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SUMMARY

We introduce APEX-seq, a method for RNA
sequencing based on direct proximity labeling of
RNA using the peroxidase enzyme APEX2. APEX-
seq in nine distinct subcellular locales produced a
nanometer-resolution spatial map of the human tran-
scriptome as a resource, revealing extensive pat-
terns of localization for diverse RNA classes and
transcript isoforms.We uncover a radial organization
of the nuclear transcriptome, which is gated at the in-
ner surface of the nuclear pore for cytoplasmic
export of processed transcripts. We identify two
distinct pathways of messenger RNA localization to
mitochondria, each associated with specific sets of
transcripts for building complementarymacromolec-
ular machines within the organelle. APEX-seq
should be widely applicable to many systems,
enabling comprehensive investigations of the spatial
transcriptome.
INTRODUCTION

The subcellular localization of RNA is intimately tied to its func-

tion (Buxbaumet al., 2015). Asymmetrically distributed RNAs un-

derlie organismal development, local protein translation, and the

3D organization of chromatin. Where an RNA is located within

the cell likely determines whether it will be stored, processed,

translated (Berkovits and Mayr, 2015), or degraded (Fasken

and Corbett, 2009).

While many methods have been developed to study RNA

localization (Weil et al., 2010), only a few have been applied on

a transcriptome-wide scale. The most classic approach is

biochemical fractionation to enrich specific organelles, followed

by RNA sequencing (‘‘fractionation-seq’’). However, a major lim-
itation of fractionation-seq is that it cannot be applied to organ-

elles that are impossible to purify, such as the nuclear lamina and

outer mitochondrial membrane (OMM). Even for organelles that

can be enriched by centrifugation, such asmitochondria, current

protocols fail to remove contaminants (Sadowski et al., 2008).

RNA localization can also be directly visualized bymicroscopy

(Bertrand et al., 1998; Femino et al., 1998), and techniques have

recently been pioneered for imaging thousands of cellular RNAs

at once using barcoded oligonucleotides (Chen et al., 2015b;

Shah et al., 2016). The drawbacks of these fluorescence in situ

hybridization (FISH)-based approaches, however, are the need

for designed probe sets targeting RNAs of interest; the require-

ment for cell fixation and permeabilization, which can relocalize

cellular components (Fox et al., 1985; Schnell et al., 2012); the

difficulty of assigning RNAs to specific cellular landmarks due

to spatial resolution limits; and the limited information content

compared to RNA sequencing. Finally, these transcriptome-

wide imaging methods are technically challenging and require

specialized instrumentation not available to most.

An adaptation of ribosome profiling (Ingolia et al., 2009) has

enabled this technique to profile actively translated mRNAs in

specific cellular locales. The two demonstrations—on the endo-

plasmic reticulum membrane (ERM) in yeast and mammalian

cells (Jan et al., 2014), and on the OMM in yeast (Williams

et al., 2014)—showed high spatial specificity and compatibility

with living cells. However, the methodology cannot detect non-

coding RNAs or non-translated mRNAs. Proximity-specific ribo-

some profiling is also not yet a fully generalizable method, as the

requirement for biotin starvation during cell culture is prohibi-

tively toxic to many cell types.

Hence, there remains a need for new methodology that can

map the spatial localization of thousands of endogenous RNAs

at once in living cells. The method should be applicable to any

subcellular region and capture full sequence details of any

RNA type, enabling comparisons across RNA variants and iso-

forms. Here, we develop the ‘‘APEX-seq’’ methodology in

an effort to provide these capabilities. We characterize the
Cell 178, 473–490, July 11, 2019 ª 2019 Elsevier Inc. 473
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Figure 1. Development of APEX-Seq Methodology

(A) APEX2-mediated proximity biotinylation of endogenous RNAs. APEX2 peroxidase is genetically targeted to the cellular region of interest. Addition of BP

(red B = biotin) and H2O2 to live cells for 1 min results in biotinylation of endogenous proteins and RNA within a few nanometers of APEX2. Biotinylated RNAs are

separated using streptavidin-coated beads, poly(A)-selected, and analyzed by RNA sequencing (RNA-seq).

(legend continued on next page)
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APEX-seq approach and then apply it to nine subcellular loca-

tions, generating a high-resolution atlas of endogenous RNA

localization in living human HEK293T cells. Our data reveal

correlations between localization of mRNAs and the protein

products they encode, as well as patterns of RNA localization

and underlying genome architecture. An analysis of mRNAs at

the OMM suggests distinct mechanisms for RNA targeting that

correlate with the sequence and function of the encoded mito-

chondrial proteins. These examples illustrate the versatility of

APEX-seq and its ability to nominate or test novel biological

hypotheses.

