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ABSTRACT

Thousands of RNA species display nonuniform dis-
tribution within cells. However, quantification of the
spatial patterns adopted by individual RNAs remains
difficult, in part by a lack of quantitative tools for
subcellular transcriptome analysis. In this study, we
describe an RNA proximity labeling method that fa-
cilitates the quantification of subcellular RNA pop-
ulations with high spatial specificity. This method,
termed Halo-seq, pairs a light-activatable, radical
generating small molecule with highly efficient Click
chemistry to efficiently label and purify spatially de-
fined RNA samples. We compared Halo-seq with
previously reported similar methods and found that
Halo-seq displayed a higher efficiency of RNA label-
ing, indicating that it is well suited to the investiga-
tion of small, precisely localized RNA populations.
We then used Halo-seq to quantify nuclear, nucleolar
and cytoplasmic transcriptomes, characterize their
dynamic nature following perturbation, and identify
RNA sequence features associated with their compo-
sition. Specifically, we found that RNAs containing
AU-rich elements are relatively enriched in the nu-
cleus. This enrichment becomes stronger upon treat-
ment with the nuclear export inhibitor leptomycin B,
both expanding the role of HuR in RNA export and
generating a comprehensive set of transcripts whose
export from the nucleus depends on HuR.

INTRODUCTION

In species ranging from yeast to mammals, many RNA
species are distributed asymmetrically within cells (1–4).
Mislocalization of these RNAs often results in cellular or
organismal phenotypes, underscoring the importance of the

process (1,5,6). RNAs are often trafficked to their destina-
tion through the action of RNA binding proteins (RBPs)
that bind specific cis sequence elements, usually in the 3′
UTR, and mediate transport (7,8). However, for most local-
ized RNAs the identity of the cis-elements and trans-acting
RBPs are unknown.

Historically, much of the work done to study RNA local-
ization has used imaging-based approaches (9). With these
experiments, the location of RNA molecules within cells
can be directly visualized. However, with the exception of
new multiplexed techniques (10,11), these imaging experi-
ments are generally limited to the interrogation of one or
a few transcript species at a time. Further, short RNAs in-
cluding snRNAs and snoRNAs are generally not compat-
ible with the hybridization-based techniques used in many
RNA visualization experiments.

More recently, techniques have been developed that iso-
late and characterize subcellular transcriptomes using high-
throughput sequencing. In particular, transcriptomes of
neuronal cell bodies and processes have been extensively
probed in this way. These studies have relied on the elabo-
rate, branched morphologies of neurons that facilitate their
physical, mechanical separation into subcellular fractions
and have identified hundreds of RNAs that are enriched in
processes (12–15).

Asymmetric RNA distributions are also prevalent
throughout cell types that lack morphologies with long,
thin processes typical of neurons. Until recently, technical
limitations have precluded the transcriptome-wide study of
RNA trafficking in these cell types. New techniques have
been developed that rely on RNA proximity to protein
markers of specific subcellular locations (16–19). These
techniques initially label localized (i.e. protein-marker-
proximal) RNA in living cells. Labeling is achieved through
the enzymatic production of reactive oxygen species, which
diffuse from their point of generation (i.e. the localized pro-
tein marker) and leave marks on nearby RNA molecules.
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These marks then facilitate purification of the labeled,
localized RNA away from bulk total RNA. Localized
RNAs are then identified as those that are more abundant
in the labeled RNA than the total RNA.

Although these proximity labeling techniques have been
used to probe the RNA contents of various subcellular lo-
cations (16,18,19), their enzymatic approaches to radical
generation may limit the amount of radicals produced and
therefore the sensitivity of RNA labeling. A nonenzymatic
technique for radical generation using a light-sensitive Halo
ligand fluorophore, dibromofluorescein (DBF) was recently
described (20,21), but its ability to provide comprehensive
characterization of subcellular transcriptomes has not been
tested. Here, we demonstrate that DBF-mediated RNA
proximity labeling can be used to efficiently characterize
subcellular transcriptomes and derive mechanistic insights
into factors controlling their composition.

MATERIALS AND METHODS

Creation of transgenic cell lines expressing Halo fusion pro-
teins

HeLa cell lines were created by integrating a plasmid con-
taining the Halo fusion using cre/lox recombination (26).
HeLa cells containing a single loxP cassette were plated
in a six-well plate and co-transfected with 2000 ng of a
plasmid containing the Halo fusion and a puromycin se-
lectable marker and 100 ng of a plasmid, pBT140, that ex-
pressed Cre recombinase. pBT140 was a gift from Liqun
Luo (Addgene plasmid # 27493; http://n2t.net/addgene:
27493;RRID:Addgene 27493) (66).

The transfection was carried out using Lipofectamine
2000 (Thermo Scientific) according to the manufacturer’s
instructions. Forty-eight hours after transfection, the cells
were incubated with 5 �g/ml puromycin in order to select
for integrants. Approximately 2 weeks after transfection, a
stable population of integrants had been selected.

The plasmid containing the Halo fusion also contained
a reverse tetracycline-controlled transactivator (rtTA), al-
lowing the expression of Halo fusions to be controlled in a
doxycycline-dependent manner. To induce expression of the
Halo fusion, selected cell lines were incubated with 1 �g/ml
doxycycline for 48 h prior to performing experiments.

The H2B fusion was expressed as a C-terminal Halo fu-
sion (i.e. H2B-Halo) while the p65 and fibrillarin fusions
were expressed as N-terminal Halo fusions (i.e. Halo-p65
and Halo-fibrillarin).

Synthesis of Halo-DBF ligand

Halo-DBF was synthesized as previously described (20).
We are currently in discussions with commercial providers
about their ability to produce this ligand in order to better
serve the community.

Validation of subcellular localization of Halo fusion proteins

To verify that the transgenic Halo fusion proteins were tar-
geted to the correct subcellular location, the location of

the fusions were visualized using a fluorescent Halo lig-
and. Cells were seeded on poly-D-lysine-coated coverslips
and incubated with 1 �g/ml doxycycline for 48 h. The me-
dia was then removed and the cells were washed one time
with PBS. Cells were then fixed by incubating them in 2%
formaldehyde for 30 min at room temperature. The cells
were then washed with PBS again, and fluorescent Halo
ligand (Janiela Fluor 646 (Promega), 25 nM in PBS) was
added. The cells were incubated in the Halo ligand solution
for 30 min at room temperature then washed three times
with PBS for 5 min each. DAPI was then added to a concen-
tration of 100 ng/ml for 10 min, and the cells were washed
again with PBS. The coverslips were then mounted and im-
aged, usually at 60× magnification, using a Deltavision Elite
widefield fluorescence microscope (GE).

In-cell alkynylation of Halo-proximal RNAs

Cells were grown in 10 cm or 15 cm dishes, and the ex-
pression of Halo fusion proteins was induced with 1 �g/ml
doxycycline for 48 h. Cells were then washed with PBS and
incubated with 1 �M DBF halo ligand (in HBSS) at 37◦C
for 15 min. For negative control samples, the DBF halo lig-
and was omitted.

