently implicated 
during transcription termination, as well as 
having a role in resolving R-loops (Bleoo 
et al., 2001; Cristini et al., 2018). DDX1 
localizes primarily to the nucleus in wide-
spread puncta throughout the nucleoplasm 
and to larger more distinct foci associated 
with the transcription termination cleavage 
factor, CstF-64 (Bleoo et al., 2001). To deter-
mine if Gle1-SD treatment alters the nuclear 
localization of DDX1, Gle1–SD- and Gle1–
scr-treated cells were immunostained for 
DDX1 and the ratio of nuclear-to-cytoplas-
mic localization was quantified (Figure 4A). 
An increase in nucleoplasmic DDX1 was 
detected on Gle1-SD treatment, and its 

FIGURE 2:  Gle1-SD peptide treatment indicates transcription termination defect in Gle1 target 
genes. (A) Gene coverage around TTS ± 2 kb of all upregulated genes from RNA-seq data is 
shown. Duplicate data sets are depicted individually. (B) Schematic depicts the position of 
primers D and E downstream of the 3′UTR and cleavage site (CS) of the Fos gene. RT-qPCR data 
represent fold change values (mean ± SEM) from at least three biological repeats in nuclear 
pre-mRNA levels on Gle1-scr or Gle1-SD treatment. (C) Schematic depicts the position of 
primers B and C downstream of the 3′UTR and cleavage site (CS) of the FosB. Shown is fold 
change (mean ± SEM) in nuclear levels of pre-mRNA detected using RT-qPCR of Gle1–scr- or 
Gle1–SD-treated cells from at least three biological repeats. Samples (B and C) were normalized 
to actin (In1) values and fold change was calculated using ΔΔCT method as in Figure 1. ΔCT 
values were used to calculate statistical significance using one-tailed, paired t test (*p < 0.05).

FIGURE 3:  Gle1-SD peptide treatment leads to accumulation of nascent mRNAs. (A) Schematic 
diagram illustrates EU-based detection of nascent mRNA. (B) HeLa cells were labeled with EU in 
the presence of Gle1-scr or Gle1-SD peptide. Nascent nuclear RNAs were captured and 
subjected to RT-qPCR using primers in the CDS region. The graph depicts fold change relative 
to actin values in untreated samples (mean ± SEM) from three biological replicates performed in 
triplicate (as detailed in Figure 1). ΔCT values were used to calculate statistical significance using 
paired one-tailed Student t test (****p < 0.0001, ***p < 0.001, **p < 0.003).
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FIGURE 4:  Gle1-SD effects are mediated through DDX1. (A) Gle1-scr 
or Gle1-SD peptide-treated HeLa cells were immunostained with DDX1 
antibody. NucRed nuclear staining is pseudocolored as blue. Maximum 
intensity projected images are depicted and were used for subsequent 
quantification. Scale bar represents 10 μm. (B) Confocal images from 
three independent experiments were quantified using Image J and the 
nuclear/cytoplasmic ratio was plotted from over 290 cells. Unpaired, 
two-tailed t test was used to calculate statistical significance (****p < 
0.0001). (C) Intensity Variation (SD of intensity histogram) analysis was 
done using Nikon Elements software over the nucleus region of interest 
from the above images. (D) HeLa cells were transfected with control or 
DDX1 siRNA for 72 h. RT-qPCR from nuclear RNA shows fold change 
(mean ± SEM) in nuclear pre-mRNA transcripts from three independent 
experiments. Samples were normalized to actin (In1) and fold change 
was calculated using ∆∆CT method (as detailed in Figure 1). ∆CT values 
were used to calculate statistical significance using one-tailed, paired t 
test (*p < 0.05 and **p < 0.005).

localization was notably altered (Figure 4B). In Gle1-scr cells, DDX1 
primarily exhibited a punctate distribution throughout the nucleus, 
as previously reported. However, following Gle1-SD treatment, the 
DDX1 localization was markedly more diffuse. A histogram of the 
nuclear intensity variation revealed that there was a wider variation 
in the intensity of DDX1 peaks in Gle1–SD-treated cells, quantita-
tively affirming the reduction in DDX1 localization to nuclear foci 
(Figure 4C).