RESULTS

APEX-Catalyzed Labeling of RNA
To develop the methodology, we drew from previous work in our

laboratory using enzymes to map spatial proteomes (Rhee et al.,

2013). APEX2 (Lam et al., 2015) is an evolved mutant of soybean

ascorbate peroxidase that catalyzes the one-electron oxidation

of biotin-phenol (BP), a membrane-permeable small molecule.

The resulting BP radical is short-lived (half-life <1ms) (Mortensen

and Skibsted, 1997; Wishart and Rao, 2010) and covalently con-

jugates onto protein side chains. Hence, APEX2 catalyzes the

promiscuous biotin tagging of endogenous proteins within a

few nanometers of its active site in living cells. The high spatial

specificity of this approach has enabled APEX mapping of

numerous organelle proteomes as well as protein interaction

networks (Han et al., 2018).

We previously combined APEX proteomic tagging with formal-

dehyde protein-RNA crosslinking in order to extend our analysis

to cellular RNAs (Kaewsapsak et al., 2017). While this ‘‘APEX-

RIP’’ approach was effective at mapping the RNA composition

of membrane-enclosed organelles such as the mitochondrion,

its spatial specificity was poor in ‘‘open’’ or non-membrane en-

closed cellular regions. For instance, RNAs enriched by APEX tar-

geted to the ERM (facing cytosol) were no different from those en-

richedby cytosolic APEX. A version of this two-step strategy using

UV crosslinking may improve specificity (Benhalevy et al., 2018).

A more straightforward and potentially higher-specificity

approach would be to bypass crosslinking altogether and use

APEX peroxidase to directly biotinylate cellular RNAs within a

short time window (Figure 1A). To test whether peroxidase-

generated phenoxyl radicals could biotinylate RNA in vitro, we

combined horseradish peroxidase (HRP), which catalyzes the
(B) Streptavidin-biotin dot-blot analysis of direct RNA biotinylation by APEX2 in ce

and then the RNA was extracted and blotted. Only when BP, H2O2, and APEX

abolished the signal.

(C) qRT-PCR analysis showing specific enrichment of mitochondrial RNAs (gray

chondrial matrix were labeled for 1 min. Biotinylated RNAs were enriched follow

(D) qRT-PCR analysis showing specific enrichment of secretory (red) over non-sec

APEX2 targeted to the ERM membrane (facing cytosol) were labeled for 1 min. Fo

beads enrichment. Data are the mean of 4 replicates ±1 SD. The data were norm

techniques.

(E) Human cell showing nine different subcellular locations investigated.

(F) Fluorescence imaging of APEX2 localization and biotinylation activity. Live-ce

APEX2 fusion protein. APEX2 expression was visualized by GFP or antibody stain

647 (red). DAPI is a nuclear marker. Endogenous TOM20 and CANX were used a

See also Figure S1 and Table S1.
same one-electron oxidation chemistry as APEX2, with tRNA,

BP, and H2O2. On a streptavidin dot blot, we observed robust

tRNA biotinylation that was abolished by RNase treatment but

unaffected by proteinase K treatment (Figure S1A). We next

used a RT stop assay to evaluate the labeling and found that,

while full-length transcripts are still produced, multiple RT stops

are observed at G-rich regions in peroxidase-catalyzed RNA

samples (Figures S1D and S1E). Additional experiments charac-

terized the covalent adduct between G and BP by HPLC and

mass spectrometry (Figures S1B and S1C).

To test APEX-catalyzed RNA biotinylation in living cells, we

generated HEK cells stably expressing APEX2 in the cytosol. We

labeled the cells with BP and H2O2 for 1 min, extracted total

RNA, and analyzed the RNA by streptavidin dot blot. Figure 1B

shows that RNA biotinylation is abolished upon omission of BP

orH2O2 or following treatment with RNase. Combinedwith the as-

says above, our results suggest that APEX directly tags RNA with

biotin, not merely biotinylating proteins co-complexed with RNA.

Next, we combined APEX labeling with qRT-PCR analysis of

biotinylated RNAs in order to begin assessing the spatial speci-

ficity of this approach. We started with the mitochondrial matrix,

which we have previously characterized by APEX proteomics

(Han et al., 2017; Rhee et al., 2013), and whose transcriptome

can be predicted by the sequence of the mitochondrial genome

(mtDNA) (Mercer et al., 2011). Using HEK cells expressing

APEX2 in the mitochondrial matrix, we performed labeling and

then extracted RNA and enriched the biotinylated fraction using

streptavidin beads. We optimized a series of denaturing washes

to fully dissociate complexes and ensure that the streptavidin

beads only enriched biotinylated RNA species (Figure S1F). We

then analyzed the eluate by qRT-PCR and observed strong

enrichment of mtDNA-encoded mRNAs MTND1 and MTCO2

but not negative-control cytosolic mRNAs (Figure 1C).