Cells were then washed with complete media and in-
cubated at 37◦C twice for 10 min each. Propargylamine
(Sigma, 1 mM in HBSS) was then added, and the cells were
incubated for 5 min at 37◦C. Following the incubation, cells
were then irradiated with green light for 5 min from a 100 W
LED flood light (USTELLAR UT88831-RGB-US). Dishes
were sandwiched between two flood lights in a dark en-
closed space so that they were illuminated from above and
below. The light above the dish was suspended ∼10 cm from
the dish. Total RNA was then isolated from the cells using
Trizol (Ambion) following the manufacturer’s instructions
with the addition of a homogenization step in which the
cells in Trizol solution are repeatedly forced through a 20
gauge needle 10 times.

The RNA was then DNase treated using DNase I
(Thermo Scientific) for 30 min at 37◦C. RNA was then again
recovered using Trizol, and the final pellet was resuspended
in water to a concentration higher than ∼300 ng/ul. This
ensures the ability to have the correct concentration in Click
reactions downstream. Typical total RNA yields were 25–
100 �g if starting with a 10 cm dish and 300–700 �g if start-
ing with a 15 cm dish.

In vitro biotinylation of alkynylated RNAs using Click chem-
istry

Typically, ∼50–100 �g of total RNA was used in the Click
reaction. The Click reaction contained 10 mM Tris pH 7.5,
2 mM biotin azide (Click Chemistry Tools), 10 mM sodium
ascorbate made fresh (Sigma), 2 mM THPTA (Click Chem-
istry Tools), and 100 �M copper sulfate. The reaction was
incubated for 30 min in the dark at 25◦C. The reaction was
then cleaned up using a Quick RNA Mini kit (Zymo Re-
search) for small scale biotinylation tests (<10 �g RNA),
or through standard ethanol precipitation with sodium ac-
etate for larger amounts of RNA (>10 �g). RNA was then
eluted and resuspended to 1 �g/�l in 50 mM NaCl.

http://n2t.net/addgene:27493;
https://scicrunch.org/resolver/RRID:A
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Streptavidin purification of biotinylated RNA

Typically, between 50 and 100 �g of RNA at 1 �g/�l from
the Click reaction was then carried forward for strepta-
vidin pulldowns. 25–50 �l of streptavidin-coated magnetic
beads (Pierce PI88816) were used depending on the known
amount of labeled RNA present in the reaction. Specifically,
we used 1 �l beads per 1 �g total RNA for Halo-p65 and
Halo-fibrillarin, and 1 �l beads: per 2 �g RNA for H2B.
The beads were washed 3 times in B&W buffer (5 mM Tris
pH 7.5, 0.5 mM EDTA, 1M NaCl, 0.1 Tween 20), 2 times
in solution A (0.1 M NaOH, 50 mM NaCl), and 1 time in
solution B (100 mM NaCl). The beads were resuspended in
an appropriate amount of NaCl to allow for 50 mM final
concentration after the addition of the desired amount of
RNA to equal 1 �g/�l. The RNA from the Click reaction
was then added to the beads, and the beads were rotated
for 2 h at 4◦C. The beads were then washed 3 times for 5
min each in B&W buffer with rotation at room temperature.

RNA was then recovered from the beads using Trizol.
First, the beads were resuspended in 50 �l PBS. 150 �l of
Trizol was then added, and this mixture was incubated for
5–10 min at 37◦C. The eluted RNA (without the magnetic
beads) was then recovered from this mixture using a Direct-
Zol kit (Zymo Research) following the manufacturer’s in-
structions and eluted in 10 �l of water. Depending on the
location of the Halo fusion protein, typically between 0.5%
and 5% of the input RNA was recovered by streptavidin
pulldown.

RNA dot blot

RNA biotinylation, both before and after the streptavidin
pulldown, was assessed using an RNA dotblot. A 5 cm × 5
cm piece of Hybond-N + membrane (GE) was wet with
2× SSC for 1 min. This was then allowed to dry for 15 min.
RNA samples, typically around 5 �g, were then spotted on
the membrane and allowed to dry for 30 min. The dried
blots were then crosslinked twice to the membrane using
120 000 �J/cm2 on a Stratalinker UV crosslinker (Strata-
gene).

To stain for total RNA, the blot was then incubated in 1%
methylene blue for 10 min and destained using deionized
water. The membrane was then blocked using 5% BSA for
30 min and washed 3 times in PBST (PBS + 0.01% Tween).
Biotinylated RNA was then detected using streptavidin-
HRP (Abcam ab7403) at a dilution of 1 to 20 000 in 3% BSA
by addition to the membrane with rocking overnight at 4◦C.
The membrane was then washed 3 times for 10 min each in
PBST at room temperature. Streptavidin–HRP was then de-
tected using standard HRP chemiluminescent reagents (Ad-
vansta) and visualized using chemiluminescent imaging on
a Sapphire molecular imager (Azure Biosystems).

Library preparation and high-throughput sequencing

rRNA-depleted RNAseq libraries were prepared using an
RNA HyperPrep Kit (KAPA/Roche). 100 ng of RNA were
put into the beginning of the library prep protocol, and 14
PCR cycles were used to amplify the library at the end.

Libraries were sequenced using paired end sequencing
(2 × 150 bp) on a NovaSeq high-throughput sequencer (Il-

lumina) at the University of Colorado Genomics Core Re-
source. Typically, between 20 and 40 million read pairs were
sequenced for each sample.

Analysis of RNAseq data to identify genes enriched in strep-
tavidin pulldown

Transcript abundances in RNAseq data were quantified
using Salmon (27) and a human genome annotation re-
trieved from GENCODE (www.gencodegenes.org, GEN-
CODE 28). Gene abundances were then calculated from
these transcript abundances using tximport (28), and genes
whose abundance in input and streptavidin-pulldown sam-
ples were identified using DESeq2 (29). In these analyses,
genes were required to have at least 5 counts in all samples
tested in a particular analysis. In order to be called enriched
or depleted in a given sample, a gene was required to have an
adjusted P-value of <0.05 and an absolute log2 fold change
of at least 0.5.

Analysis of unspliced transcripts in RNAseq data

In order to quantify the relative abundances of spliced
and unspliced (all introns remaining) versions of tran-
scripts, a custom fasta file was supplied to Salmon which
contained two versions of every transcript, one with all
introns remaining and one with all introns removed.
The custom fasta file was generated using this script:
https://github.com/rnabioco/rnaroids/blob/master/src/
add primary transcripts.py. Salmon then assigned reads
competitively to these transcripts. For each gene, the ratio
of abundances of unspliced and spliced transcripts was
then calculated.

Definition of AU-rich elements within transcripts

AU-rich element locations were downloaded from the AU-
rich element database (59). AU-rich elements within 3′
UTRs were used for analysis.

In situ Click reaction using Cy5-azide

To visualize the subcellular location of DBF-proximal
alkynylated molecules in situ, cell growth and Halo fusion
induction were performed as described above with the ex-
ception that cells were grown on poly-D-lysine-coated cov-
erslips. The in-cell alkynylation of DBF-proximal molecules
was also performed as described above. Then, instead of
lysing cells with Trizol to recover RNA, cells were washed
with PBS 3 times and fixed by incubating them in fixa-
tion buffer (3.7% formaldehyde, 0.1% Triton in PBS) for 30
min at room temperature. Cells were then washed twice for
5 min each in PBS.