To examine whether DDX1 is involved in transcription termina-
tion of Gle1 target genes, we silenced DDX1 (Supplemental Figure 
S3A) and quantified the nuclear levels of uncleaved Fos and FosB 
transcripts. Importantly, significant nuclear accumulation of Fos and 

FosB amplicons beyond the cleavage site was observed in DDX1-
depleted cells (Figure 4D). This analysis supported a model wherein 
Gle1 and DDX1 function together during transcription termination.

Gle1-SD disrupts pre-mRNA cleavage complex
To examine whether nuclear Gle1 localizes in close juxtaposition to 
DDX1, we utilized a proximity ligation assay (PLA), whereby an ampli-
fied fluorescent signal is produced only if Gle1 is within 40 nm of 
DDX1. Anti-Gle1 and anti-DDX1 antibodies were independently 
tested and shown to produce negligible background signal. Interest-
ingly, together anti-Gle1 and anti-DDX1 exhibited a significant PLA 
signal above the background in untreated cells (Supplemental Figure 
S3B). Next, we tested if the PLA interaction between anti-Gle1 and 
anti-DDX1 changed with Gle1-SD treatment (Figure 5A). PLA signal 
was quantified from maximum intensity projected z-stacks as the 
number of PLA dots per nucleus, as well as nuclear fluorescence in-
tensity (Integrated Density) (Figure 5, B and C). Whereas the interac-
tion signal between anti-Gle1 and anti-DDX1 persisted in Gle1–scr-
treated cells, the PLA signal decreased following Gle1-SD treatment. 
Taken together, these results indicated that Gle1 localizes in close 
proximity to nuclear DDX1 in a shuttling-dependent manner, and 
perturbing Gle1 shuttling alters DDX1 localization to nuclear foci.

DDX1 is implicated in transcription termination by its colocaliza-
tion to nuclear foci with CstF-64 (Bleoo et al., 2001), a component of 
the CSTF complex required for 3′-end cleavage and polyadenyl-
ation following transcription termination. Since impaired Gle1 
shuttling altered the localization of DDX1 to nuclear foci, we further 
hypothesized that Gle1 plays a role in mediating interactions 
between DDX1 and CstF-64 at sites of active transcription termina-
tion. Using PLA, we confirmed that nuclear DDX1 and CstF-64 are 
colocalized in untreated cells (Supplemental Figure S3C) and in 
Gle1–scr-treated cells. Strikingly, Gle1-SD treatment resulted in a 
pronounced reduction in DDX1-CstF-64 PLA signal, based both on 
quantification of the number of nuclear PLA dots and on nuclear 
fluorescence intensity (Figure 5, D–F). In combination with our data 
demonstrating that Gle1-SD treatment results in accumulation of 
polyadenylated target RNAs with extended 3′-UTR, these results 
suggested that Gle1 impacts the localization and interactions of 
nuclear DDX1 during cleavage of nascent mRNA.

Abrogation of Gle1 shuttling increases the number of 
R-loops
R-loops act as a powerful inhibitor of RNA Pol II downstream of the 
TTS (Skourti-Stathaki et al., 2011; Ginno et al., 2013), and proper 
termination and cleavage depend on the removal of these R-loops. 
Indeed, increased R-loop persistence results in the accumulation of 
CstF-64 at cleavage sites (Katahira et al., 2019). We mined the R-
loop database, which uses the quantitative R-loop forming se-
quence (RLFS) prediction model (QmRLFS; Supplemental Table S1), 
to identify Gle1-SD accumulated transcripts with a propensity for 
3′-UTR R-loops (Wongsurawat et al., 2012; Jenjaroenpun et al., 
2015). Strikingly, 74.3% (52/70) were predicted to form R-loops on 
the coding strand, of which 75% (39/52) were experimentally vali-
dated sites of R-loop formation (Figure 6A). Given that only ∼10% of 
genes across the human genome are predicted to contain R-loop 
prone sequences in the 3′-end (Ginno et al., 2013), these data re-
flected an enrichment of predicted 3′-UTR R-loops in the nuclear-
retained mRNA of Gle1–SD-treated cells. This analysis indicated 
that proper Gle1 shuttling is linked to its role in the transcription 
termination of specific R–loop-forming mRNA transcripts.

Based on the correlation of accumulating Gle1-SD target tran-
scripts with a high propensity to form R-loops, we speculated that 
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FIGURE 5:  Gle1-SD disrupts colocalization between Gle1 and DDX1. (A) Shown are maximum 
intensity projected confocal images detecting proximity ligation between Gle1 and DDX1 in 
Gle1–scr- or Gle1–SD-treated samples. Scale bar represents 5 µm. (B) Number of PLA dots in the 
nucleus were quantified using ImageJ from over 200 cells per condition acquired over at least 
three independent experiments, and unpaired, two tailed t test was used to calculate statistical 
significance (***p < 0.0005). (C) Nuclear intensity of PLA dots was measured as Integrated 
Density using ImageJ from over 200 cells per condition acquired over three independent 
experiments, and unpaired, two tailed t test was used to calculate statistical significance 
(***p < 0.0005). (D) Proximity Ligation between DDX1 and CstF-64 was detected in Gle1–scr- or 
Gle1–SD-treated cells. Maximum intensity projected images are depicted. Scale bar represents 
5 µm. (E) Number of PLA dots in the nucleus was measured using ImageJ from over 200 cells 
acquired over three independent experiments. (F) Nuclear intensity of PLA dots was measured 
as Integrated Density using ImageJ from over 200 cells from three independent experiments. 
Prism was used to calculate significance using unpaired, two-tailed t test (***p < 0.0005).

disrupted Gle1 shuttling results in R-loop formation due to compro-
mised pre-mRNA cleavage. To test this hypothesis, indirect IF 
microscopy was used to examine whether inhibiting Gle1 shuttling 
alters the occurrence of R-loops. HeLa cells treated with Gle1-SD or 
Gle1-scr peptide were immunostained with S9.6 antibody that spe-
cifically recognizes RNA–DNA hybrids. This antibody also commonly 
detects RNA–DNA structures in the cytoplasm, which are attributed 
to mitochondrial R-loops and Pol III-transcribed RNA–DNA hybrids 
(Koo et al., 2015; Vanoosthuyse 2018; Holt 2019). Since our RNA-seq 
analysis detected specific accumulation of R–loop-containing tran-
scripts in the nucleus, we analyzed only the nuclear S9.6 signal to 
quantify R-loops for the purposes of this study. Co-staining for nucleo-
lin was employed to allow subtraction of background signal from S9.6 
binding to ribosomal R-loops in the nucleolus (Figure 6B). No change 
in nucleolar foci or fragmented nucleolin signal was detected be-
tween Gle1-scr and Gle1-SD cells. However, Gle1-SD treatment pro-
duced a statistically significant increase in S9.6 signal intensity in the 
nucleoplasm, supporting the bioinformatic data and linking altered 
Gle1 shuttling to changes in R–loop-containing mRNA (Figure 6C).

The S9.6 antibody used to identify RNA–DNA hybrids also rec-
ognizes dsRNA structure, albeit with a low affinity (Hartono et al., 
2018). To further confirm that the increase in S9.6 signal intensity 
observed by IF microscopy was due to RNA–DNA hybrids and not 
due to RNA–RNA structures, we overexpressed mCherry-RNaseH1 
(which degrades DNA–RNA hybrids but not dsRNA) and treated the 
cells with Gle1-SD peptide. Imaging was performed on mCherry-

positive cells and scored for S9.6 signal in-
tensity as described above (Figure 6D). Im-
portantly, we observed a significant 
reduction in S9.6 signal intensity in cells ex-
pressing RNaseH1 (Figure 6E). These data 
verified our S9.6 staining as R-loops and 
further supported the conclusion that al-
tered Gle1 shuttling increases R-loops.