The Click reaction was then performed by incubating
cells with 100 �l Click buffer (100 �M copper sulfate, 2 mM
THPTA, 10 mM fresh sodium ascorbate, 10 �M Cy5 pi-
colyl azide (Click Chemistry Tools 1171-1)) for 1 h at 37◦C
in the dark. As two separate controls, samples in which
the DBF had been left out during the alkynylation reac-
tion and the Cy5 had been left out of the Click buffer
were used. Following the Click reaction, the coverslips were

file:www.gencodegenes.org
https://github.com/rnabioco/rnaroids/blob/master/src/add_primary_transcripts.py


e24 Nucleic Acids Research, 2022, Vol. 50, No. 4 PAGE 4 OF 17

washed three times for 5 min each in wash buffer (0.1% Tri-
ton, 1 mg/ml BSA in PBS). Coverslips were then incubated
in DAPI buffer (100 ng/ml DAPI in wash buffer) for 30
min at 37◦C and then washed twice with wash buffer for
5 min each. The coverslips were then mounted and imaged
using a Deltavision Elite widefield fluorescence microscope
(GE).

Treatment with Leptomycin B

Cells were treated with 40 ng/ml leptomycin B (LMB) for
15 h prior to the beginning of the Halo-seq protocol. To
verify the activity of leptomycin B and our conditions, the
localization of the Halo-p65 fusion was monitored. The cy-
toplasmic localization of p65 is sensitive to LMB (67) (Fig-
ure 5A). Accordingly, the normally cytoplasmically local-
ized Halo-p65 fusion became localized to the nucleus fol-
lowing LMB treatment (Figure 5A).

Identification of RNAs whose subcellular localization was
sensitive to LMB

Halo-seq using a histone H2B Halo fusion was performed
in the presence and absence of LMB, generating four condi-
tions: input samples with and without LMB and pulldown
samples with and without LMB. To identify genes whose
pulldown to input ratio changed between the LMB treated
and untreated samples, the software package Xtail was used
(58). Xtail is designed for the analysis of ribosome profil-
ing data and identification of genes whose ribosome occu-
pancy changes across conditions. Ribosome profiling data
is the ratio of two gene expression values, one drawn from
ribosome footprints and the other drawn from bulk RNA.
Xtail identifies genes whose ratio changes between two con-
ditions. The analysis of Halo-seq data is structurally similar
as it is also a ratio of gene expression values, one from an in-
put sample and another from a pulldown sample. We there-
fore used Xtail to identify genes whose ratio (i.e. nuclear
enrichment) changed between LMB treated and untreated
samples.

Comparison of RNA labeling with miniSOG2

Cells stably expressing HA-miniSOG2 were treated along-
side cells stably expressing Halo-HA. The expression of
miniSOG2 and Halo-HA was induced with 1 �g/ml doxy-
cycline for 48 h. Cells were then washed with PBS. Halo-
expressing cells were then incubated with Halo-DBF ligand
at 37◦C for 5 min, and both cell lines were then incubated
with propargylamine (Sigma, 1 mM in HBSS) at 37◦C for
5 min. Following the incubation, cells were irradiated with
blue light (for miniSOG2) or green light (for Halo-DBF) for
a total of 10 min with a 100 W LED flood light (USTEL-
LAR). Dishes were sandwiched between two flood lights so
that they were illuminated from above and below. The light
above the dish was suspended ∼10 cm from the dish. To-
tal RNA was then isolated from the cells using Trizol (Am-
bion) following the manufacturer’s protocol after homoge-
nization with a 20 gauge needle 10 times. RNA was biotiny-
lated following the protocols described above.

Comparison of RNA labeling with APEX2

A cell line was created expressing a Halo-APEX2 fusion
protein to ensure equal expression of HaloTag domain
and APEX2 protein. RNA labeling with APEX2 was done
alongside Halo-DBF-mediated labeling (described above).
Expression of the Halo-APEX2 fusion protein was induced
with 1 �g/ml of doxycycline for 48 h. To label RNA with
the APEX2 protein, cells were washed with PBS and then
incubated with HBSS containing 0.5 mM biotin phenol
(APExBIO A8011) for 30 min at 37◦C. Cells were then
washed in PBS and either treated with hydrogen peroxide at
1 mM in HBSS or plain HBSS (control) for 7 min at 37◦C
(labeling of compared RNA using the Halo-DBF method
was also subject to 7 min of exposure to green light). The re-
action was quenched in quenching buffer containing 5 mM
Trolox, 10 mM sodium ascorbate and 10 mM sodium azide
in PBS. To fully quench the reaction, cells were washed three
times in quenching buffer, with 3 min between each wash.
Total RNA was isolated from the cells using Trizol (Am-
bion) after homogenization with a 20 gauge needle. After
DNAse treatment, RNA was then directly blotted onto an
RNA dotblot.

Comparison with APEX-seq data

APEX-seq RNAseq data was downloaded from the Gene
Expression Omnibus (GSE116008) and processed to calcu-
late transcript and gene abundances as above. Since the li-
braries were produced using poly-A enrichment of RNA,
only protein-coding and lncRNA genes were used for com-
parisons to Halo-seq data.

Comparison with CeFra-seq data

CeFra-seq RNAseq data was downloaded from the EN-
CODE portal (www.encodeproject.org). Transcript and
gene abundances from rRNA-depleted libraries were cal-
culated using Salmon, tximport, and DESeq2 as outlined
above. While Halo-seq enrichments were calculated as a
gene’s abundance in the streptavidin pulldown divided by
its abundances in the input to the pulldown, CeFra-seq en-
richments were calculated as a gene’s abundance in the bio-
chemically defined fraction (e.g. cytosol or nucleus) divided
by its abundance in the total RNA samples.

RESULTS

Halo-seq allows in situ alkynylation of spatially resolved
RNA populations

Halo-seq uses HaloTag domains genetically fused to a pro-
tein that specifically marks the subcellular location of in-
terest. HaloTags are protein domains that covalently bind
to a class of small molecules called Halo ligands (22). If a
Halo ligand is added to cells expressing a spatially restricted
protein containing a HaloTag, the ligand will therefore be
similarly restricted.

The Halo ligand used in Halo-seq is dibromofluores-
cein (DBF). DBF generates singlet oxygen radicals when
irradiated with green light (20,21). The high reactivity of
these radicals restricts their diffusion from the DBF source

http://www.encodeproject.org
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Figure 1. Halo-seq facilitates the biotinylation of RNA transcripts in proximity to spatially restricted Halo-DBF molecules. (A) Overview of the Halo-
seq procedure. A HaloTag protein domain is genetically fused to a protein which localizes to a subcellular location of interest. Because Halo ligands
specifically bind HaloTags, this also spatially restricts a DBF Halo ligand. When irradiated with green light, DBF emits oxygen radicals that label nearby
RNAs, resulting in their alkynylation. Alkynykated RNAs are substrates for in vitro biotinylation using ‘Click’ chemistry, which allows the localized RNAs
to be separated from the bulk RNA sample with streptavidin pulldown, and quantified using high-throughput sequencing. (B) HaloTag protein domains
fused to histone H2B and p65 are localized to chromatin, and the cytoplasm, respectively. HaloTag domains are visualized through the addition of a Halo
ligand fluorophore. (C) RNA samples taken from cells expressing Halo fusions can be biotinylated in vitro, and this biotinylation is dependent upon the
addition of a DBF Halo ligand to cells. (D) RNA samples taken from cells expressing Halo-p65 fusion. Cells were treated with DBF Halo ligand and
then exposed to green light for 0, 1 or 5 min. RNA labeling, as assayed by the detection of biotinylated RNA following in vitro Click reactions, required
both DBF and exposure to green light. (E) Alkynylated molecules can be visualized in situ by fusing them with fluorophores (e.g. Cy5-azide) using Click
chemistry. Alkynylated molecules are restricted to the nucleus in cells containing H2B-Halo. They are only detectable in cells treated with both DBF and
Cy5-azide, demonstrating the ability of HaloTag-restricted DBF to induce alkynylation of biomolecules.

to a radius of ∼100 nm (Figure 1A) (20,23,24). When
these radicals react with an RNA base within this 100
nm radius, the base becomes oxidized and prone to nucle-
ophilic attack by a cell-permeable, alkyne-containing nucle-
ophile, propargylamine (PA). RNA molecules within 100
nm of a DBF molecule are therefore selectively alkyny-
lated. Importantly, this alkynylation occurs while the cell is
alive and intact, providing confidence that the alkynylated
RNA molecules are spatially coincident with the region of
interest.

Following the in-cell alkynylation, cells are lysed and
total RNA is collected. Alkynylated molecules are effi-
cient substrates for in vitro Cu(I)-catalyzed azide-alkyne cy-
cloaddition (CuACC) ‘Click’ chemistry in which alkyne-
containing molecules and azide-containing molecules are
linked (25). Reaction with biotin-azide therefore selectively
biotinylates RNA molecules that were in close proximity to
DBF, facilitating their isolation with streptavidin and anal-
ysis by high-throughput sequencing. By comparing RNA
abundances in total RNA samples and streptavidin-purified
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samples, transcripts that were enriched in the subcellular re-
gion of interest are identified.

To test the ability of Halo-seq to purify and quantify
subcellular transcriptomes, we restricted HaloTag domains
to chromatin and the cytoplasm. These HaloTag localiza-
tions were achieved by fusing to histone H2B and p65,
a cytoplasmically-localized NF-kappa B subunit, respec-
tively. Restriction of Halo and DBF to these locations was
previously demonstrated to enable RNA tagging with high
spatial resolution as assayed by RT-qPCR (20,21). We rea-
soned that since the RNA contents of nucleic and cytoplas-
mic compartments have been well-characterized, we would
be able to easily assay the accuracy of the Halo-seq pro-
cedure. Using cre-mediated recombination, we integrated
a single, doxycycline-inducible copy of these fusion con-
structs into the genomes of HeLa cells that contained a sin-
gle loxP recombination cassette (26). We then verified the
proper subcellular localization of the fusion proteins by vi-
sualizing them with fluorescent Halo ligands (Figure 1B).

We next assayed the ability of Halo-seq to produce bi-
otinylated RNA using an RNA dot blot in which biotiny-
lated RNA is detected using streptavidin-HRP. We found
that RNA samples from both the Halo-p65 and H2B-Halo
expressing lines could be efficiently biotinylated (Figure
1C). This biotinylation was dependent upon the addition
of DBF to the cells, indicating that RNA biotinylation is
dependent on the Halo-seq procedure and not due to an
endogenous activity. Since all samples were subjected to the
same procedures in vivo and in vitro, this also indicates that
the level of biotinylation via any background labeling in
vitro is very low.

To assess the dependence of the alkynylation reaction on
light activation, we performed the RNA labeling reaction
in DBF-treated Halo-p65-expressing cells using varying
amounts of exposure to green light (Figure 1D). When the
cells were not exposed to green light, we detected very lit-
tle RNA labeling. We detected moderate amounts of RNA
labeling following green light exposure for 1 min, and sub-
stantial amounts of RNA labeling following green light ex-
posure for 5 min. We conclude, therefore, that the labeling
reaction requires activation by light.

Next, we sought to visualize the localization of alkyny-
lated molecules in cells following treatment with DBF and
excitation with green light. This can be accomplished by fix-
ing the cells after alkynylation and performing the Click
reaction in situ with an azide coupled to a fluorescent
molecule. With this approach, we found that the nucleus of
cells expressing H2B-Halo was rich in alkynes, as evidenced
by strong nuclear Cy5-azide signal that was dependent on
the addition of DBF (Figure 1E). Performing similar exper-
iments with cells expressing Halo-p65 and Halo-fibrillarin
fusions showed Cy5-azide signal in the cytoplasm and nu-
cleolus, respectively, that was also dependent upon the addi-
tion of DBF (Supplementary Figure S1A,B). Overall, these
results demonstrate that our approach is high-resolution
and enables imaging based analysis of tagging.

Quantification of subcellular transcriptomes with Halo-seq

We then characterized nuclear and cytoplasmic transcrip-
tomes by comparing RNA abundances in samples taken be-

fore and after streptavidin-pulldowns. RNAs that were en-
riched at the subcellular location of interest should be en-
riched in the streptavidin-pulldown sample relative to the
input sample. For each condition, either three or four bi-
ological replicates were used. We prepared rRNA-depleted
libraries for high-throughput sequencing, quantified tran-
script expression in the resulting data using Salmon (27),
and collapsed the data to gene-level abundances with txim-
port (28). Genes whose abundances were significantly differ-
ent between input and streptavidin-pulldown samples were
identified using DESeq2 (29).

Principal component analysis of gene expression profiles
revealed that input and pulldown samples were markedly
different from each other in both the H2B and p65 ex-
periments (Supplementary Figure S1C, D), suggesting that
the Halo-seq procedure reproducibly isolated distinct RNA
populations. Hundreds of genes were both enriched and de-
pleted in the pulldowns from the H2B and p65 experiments
(Figure 2A, B, Supplementary Tables S1 and S2), further
indicating that Halo-seq can identify distinct nuclear and
cytoplasmic transcriptomes.

We then further analyzed the H2B and p65 samples, pay-
ing special attention to RNA species and classes known
to be enriched in either the nuclear or cytoplasmic com-
partments. Several RNA species, including the 7SK RNA,
RNase P, and TERC, function primarily in the nucleus and
are known to accumulate there (30–32). Accordingly, all of
these RNAs were enriched in the pulldown of the H2B ex-
periment and depleted in the pulldown of the p65 experi-
ment (Figure 2C). Conversely, GAPDH mRNA is known to
accumulate to a higher relative level in the cytoplasm than
in the nucleus, and this was also reflected in the relative en-
richments from the H2B and p65 experiments (Figure 2C).
Small nucleolar RNAs (snoRNAs), a class of small noncod-
ing RNAs involved in ribosomal RNA maturation and ri-
bosome biogenesis, are primarily localized to the nucleolus
(33). Accordingly, the snoRNA SNORA68 was depleted in
both the H2B and p65 pulldowns. Because the nucleus and
nucleolus are in close proximity to each other yet H2B is ex-
cluded from the nucleolus, this indicates that RNA labeling
with Halo-seq displays a high degree of spatial selectivity.

To generalize these results, we then compared enrich-
ment for classes of RNAs. Long noncoding RNAs (lncR-
NAs) are generally depleted from the cytoplasm (34,35). In
agreement with this, we observed that lncRNAs, as a class,
were significantly less enriched in the p65 pulldown than in
the H2B pulldown (Figure 2D). Similarly, snRNAs are en-
riched in the nucleus (36), and Halo-seq found them to be
enriched in the H2B pulldown and depleted in the p65 pull-
down. This contrasts with protein-coding RNAs, which as
a class spend substantial time in both the nuclear and cyto-
plasmic compartments. These RNAs were equally enriched
in the H2B and p65 pulldowns.