To examine whether Gle1 is present near 
R-loops, we employed PLA. Anti-Gle1 and 
S9.6 antibodies were independently tested 
and produced negligible background signal 
(Supplemental Figure S4A). HeLa cells 
treated with Gle1-scr or Gle1-SD peptide 
were fixed, immunostained, and imaged to 
detect the proximity of anti-Gle1 and anti-
S9.6 antibodies (Figure 7A). Nucleolin-local-
ized anti-S9.6 signal was subtracted and 
PLA signals were quantified as described. A 
positive PLA signal was detected in un-
treated and Gle1–scr-treated samples, re-
vealing that Gle1 localizes in close proximity 
to R-loops under wild-type conditions. 
Moreover, a small but noted increase in PLA 
signal was detected in the nuclei of cells 
treated with Gle1-SD peptide (Figure 7B). 
To test specificity of this assay, we silenced 
GLE1 using siRNA and employed PLA assay. 
PLA signal in the nucleus outside of the nu-
cleolar region was calculated. Supplemental 
Figure S4B shows a significant reduction in 
PLA signal following GLE1 silencing. Thus, 
nuclear Gle1 was localized near R-loops un-
der control conditions and remained there 
even when Gle1 shuttling was disrupted.

Altered Gle1 shuttling does not induce DNA damage or 
predispose cells to DNA damage
In addition to playing a role in transcription termination, R-loop for-
mation is associated with genomic instability and DNA damage 
(Santos-Pereira and Aguilera 2015; Crossley et al., 2019). Thus, if a 
disruption in Gle1 shuttling leads to DNA damage, an increase in 
unresolved R-loops would follow. To investigate this possibility, HeLa 
cells were immunostained for the well-established DNA damage 
marker γH2AX following Gle1-SD or Gle1-scr treatment. No signifi-
cant difference in the nuclear intensity of γH2AX was observed after 
Gle1-scr or Gle1-SD peptide treatment (Supplemental Figure S5, A 
and B). As a positive control, HeLa cells were treated with hydroxy-
urea (HU) to induce DNA damage. HU treatment significantly in-
creased the nuclear intensity of γH2AX in HeLa cells (Supplemental 
Figure S5C). To assess whether Gle1-SD treatment predisposes 
HeLa cells to increased DNA damage responses, cells were sub-
jected to pretreatment with Gle1-scr or Gle1-SD peptide for 30 min 
followed by HU treatment in the presence of the peptide for 4 h. No 
increase in the nuclear intensity of γH2AX was observed with pre-
treatment of either peptide (Supplemental Figure S5, C and D). We 
concluded that the role for Gle1 in R-loop biology does not involve 
the DNA damage response. The absence of DNA damage following 
Gle1-SD treatment suggested that proper Gle1 shuttling is specifi-
cally linked to R-loops formed during normal transcription termina-
tion processes, wherein R-loops might be formed as a consequence 
of compromised pre-mRNA cleavage.
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DISCUSSION
Although nucleocytoplasmic shuttling of human Gle1 has long been 
documented, we establish here a nuclear role for human Gle1, 
specifically in coordinating DDX1 and CstF-64 functions during tran-
scription termination. Several pieces of evidence support this con-
clusion. First, inhibition of Gle1 nucleocytoplasmic shuttling leads to 
nuclear accumulation of specific nascent poly(A)+ RNAs and tran-
scription termination defects in Gle1-SD target genes. Second, the 
abrogation of Gle1 shuttling decreases colocation between Gle1 
and DDX1 and between DDX1 and the transcription termination 
factor CstF-64. This impairs pre-mRNA cleavage as evidenced by 
increased levels of transcripts downstream of the PAS and cleavage 
site. Third, under these conditions, the most highly accumulating 
transcripts are those that are prone to containing R-loops, and the 
overall detection of nucleoplasmic R-loops increases with Gle1-SD 
treatment. We propose that when Gle1 shuttling is disrupted, for-
mation of the DDX1-CstF-64 complex is perturbed and pre-mRNA 
cleavage is not executed at the proper TTS. The consequential elon-
gation of the 3′-UTR by RNA Pol II and downstream cleavage likely 
results in the associated increased R-loop formation (Figure 7C).