We then turned to the quantification of dynamically pro-
cessed RNA species. Most protein-coding human RNAs
undergo splicing in the nucleus before export to the cyto-
plasm, and for many RNAs this splicing happens cotran-
scriptionally (37). We therefore wondered if we could ob-
serve an enrichment for unspliced pre-mRNA in close prox-
imity to chromatin via the H2B pulldown. For each gene, we
quantified the relative abundance of spliced and unspliced
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Figure 2. Halo-seq quantification of nuclear and cytoplasmic transcriptomes. (A) Differentially expressed genes in a comparison of pulldown and input
RNA samples following Halo-seq RNA labeling using a H2B-Halo fusion. (B) As in A, but using a Halo-p65 fusion. (C) Halo-seq enrichments for selected
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RNA in each sample using a custom Salmon index that
contained both spliced and unspliced species. We then com-
pared the ratio of unspliced to spliced abundances in the in-
put and pulldown samples. For the H2B samples, we found
that unspliced transcripts were relatively enriched in the
pulldown compared to the input, whereas for the p65 sam-
ples, unspliced transcripts were depleted in the pulldown
(Figure 2E, Supplementary Figure S1E, F), demonstrating
that Halo-seq is able to interrogate the localization of dy-
namically processed RNAs.

Next, we asked whether Halo-seq could quantify intrin-
sically unstable and short-lived RNAs. During transcrip-

tion initiation, antisense RNAs are produced from the re-
gion upstream of the promoter (38). These upstream anti-
sense transcripts are highly unstable and very unlikely to
leave the nucleus. We reasoned therefore that they should
be enriched in the H2B pulldown relative to the p65 pull-
down. For each gene, we calculated the ratio of upstream
antisense RNAs to downstream sense RNAs. We then com-
pared this ratio in input and pulldown samples. We found
that upstream antisense RNAs were significantly more en-
riched in the H2B pulldown than the p65 pulldown (Figure
2F), indicating that Halo-seq can quantify highly unstable
RNAs with spatial precision.



e24 Nucleic Acids Research, 2022, Vol. 50, No. 4 PAGE 8 OF 17

HuR-bound transcripts are enriched in the nucleus and de-
pleted in the cytoplasm

Given the assurance in the quality of our spatially resolved
nuclear and cytoplasmic transcriptomes, we searched for
RNA features that discriminated between nucleus- and
cytoplasm-enriched transcripts. Interestingly, we found that
genes that contained AU-rich elements (AREs) in their 3′
UTRs were enriched in the H2B pulldown and depleted
from the p65 pulldown (Figure 2G). AREs are RNA se-
quence motifs, often located in 3′ UTRs, that are most often
thought to regulate transcript stability but have also been
noted to regulate RNA export (39,40). HuR is an RNA-
binding protein known to bind AREs (41). Accordingly, we
found a dose-dependent relationship between the number
of CLIP-defined HuR binding sites (42) in a gene’s 3′ UTR
and the degree of its enrichment in the H2B pulldown. Con-
versely, we found an inverted dose-dependent relationship
between 3′ UTR HuR binding sites and its depletion in the
p65 pulldown (Figure 2H). These results suggest that spe-
cific RNA sequences and RBPs can modulate the relative
nuclear and cytoplasmic abundances of a transcript (43).

Halo-seq distinguishes transcriptomes of compartments in
close proximity to each other

Although the results from our analysis of nuclear and cyto-
plasmic transcriptomes were highly encouraging, these two
cell compartments are separated by a well-defined mem-
brane and therefore may not provide the best scenario
with which to test the spatial specificity of Halo-seq. We
reasoned instead that a more rigorous test of the tech-
nique would be to differentiate the RNA contents of non-
membrane-bound organelles. We therefore chose to interro-
gate another subcellular compartment, the nucleolus.

We began by fusing a HaloTag to a specific marker of nu-
cleoli, Fibrillarin (44). This fusion was specifically localized
to nucleoli and was distinguishable from the chromatin-
associated H2B-Halo fusion using fluorescence imaging
(Figure 3A). We performed the Halo-seq alkynylation and
biotinylation procedures and detected biotinylated RNA
from Halo-Fibrillarin-expressing cells that was dependent
upon the addition of DBF, indicating that nucleolar RNA
was being labeled by Halo-seq (Figure 3B). We then se-
quenced the transcripts enriched by Halo-Fibrillarin using
libraries created with rRNA depletion. Gene expression val-
ues of streptavidin input and pulldown samples were well
separated by PCA, suggesting that the Fibrillarin-mediated
labeling occurred on specific transcripts (Supplementary
Figure S2A). Halo-Fibrillarin labeled RNA was enriched
for 602 genes and depleted for 338 genes (FDR < 0.05, ab-
solute log2 fold change ≥ 0.5), indicating that the nucleo-
lus contains an RNA population distinct from bulk cellular
RNA (Figure 3C, Supplementary Table S3). When compar-
ing the H2B and Fibrillarin pulldowns, only 20 genes were
significantly enriched in both datasets. This overlap was not
statistically significant (P = 0.2, binomial test) and suggests
that the RNA populations labeled by Halo-seq in the two
compartments were largely distinct.

As with the H2B and p65 experiments, we looked at the
enrichment of RNA species previously known to be present
in nucleoli (Figure 3D). Encouragingly, we found that 7SL

RNA was enriched in the Fibrillarin pulldown. This RNA
is part of the signal recognition particle (SRP) ribonucleo-
protein complex. SRP is involved in protein targeting to the
endoplasmic reticulum in the cytoplasm, but it is assembled
in the nucleolus (45). Similarly, we found that the snoRNA
SNORA68 was enriched in the Fibrillarin pulldown but not
in either the nuclear or the cytoplasmic experiments. This is
an encouraging result since snoRNAs are known to be pri-
marily localized to the nucleolus (33). Importantly, both of
these RNAs were depleted from the H2B pulldown, indicat-
ing that Halo-seq can distinguish the chromatin-proximal
and nucleolar transcriptomes even though these two com-
partments are in close proximity to each other. Conversely,
the transcription-regulating 7SK RNA and the telomere-
regulating TERC RNA were enriched in the H2B pulldown
and depleted in the Fibrillarin pulldown, further highlight-
ing the spatial specificity of Halo-seq.

To generalize these results, we calculated the enrichments
of classes of RNAs (Figure 3E). snRNAs were depleted
from the cytoplasmic p65 pulldown but were similarly en-
riched in the H2B and Fibrillarin pulldowns. Although
snRNAs are mainly thought of in the context of chromatin-
associated pre-mRNA splicing, they do transiently pass
through the nucleolus and are modified there (46,47). snoR-
NAs as a class were significantly more enriched in the Fibril-
larin pulldown than the H2B pulldown, again highlighting
the spatial specificity of Halo-seq. Unspliced pre-mRNAs
were significantly less enriched in the fibrillarin pulldown
than the H2B pulldown (Figure 3F), further highlighting
the specificity.