Under normal conditions, DDX1 is predominantly a nuclear pro-
tein localized to transcriptional foci at steady state, with nucleocyto-
plasmic shuttling ability (Figure 4; Bleoo et al., 2001). Our observed 
Gle1–SD-mediated displacement of DDX1 from transcriptional foci 
to diffuse nucleoplasmic localization is coincident with the reduced 
colocalization of Gle1 with DDX1 and DDX1 with CstF-64. Taken to-
gether, this indicates that nuclear localization of Gle1 is required for 
DDX1 to properly assemble or function with the transcription termi-
nation complex. In our prior studies, we show that the N-terminal 

domain of Gle1 facilitates self-association through a predicted 
coiled-coil domain (Folkmann et al., 2013). One possibility is that 
proper shuttling allows nuclear Gle1 self-association, creating some 
type of required scaffold for the activation and assembly of DDX1 with 
the transcription termination and pre-mRNA cleavage complexes.

An alternative mechanism by which Gle1 shuttling might impact 
transcription termination is through altering the nuclear transport, 
and thereby the stoichiometry, of proteins involved in transcription 
termination. From our prior studies, we know that Gle1-SD treat-
ment does not impair the nuclear export of importin-β or nuclear 
import of its cargo (Kendirgi et al., 2003). However, a number of the 
components of the CPSF, CFI, and CFII complexes as well as several 
RNA helicases shuttle between the nucleus and cytoplasm, and 
inhibiting Gle1 shuttling might impact their shuttling through an 
unknown mechanism. For example, intracellular movement and lo-
calization of CstF-64 is mediated by its interaction with CstF-77 and 
is required for correct polyadenylation of mRNA transcripts (Ruepp 
et al., 2011). Thus, perturbed CstF-64 shuttling alone might gener-
ate the defects observed in transcription termination.

We also find a reduced interaction between DDX1 and CstF-64 
on Gle1-SD treatment, which might reflect an altered stoichiometry 
of CstF-64 at TTSs. Silencing of CstF-64 affects a specific subset of 
transcripts for alternative polyadenylation processing (Yao et al., 
2012). In the presence of CstF-64, proximal and weaker PAS sites 
are used for a specific subset of transcripts. Other studies reveal that 
CstF-64 is involved in changing the PAS from distal to proximal for 
IgM and NF-ATc mRNA transcripts (Takagaki et al., 1996; Takagaki 
and Manley 1997). Transcription termination can also be blocked 
during times of cellular stress (Vilborg et al., 2015, 2017) or viral 

FIGURE 6:  R-loops are increased following Gle1-SD treatment. (A) Pie chart depicts bioinformatic analyses of RNA-seq 
target genes with >5-fold change in nuclear RNA levels. (B) HeLa cells were treated with Gle1-scr or Gle1-SD peptide, 
immunostained with S9.6 antibody that recognizes RNA:DNA hybrids, and co-stained with nucleolin. Representative 
midplane images are shown, Scale bar represents 5 µm. (C) Box and whisker plot represents the nuclear intensity 
(Integrated Density) of S9.6 bound from midplane sections after subtracting nucleolin intensity, as determined from 
three independent experiments. (D) HeLa cells were transfected with mCherry or RNaseH1-NLS-mCherry for forty hours 
prior to Gle1-SD treatment and immunostained as described above. Scale bar represents 5 µm. (E) Nuclear S9.6 signal 
from midplane section was calculated by subtracting nucleolin as above from over 130 transfected cells from three 
independent experiments. P value was calculated in Prism using unpaired, two-tailed t test (***p < 0.0001).
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FIGURE 7:  Proximity of Gle1 to R-loops increases following Gle1-SD treatment. (A) Gle1–scr- 
or Gle1–SD-treated HeLa cells were subjected to PLA with Gle1 and S9.6 antibodies, 
counterstained with nucleolin antibody and imaged by confocal microscopy. NucRed is 
pseudocolored in blue. Scale bar represents 5 µm. (B) Nuclear PLA signal (in red) was quantified 
with nucleolin subtraction from midplane sections of over 225 cells from three independent 
experiments. Unpaired, two-tailed t test was used to calculate statistical significance 
(***p < 0.0005). (C) Model depicting a role for Gle1 in transcription termination.

infections (Bauer et al., 2018; Hennig et al., 2018), resulting in 
readthrough transcripts called “Downstream of Gene.” These tran-
scripts extend beyond the 3′-UTR into intergenic regions. In these 
ways, Gle1 might participate with CstF-64 in altering cleavage site 
selection, leading to defective transcription termination. Further 
studies are needed to determine the full potential impact of Gle1 on 
all elements of 3′-UTRs.

Given Gle1 is known to regulate the activity of DDX/Dbps in the 
cytoplasm (Alcázar-Román et al., 2006; Weirich et al., 2006; Bolger 
et al., 2008; Folkmann et al., 2013; Aditi et al., 2015; Adams et al., 
2017), it is possible that nuclear-localized Gle1 plays a direct role in 
facilitating the DDX1 RNA helicase activity required for resolving the 
R-loops during transcription termination. In two independent stud-
ies, DDX1 is found as a part of the R-loop interactome (Cristini et al., 
2018; Wang et al., 2018). Although our PLA results indicate that 
Gle1 is colocalized with both R-loops and DDX1, Gle1 is not re-
ported in the R-loop interactomes. This might be due to the Gle1-
DDX1 PLA signal arising from transient interactions. Indeed, Gle1 
association with other DEAD-box RNA helicases is quite transient 
(Weirich et al., 2006; Montpetit et al., 2011) and not easily detected 
in proteomic experiments (Hodge et al., 1999). In addition to DDX1, 
Gle1 might modulate other RNA helicases that are implicated in R-
loop resolution at TTSs, such as SETX and DHX9. SETX resolves R-
loops formed at G-rich transcriptional pause sites downstream of a 
PAS (Skourti-Stathaki et al., 2011) and we also see colocalization be-
tween Gle1 and SETX via PLA analysis (Supplemental Figure S3D). 
DHX9 also assists in transcription termination by preventing RNA Pol 
II read through downstream of PAS in response to stress (Cristini et 
al., 2018) or the absence of splicing factors (Chakraborty et al., 
2018); however, we did not see a signal between anti-Gle1 and anti-
DHX9 by PLA (Supplemental Figure S3D). Future studies will be 

needed to test for direct Gle1 modulation of 
DDX1 or other DDX/Dbp activities.

The precise mechanism by which the 
Gle1-SD disrupts shuttling has not been de-
lineated. Presumably, the SD peptide com-
petes with Gle1 protein interaction partners 
that are required for its transport or nuclear 
retention. Such interaction partners for the 
Gle1 39-residue SD domain are not known, 
and their identification will be the subject of 
our ongoing work to uncover important 
mechanistic contexts for Gle1’s function in 
transcription termination. Here, we have es-
tablished principal connections that lay the 
foundation for this novel role for Gle1 in the 
nucleus. The routes by which Gle1 might act 
on transcription termination are many. Given 
its capacity to interact with DDX1 and R-
loops and regulate DDX/Dbp activity through 
mRNA export and translation, the actions of 
Gle1 could bring about multiple effects on 
the stoichiometry, assembly, and activity of 
transcription termination complexes.

MATERIALS AND METHODS
Cell culture, treatments, transfections, 
and reagents
HeLa cells (CCL-2 from ATCC, passaged 
<12) were cultured in complete DMEM (Life 
Technologies, Thermo Fisher Scientific, 
Waltham, MA) media supplemented with 

10% fetal bovine serum (Atlanta Biologicals, Flowery Branch, GA), 1 
mM HEPES solution (Life Technologies), and 10 mM sodium pyru-
vate (Life Technologies) at 37°C with 5% CO2. For Gle1 peptide 
treatment, 2.5 × 104 cells per well were plated on a 24-well tray, 
cultured overnight, and treated with 5 μM Gle1-scr or Gle1-SD pep-
tide, 0.5 mg/ml WGA, 2.5 µg/ml actinomycin D, or 5 mM HU. Plas-
mids expressing GFP (pEGFP-C1, Takara Bio USA, Mountain View, 
CA), GFP-DDX19wt (pSW3254), GFP-DDX19R372G (pSW3477), GFP-
DDX19E242Q (pSW3314), and mCherry-RNaseH1 (plasmid #60365, 
Addgene, Watertown, MA) were transfected using Fugene 6 ac-
cording to manufacturer’s instructions.