A gene ontology analysis of RNAs enriched in the Fib-
rillarin pulldown revealed many terms associated with ribo-
some biogenesis (Figure 3G). Interestingly, for both the p65
and Fibrillarin pulldowns, we observed that many RNAs
derived from the mitochondrial chromosome were enriched
in the pulldown (Supplementary Figure S2B). Since we do
not expect these RNAs to be colocalized with the p65 or
Fibrillarin Halo fusion proteins, this suggests that technical
reasons may be behind their enrichment. During the Halo-
seq procedure, oxygen radicals oxidize nearby ribonucleo-
side bases, making them targets for alkynylation through
propargylamine. It may be that RNA molecules in the mi-
tochondria are consistently subjected to similar oxidation
through the reactive oxygen species naturally produced by
mitochondria making them similar targets for alkynylation.
Care must be taken, then, in interpreting enrichments of
mitochondrial RNAs when comparing Halo-seq input and
streptavidin-pulldown samples.

Comparison of Halo-seq to other high-throughput methods
for studying RNA localization

Other methods for the purification and analysis of sub-
cellular transcriptomes have been previously reported
(16,18,19,48). We therefore set out to compare the sensitiv-
ity and specificity of Halo-seq to these methods.

Halo-seq utilizes a dibromofluorescein (DBF) Halo lig-
and; however, this ligand is not commercially available. We
therefore tested the ability of this ligand to induce RNA
labeling in comparison to the more commonly used and
commercially available fluorescein Halo ligand. RNA bi-
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otinylation was assayed using dotblots following reactions
with these two ligands in HaloTag-expressing cells (Figure
4A). RNA labeling reactions with DBF produced consid-
erably more biotinylated RNA than those with fluorescein,
indicating that DBF is more efficient at facilitating RNA
alkynylation than fluorescein. This is consistent with pre-
vious reports demonstrating that DBF is a more efficient
singlet oxygen generator and has a much higher singlet oxy-
gen yield (��; 0.42) than that of fluorescein (49). Critically,
the increased singlet oxygen production by DBF results
in higher yield of RNA oxidation for subsequent tagging
by propargylamine. This difference is explained by heavy
atoms (bromine) increasing the likelihood that photoexcited
chromophores will undergo an intersystem crossing (ISC)
to the triplet state, from which 1O2 can be generated from
ground state O2. The drastic difference in RNA tagging sug-
gests that the choice of fluorophore and understanding its
singlet oxygen yield is critical for the further development
of Halo-seq.

Cap-seq, a similar method that uses the blue-light acti-
vated singlet oxygen generator miniSOG2 to label RNAs
was recently reported (18). In this approach, miniSOG2
generates radicals that, together with propargylamine, can
alkynylate nearby RNA molecules. To test the relative la-
beling efficiency of the miniSOG2- and Halo-based meth-
ods, we created a HeLa cell line that inducibly expressed
a miniSOG2-Halo fusion protein from a single, defined lo-
cus (Supplementary Figure S3A). This strategy ensures that
miniSOG2 and Halo are expressed at equal amounts.

We then performed RNA labeling in these cells under two
conditions: either (i) without DBF and using blue light ac-
tivation or (ii) with DBF and using green light activation.
Under the first condition, we would expect any labeling to
be due to the activity of miniSOG2. Because miniSOG2
is activated only by light, it is possible that miniSOG2-
mediated labeling could also happen in the second con-
dition. However, because Halo-mediated labeling requires
DBF, the difference in labeling between the conditions is
likely attributable to Halo-mediated labeling.

We observed very little RNA labeling using blue light ac-
tivation in the absence of DBF. In contrast, we observed
robust RNA labeling upon the addition of DBF and green
light (Figure 4B). We therefore conclude that DBF is a more
efficient RNA labeller than miniSOG2.

One explanation for the striking difference between the
two is the singlet oxygen yield, which is related to the sta-
bility of both the chromophore and its excited state. The
singlet oxygen yield of DBF is 0.42 while that of miniSOG
is 0.03 (50). It is also well established with miniSOG that the
formation of radicals (and singlet oxygen) results in protein
damage near the chromophore, which limits the generation
of more radicals over time. Prolonged irradiation to blue
light leads to several structural alterations of miniSOG (51),
which include photodegradation of FMN and oxidation of
the quenching side chains. These results are expected to be
a general feature of flavin-binding proteins (52).

Another RNA proximity labeling technique that utilizes
radical generation is APEX-seq (16,19). Similarly to Halo-
seq, APEX-seq relies on a spatially restricted fusion protein
to facilitate spatially restricted RNA labeling. In APEX-
seq, a spatially restricted protein is fused to the radical-

generating enzyme APEX2. We compared the efficiency of
DBF-mediated and APEX2-mediated RNA labeling by cre-
ating a cell line that expressed a Halo-APEX2 fusion pro-
tein. As with the miniSOG2 experiments, this strategy en-
sures that the HaloTag domain and APEX2 enzyme are ex-
pressed at equal amounts (Supplementary Figure S3B). Us-
ing these cells, we then performed RNA labeling using the
Halo-seq or APEX-seq methods (16,19). With both meth-
ods, we observed more labeling in the experimental samples
than their respective controls (DBF omission for Halo-seq,
hydrogen peroxide omission for APEX-seq). However, we
observed approximately 10-fold more labeling in the Halo-
seq experimental sample than the APEX-seq experimen-
tal sample, suggesting that DBF-mediated RNA labeling is
more efficient than APEX2-mediated RNA labeling (Fig-
ure 4C). Differences in RNA labeling efficiency may be due
to the short-lived nature of the APEX-derived radicals and
their known propensity to cleave RNA, which would reduce
the reactive capacity of generated tyramide radicals for tag-
ging.

To further compare Halo-seq and APEX-seq, we com-
pared RNA enrichments (pulldown / input) in cytoplasmic,
nuclear, and nucleolar samples using hierarchical clustering
(Supplementary Figure S3C). Unfortunately, APEX-seq
RNAseq libraries were produced using polyA-enrichment,
precluding quantification of the small RNA species (e.g.
snRNAs and snoRNAs) that can serve as specific markers
of these subcellular fractions. Nevertheless, we found that
cytoplasmic samples from Halo-seq and APEX-seq clus-
tered together, indicating their similarity. Nuclear samples
from the two methods also clustered together. Conversely,
the nucleolar samples from the two methods did not clus-
ter together. Nucleolar samples from APEX-seq were simi-
lar to the nuclear samples from both methods while the nu-
cleolar samples from Halo-seq were well separated from all
other samples. In addition to differences in library prepa-
ration techniques, the use of different proteins as nucleolar
markers may also play a role as we used Fibrillarin while
NIK was used in the APEX-seq experiments. Given that
the nucleolus is dissolved during mitosis (53), these markers
may have different subcellular distributions in mitotic cells,
further contributing to observed differences in the nucleolar
Halo-seq and APEX-seq data.

Other methods to study RNA localization rely on bio-
chemical fractionation rather than proximity labeling (48).
One such study used CeFra-seq to biochemically sepa-
rate two cultured cell lines, HepG2 and K562, into nu-
clear, cytosolic, insoluble, and membrane-associated frac-
tions. RNAseq libraries prepared from these fractions were
constructed using rRNA-depletion, allowing direct com-
parison of these results with Halo-seq. We first used hi-
erarchical clustering to compare gene enrichment values
(pulldown/input for Halo-seq, fraction/total for CeFra-
seq) produced by the two methods (Supplementary Figure
S3D). While the nuclear samples of the two methods were
well correlated, the cytoplasmic CeFra-seq samples were
more related to the nucleolar Halo-seq samples than the cy-
toplasmic Halo-seq samples.