Negative control siRNA (QIAGEN), GLE1 siRNA (QIAGEN; Aditi 
et al., 2015), and DDX1 siRNA pool (Dharmacon) were transfected 
in HeLa cells using HiPerfect according to the protocol published in 
Aditi et al. (2015). Cells were assayed after 72 h of transfection.

Antibodies used were: rabbit Gle1 (ASW48, 1:100 for IF and 
1:1000 for IP), mouse S9.6 (Kerafast #ENH001, 1:100), rabbit nucle-
olin (Abcam #ab22758, 1:1000), phospho-γH2AX (EMD Millipore 
#05-636, 1:1000), rabbit DDX19 (Bethyl A300-547A, 1:100), mouse 
DDX1 (Novus Biologicals #NBP2-61745, 1:100 for IF), rabbit CstF-
64 (Bethyl A301-092A, 1:100), Nucleolin-AF 488 (Abcam 364-5, 
1:40), and NucRed (Molecular Probes, 2 drops/ml in phosphate-
buffered saline [PBS]). Alexa Fluor secondary antibodies from 
Thermo Fisher Scientific were used at 1:500 dilution.

Peptide synthesis: Gle1-scr and Gle1-SD were custom 
synthesized by Genscript Biotech (Piscataway, NJ). Both se-
quences harbor antennapedia sequence at its amino terminus 
(RQIKIWFQNRRMKWKK).

Gle1-scr: VPSHLSTAFQDVSLYGVLPKSGQLKGLVSQFKENDIRGI
Gle1-SD: IFDKIHSLLSGKPVQSGGRSVSVTLNPQGLDFVQYKLAE



2406  |  M. Sharma and S. R. Wente	 Molecular Biology of the Cell

Nuclear and cytoplasmic RNA fractionation and RT-qPCR: Cy-
toplasmic and Nuclear RNA purification (Norgen Biotek, Thorold, 
ON, Canada) was performed according to manufacturer’s instruc-
tions. Briefly, cells were lysed directly in the wells with ice-cold lysis 
buffer J (containing β-mercaptoethanol) for 5 min on ice and spun at 
13,000 rpm for 3 min. Supernatant (cytoplasmic fraction) and pellet 
(nuclear fraction) were resuspended in buffer SK and 100% ethanol. 
RNA was bound on the column, washed with wash solution A, and 
eluted in buffer E. DNase (Promega, Madison, WI) treatment was 
performed at 37°C for 30 min and the reaction was halted using 1× 
stop solution (Promega), 150 ng of RNA was used to generate 
cDNA using the high capacity cDNA reverse transcription kit 
(Thermo Fisher Scientific) according to manufacturer’s instructions, 
and 1.5 μl of cDNA was used for a 13-μl qPCR reaction using IQ Real 
time SYBR Green PCR Supermix (Bio-Rad Laboratories, Hercules, 
CA). Each reaction was done in triplicate and values were normal-
ized to housekeeping gene as indicated based on ΔΔCT method. 
Statistical significance was calculated with a one-tailed, paired t test 
on ΔCT values using Prism software. Primers are listed in Supple-
mental Table S2.

RNA-seq library preparation and data analyses: Nuclear RNA 
from Gle1–scr- and Gle1–SD-treated HeLa cells was assessed for 
quality and enriched for mRNA, cDNA library was prepared, and 
polyA transcripts were sequenced by Vanderbilt Technologies for 
Advanced Genomics (VANTAGE) on Illumina HiSeq 2500. Data 
analyses was performed by VANTAGE Analysis and Research De-
sign (VANGARD) using a standard pipeline. Reads were mapped to 
hg19 dataset using a HISAT2 scheme. Differential analyses between 
Gle1–scr- and Gle1–SD-treated samples were calculated using fea-
ture counts in SAMtools, and statistical analyses were performed 
using the edgeR Bioconducter software package. The false discov-
ery rate was determined to be <0.05.