We then compared gene enrichments from specific gene
classes. Whereas both methods showed enrichments for
snRNAs in their nuclear fraction, CeFra-seq showed en-
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richments for snoRNAs in the nuclear fraction while Halo-
seq did not (Figure 4D). This is likely due to the inability
of CeFra-seq to distinguish between the nucleus and nu-
cleolus. Interestingly, in the cytoplasmic CeFra-seq sam-
ples, snRNAs and snoRNAs were enriched, even though
these are nuclear and nucleolar markers, respectively (Fig-
ure 4E). Similarly, unspliced transcripts were comparably
enriched in the nuclear and cytoplasmic CeFra-seq samples
even though unspliced transcripts are generally found in the
nucleus (Figure 4F). From these findings, we conclude that
Halo-seq is better suited to isolating subcellular transcrip-
tomes than the biochemical CeFra-seq method. Further, the
flexibility of Halo-seq allows the interrogation of subcellu-
lar compartments that are not amenable to biochemical pu-
rification.

Halo-seq identifies RNA targets of the CRM1-dependent
RNA export pathway

Given that we had established that Halo-seq allows the effi-
cient and accurate profiling of subcellular transcriptomes,

we moved to the quantification of RNA localization fol-
lowing perturbation. A subset of transcripts in mammalian
cells depend upon the action of CRM1 for export from
the nucleus, and the small molecule leptomycin B (LMB)
inhibits the action of CRM1 (54). While the identity of
a handful of RNAs that are nuclearly retained following
LMB treatment are known (55,56), the full complement of
RNAs that depend on CRM1 for export remains unknown.

To more fully investigate the dependence on CRM1 for
RNA export, we identified nuclearly enriched RNAs using
Halo-seq with a H2B-Halo fusion in the presence and ab-
sence of LMB. Following LMB treatment, we expected an
increased nuclear abundance for a subset of RNAs whose
nuclear export depends on CRM1.

We first verified that the nuclear localization of the H2B-
Halo fusion protein did not change following LMB treat-
ment (Figure 5A). Our cytoplasmic Halo-p65 marker con-
tained a CRM1-dependent nuclear export motif and was
correspondingly restricted to the nucleus following LMB
treatment (Figure 5A). While this excluded it from being
a useful cytoplasmic marker in this experiment, it provided
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clear validation that the LMB treatment inhibited CRM1
activity under these conditions.

LMB treated and untreated samples displayed approxi-
mately the same amount of labeled nuclear RNA as assayed
by streptavidin-HRP RNA dotblot (Supplementary Figure
S4A). RNAseq analysis of the treated and untreated sam-
ples revealed that the RNA of 105 genes was significantly
more enriched in the H2B pulldown sample in the LMB
treated sample than the LMB untreated sample (FDR <
0.1) (Figure 5B, Supplementary Figure S4B, Table S4).

We then asked about the relative nuclear enrichment of
different RNA classes (Figure 5C). As a class, lncRNAs
were more nuclearly enriched following LMB treatment,
suggesting that they may broadly depend on CRM1 for ex-
port. The nuclear enrichment of snRNAs was decreased fol-
lowing LMB treatment, in line with reports documenting
that CRM1 is required for snRNP maturation and reten-
tion in nuclear Cajal bodies (57). The nuclear enrichment
of snoRNAs and protein-coding mRNAs were unaffected.

We defined transcripts whose nuclear export was sensi-
tive to LMB (FDR < 0.05) using the software package
Xtail (58). To identify transcript features associated with
LMB sensitivity, we used a software package we created
called FeatureReachR (https://github.com/TaliaferroLab/
FeatureReachR). Using FeatureReachR, we found that
the 3′ UTRs of transcripts whose localization was LMB-
sensitive were enriched for several AU-rich kmers (Figure
5D, Supplementary Figure S4C).

Given the enrichment observed in LMB-sensitive tran-
scripts for AU-rich kmers and motifs, we then directly
searched these transcripts for AREs using a previously com-
piled database of their locations (59). We found that LMB-
sensitive transcripts were enriched for AREs in their 3′
UTRs (Supplementary Figure S4D).

AREs can be bound by several different RBPs, including
HuR (also known as ELAVL1) (60). HuR has previously
been identified as a protein whose export to the cytoplasm
depends on CRM1 (61). Using FeatureReachR’s ability to
search for enrichment of the known binding motifs of many
RBPs, we found that HuR RNA motifs were enriched in
the 3′ UTRs of LMB-sensitive transcripts (Supplementary
Figure S4E). To extend this analysis to HuR binding sites
identified in cells, we used HuR CLIP-seq data. The num-
ber of HuR binding sites in the 3′ UTRs of LMB-sensitive
transcripts showed a dose-dependent relationship with the
amount of increased nuclear enrichment of the transcript
following LMB treatment (Figure 5E).

Since Halo-seq enrichments are calculated as a ratio
of abundances in streptavidin-pulldown and input RNA,
the increased enrichment of HuR-bound RNAs follow-
ing LMB treatment could be due to either an increase in
the abundance of HuR targets in the H2B pulldown or
a decrease in their abundance in input samples. To dis-
tinguish between these possibilities, we compared LMB-
induced abundance changes in the input and H2B pulldown
samples separately. We found that the abundance of HuR
target RNAs in total RNA (input) samples did not change
upon LMB treatment. In contrast, the abundance of HuR
target RNAs in the nuclear (pulldown) samples significantly
increased upon LMB treatment (Figure 5F). These results

suggest that hundreds of RNAs depend on HuR for efficient
export from the nucleus.

DISCUSSION

In this study, we have developed an RNA proximity method
called Halo-seq that has the capability to isolate and quan-
tify subcellular transcriptomes. We used Halo-seq to an-
alyze nuclear and cytoplasmic transcriptomes and found
that ARE-containing transcripts are relatively enriched in
the nucleus and depleted from the cytoplasm. The capacity
of AREs to negatively regulate RNA stability has been ex-
tensively established (42,62), but their ability to induce dif-
ferential nucleocytoplasmic localization at steady state has
not been reported. One of the key RBPs that binds AREs
to induce RNA degradation, Tristetraprolin, is predomi-
nantly localized to the cytoplasm (63). One possible expla-
nation, then, of the observed nuclear enrichment and cy-
toplasmic depletion of ARE-containing transcripts is that
these RNAs are more vulnerable to degradation in the cy-
toplasm than in the nucleus (Figure 6A).

We then assayed dynamic RNA localization in response
to treatment with the nuclear export inhibitor LMB. We
found a dose-dependent relationship between the number
of 3′ UTR HuR binding sites an RNA contained and the
degree to which its abundance in the nucleus was increased
following LMB treatment. HuR is known to both increase
the stability of the RNAs that it binds (42) and be impor-
tant for the nuclear export of at least a handful of RNAs
(61). Although HuR shuttles between the nucleus and cyto-
plasm, its export from the nucleus is inhibited by LMB (61).
We therefore propose two non-exclusive models to explain
the observed increase in nuclear abundance of HuR bound
RNAs following LMB treatment (Figure 6B).

In one scenario, LMB-induced retention of HuR in the
nucleus increases the vulnerability of its target RNAs to
cytoplasmic degradation as its ability to protect its targets
from instability has been lost. In an alternative scenario,
RNAs that depend on HuR for nuclear export are now less
efficiently exported, leading to their accumulation in the nu-
cleus.