Click-IT nascent RNA capture: The Click-IT nascent RNA cap-
ture kit (#C-10365, Life Technologies, Thermo Fisher Scientific, 
Carlsbad, CA) was used according to manufacturer’s instructions. 
Briefly, HeLa cells were plated on a 24-well dish (2.5 × 104 cells per 
well) and treated as indicated; 0.2 mM of 5-EU was added to cells 
for 3 h, and nuclear RNA was isolated by fractionation from total 
RNA and treated with DNase as described. Nuclear RNA (550 ng) 
was biotinylated with 0.25 mM biotin-azide (Comp C) and precipi-
tated with 12 ml of MyOne Streptavidin T1 magnetic beads (Comp 
H). Beads were washed and eluted and immediately used for cDNA 
synthesis using SuperScript VILO cDNA synthesis kit (#11754-050, 
Life Technologies) according to manufacturer’s instruction. qPCR 
was performed using SYBR Green Supermix as described above.

IF: Cells were processed for protein IF as previously described 
(Jao et al., 2016). Briefly, cells were fixed with 100% methanol at 
–20°C for 5 min, washed with PBS, and blocked overnight at 4°C in 
a humidified chamber with blocking buffer (2% sheep serum, 0.1% 
Triton X-100 and 10 mg/ml bovine serum albumin [BSA] in PBS). 
Primary antibodies were diluted in blocking buffer and incubated 
overnight at 4°C in a humidified chamber at dilutions indicated 
above. Cells were washed with PBS and immunostained with Alexa 
Flour antibodies for 1 h at room temperature (RT) in a humidified 
chamber. Cells were washed with PBS, incubated with NucRed for 
45 min at RT, and mounted in Vectashield (Vector Laboratories, Bur-
lingame, CA). Slides were imaged using a 63× 1.4 NA objective or 
100× 1.47 NA objective on a Leica SP5 confocal microscope. Four 
color imaging in Figure 6 was performed using a 100X 1.42 N/A 
objective on an Olympus FV1000 confocal microscope. Postimag-
ing processing was performed on maximum intensity projected z-
stacks (excluding R-loop analyses, described below) using ImageJ 

software. GraphPad Prism 8 was used to remove outliers using rec-
ommended ROUT method (Q = 1%) and to graph data from at least 
three independent experiments. Statistical significance was deter-
mined using Prism software as indicated in figure legends.

R-loop IF (Wan et al., 2015) was performed with the following 
modifications. Following methanol fixation, cells were washed with 
70% ethanol for 5 min on ice followed by PBS washes. Cells were 
blocked with 250 mg/ml BSA, 0.5% Triton X-100, and 2% normal 
goat serum in PBS. The same buffer was used to dilute primary and 
secondary antibodies. Cells were imaged as above and analyses 
were performed on a midplane section.

PLA and analyses: The Duolink PLA (Sigma-Aldrich, Saint Louis, 
MO) fluorescence protocol was followed with the changes described 
below. HeLa cells were plated on 8-well chamber slide (2 × 104 cell 
per chamber), treated as indicated, and blocked overnight at 4°C in 
a humidified chamber with the same blocking buffer as used for IF. 
Primary antibodies were diluted as described for IF and incubated 
overnight at 4°C in a humidified chamber. Chamber slides were 
washed in a Koplin chamber using buffer A. PLA probe incubations, 
ligation, amplification, and washes were performed according to 
manufacturer’s instruction. Counterstaining with Nucleolin-AF 488 (at 
4°C overnight in a humidified chamber) and/or NucRed (for 45 min 
at RT in a humidified chamber) was performed after washes in buffer 
B, as directed by the manufacturer. Slides were mounted in Duolink 
mounting media and imaged on the Leica SP5 confocal microscope 
using 100× 1.47 NA objective lens. Z-stacks were acquired from top 
to bottom of the nucleus in 0.5-μm sections. Maximum intensity pro-
jected images were used to calculate the number of PLA dots per 
nucleus and Integrated Density (defined as product of area and 
mean gray value) in the nucleus. Images were processed and 
analyzed using ImageJ software.
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