Nuclear RNA makes up a relative minority of total cellu-
lar RNA while cytoplasmic RNA makes up the majority. If
the primary effect of LMB treatment on HuR-bound tran-
scripts was a loss of stability, particularly in the cytoplasm,
then we would expect to find that their levels in total RNA
would be decreased. However, if the loss of HuR-mediated
export was heavily involved, then we would expect to see
HuR-bound RNAs become more abundant in the nucleus.
Since, though, nuclear RNA makes up a small fraction of
total RNA, their overall abundance may be unchanged. Im-
portantly, we found that the overall levels of HuR-bound
transcripts were unchanged following LMB treatment while
their levels in the nucleus significantly increased (Figure
5F). These results are consistent with the idea that HuR reg-
ulates the nuclear export of hundreds of transcripts.

We believe these results are important in the context of
the existing literature describing HuR activity. Although
HuR has been previously found to regulate the nuclear ex-
port of a limited number of RNAs (61), the vast majority

https://github.com/TaliaferroLab/FeatureReachR
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Figure 6. Model for observed differences in nuclear and cytoplasmic transcript abundances. (A) ARE-containing RNAs were relatively less abundant in
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including TTP, could be a major contributing factor to this observation. (B) Upon LMB treatment, ARE-containing RNAs become even more relatively
enriched in the nucleus. AREs are often bound by HuR, which both participates in RNA export and stabilizes cytoplasmic ARE-containing transcripts.
HuR export from the nucleus is blocked by LMB, resulting in decreased export of ARE-containing transcripts and/or their increased vulnerability to
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of the work on HuR has focused on its capacity to regu-
late RNA stability. These results therefore simultaneously
greatly expand our knowledge of the transcripts that use
HuR for nuclear export and provide strong confidence that
Halo-seq can accurately quantify dynamic subcellular lo-
calization and be used to derive mechanistic insights regard-
ing its regulation.

Using known markers of nuclear and nucleolar RNA,
we found that Halo-seq can efficiently distinguish the RNA
contents of these two compartments. Given their close spa-
tial proximity, these results favorably report on the ability
of Halo-seq to quantify RNA localization with high spatial
precision.

Interestingly, we found a consistent enrichment of RNAs
derived from the mitochondrial chromosome in Halo-seq
pulldown samples compared to input samples. This was
most prevalent in the p65 and Fibrillarin Halo-seq ex-
periments (Supplementary Figure S2B). We believe that
given the observed cellular distributions of the Halo fu-
sion proteins, it is unlikely that this enrichment reflects
Halo-induced RNA labeling. We therefore propose an al-
ternate explanation. During the Halo-seq labeling pro-
cess, DBF-proximal ribonucleotides are oxidized by sin-
glet oxygen radicals, making them targets for alkynylation
through nucleophilic attack by propargylamine. Mitochon-
drial transcripts may be similarly oxidized by reactive oxy-
gen species naturally produced by mitochondrial function.
They may therefore be similar, yet DBF-independent, tar-
gets for alkynylation. We believe that caution should be
used when interpreting enrichments of mitochondrial tran-
scripts when comparing Halo-seq input and pulldown sam-
ples. This issue may be mitigated somewhat if instead two
Halo-seq pulldown samples were compared (e.g. one from
a Halo fusion that was specifically localized to a region of
interest and another that was broadly, non-specifically lo-
calized). In this case, any putative mitochondrial-dependent

alkynylation would be present in both samples and its effect
therefore minimized.

The ability of Halo-seq to recapitulate known RNA lo-
calization patterns as well as its ability to connect these
patterns to activities of specific RBPs gave us confidence
that the method performed well. However, a number of
approaches for quantifying subcellular transcriptomes had
been previously reported (16–19,48). We therefore com-
pared the efficiency and specificity of RNA labeling pro-
duced by Halo-seq to these methods.

CeFra-seq uses biochemical fractionation to define sub-
cellular fractions (48). Although we observed some agree-
ment between the nuclear and cytoplasmic RNA contents
defined by CeFra-seq, we found that Halo-seq performed
better in terms of correctly placing RNAs of known local-
ization. A key advantage of proximity labeling schemes, in-
cluding Halo-seq, over biochemical fractionations is that
the important labeling steps are performed while cells are
alive and intact. Biochemical fractionations are inherently
susceptible to false positives in which RNAs that are spa-
tially distinct within a cell yet possess similar biochemical
properties copurify. They are also susceptible to false nega-
tives in which the association of spatially coincident RNAs
does not survive the biochemical purification. These factors
may explain the superior performance of Halo-seq.

Two RNA proximity labeling techniques, APEX-seq and
CAP-seq, were also recently reported (16,18,19). We ob-
served a general agreement in the quantification of localized
RNAs with Halo-seq and APEX-seq, although we were
unable to quantify the localization of small RNAs in the
APEX-seq data due to their use of oligo-dT enrichment in-
stead of rRNA depletion. We were unable to directly com-
pare RNA localization patterns observed by Halo-seq to
those observed by CAP-seq due to the fact that the raw se-
quencing data from the report describing CAP-seq has not
to our knowledge been made publicly available.
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We compared RNA labeling efficiencies of all three prox-
imity labeling methods (Figure 4B, C). We found that Halo-
seq was significantly more efficient in generating labeled
RNA than both APEX-seq and CAP-seq. These observa-
tions may be attributed to differences in the efficiency of
miniSOG-dependent singlet oxygen generation or the reac-
tive species that is being generated by APEX-seq in com-
parison to the singlet oxygen from DBF excitation. The in-
creased efficiency of Halo-seq may make it better suited to
the study of precisely defined subcellular RNA populations
that make up a relatively small proportion of the total cel-
lular RNA content. Halo-seq may therefore allow interro-
gation of the RNA content of small, defined locations that
until now were intractable for such experiments.

Although we believe Halo-seq has considerable promise,
a number of potential hurdles remain. Halo-seq requires the
use of Halo-tagged fusion proteins. The subcellular local-
ization of fusion proteins is often hard to predict and must
be empirically verified. The use of transgenes for fusion
protein expression is experimentally simple, but the overex-
pression that occurs with these constructs can often lead to
spurious, unintended localization patterns. Tagging endoge-
nous genes with Halo domains may alleviate this problem.

Additionally, as with most methods, a certain level of
background exists with Halo-seq. This manifests as tran-
scripts that are precipitated by the streptavidin pulldown
even though they were not alkynylated in the cell. When
querying large subcellular regions when a considerable
amount of RNA is expected to be labeled, this level of back-
ground is likely overcome by true signal. However, when
querying small, specific locations, the background signal
may pose serious issues. One potential approach to mini-
mize this effect may be to compare two pulldown samples
where one originates from a sample with a Halo fusion lo-
calized to the location of interest and another originates
from a sample with a broadly localized Halo fusion (e.g.
Halo-NES).

One interesting application of this technique may be to
the projections of neuronal cells. RNA localization in neu-
rons has been extensively studied on a transcriptome-wide
scale (4,13,14,64,65). However, generally, these studies have
relied on rather coarse-grained fractionations that lack the
resolution required to make statements about RNA local-
ization to specific structures (e.g. synapses). The increased
resolution of Halo-seq may allow for deeper insights regard-
ing the organization of RNA within neuronal projections.

In sum, we view Halo-seq as a flexible, quantitative tool
that is well-suited to advance the study of subcellular RNA
localization.
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