However, because the mitochondrial matrix is enclosed by a

tight membrane that is impervious to BP radicals (Rhee et al.,

2013), it does not provide a rigorous test of APEX labeling radius.

To evaluate spatial specificity in an open cellular compartment,

we utilized HEK cells stably expressing APEX2 on the ERM, fac-

ing cytosol. qRT-PCR analysis of streptavidin-enriched RNA

following BP labeling (Figure 1D) shows high enrichment of

secretory mRNAs (ERM-proximal ‘‘true positives’’) but not nega-

tive-control cytosolic mRNAs (encoding non-secretory proteins).

This result suggests that APEX biotinylation has nanometer

spatial resolution and is able to distinguish ER-proximal RNAs
lls. HEK-293T cells expressing APEX2 in the cytosol were labeled with for 1 min

2 were all present was the signal observed. RNase treatment of the sample

) over cytosolic mRNAs (white). Cells expressing APEX2 targeted to the mito-

ing RNA extraction. Data are the mean of 4 replicates ± 1 SD.

retory (gray) mRNAswith APEX-seq, but not APEX-RIP. Cells stably expressing

r APEX-RIP, RNAs were crosslinked to proteins for 10 min before streptavidin

alized such that the mean enrichment of non-secretory RNAs was 1 for both

ll biotinylation was performed for 1 min in cells stably expressing the indicated

ing (green). Biotinylation was visualized by staining with neutravidin-Alexa Fluor

s markers for the mitochondria and ER, respectively. Scale bars, 10 mm.
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from cytosolic RNAs only nanometers from the ERM. This result

strikingly contrasts with previous observations using APEX-RIP

(Kaewsapsak et al., 2017). For a further side-by-side comparison

between APEX-seq and APEX-RIP, a total of 8 representative

transcripts that are known to localize to the respective land-

marks based on previous literature, were investigated by qRT-

PCR (Figure S2E). APEX-seq enriched specific, proximal RNAs

in open subcellular regions (ERM, nuclear lamina, nucleolus,

and OMM), whereas APEX-RIP was unable to do so.

Development and Validation of APEX-Seq
Encouraged by the results above, we moved to a more compre-

hensive analysis by replacing qRT-PCRwith transcriptome-wide

sequencing. We also created cell lines expressing APEX in nine

subcellular locales (Figures 1E and S2A). For each cell line, we

verified correct targeting of APEX by performing immunofluores-

cence staining against organelle markers. To examine APEX

activity, we performed BP labeling, fixed, and stained the bio-

tinylated species using neutravidin-Alexa 647. For some loca-

tions, the neutravidin pattern overlapped closely with APEX

localization (e.g., nucleolus and mitochondrial matrix; Figure 1F),

indicating minimal diffusion of biotinylated species. For other lo-

cations, the neutravidin signal was more ‘‘spread out’’ than the

APEX signal (e.g., ERM and OMM; Figure S2B), suggesting

redistribution of biotinylated species during the 1-min labeling

time window (Hung et al., 2016).

To assess the quality of the poly(A)-selected APEX-seq data

(Figures S2C and S2D; Table S2), we first focused on two subcel-

lular compartments that have been extensively mapped: the

mitochondrial matrix and the ERM. For the former (Figures 2A

and 2B), APEX-seq experiments showed strong enrichment of

all 13 mRNAs and the 2 rRNAs encoded by mtDNA (Figures

S2F and S2G), while no RNAs encoded by the nuclear genome

were highly enriched.

For the ERM, APEX-seq highly enriched RNAs previously

shown to be ER proximal (such as mRNAs encoding secreted

proteins) over cytosol-localized RNAs. To perform a quantitative
Figure 2. Validation of APEX-Seq, Including Specific Orphans from RN

(A) APEX-seq in themitochondrial matrix. Transcript abundance in experiment plo

mitochondrial genome (large blue dots) are enriched by APEX (mean enrichment

the 100-nt size selection step during RNA extraction, tRNAs were not efficiently

(B) Scatterplot of transcript abundance in the mitochondrial matrix (MITO).

(C) APEX-seq at the ERM, facing cytosol. Volcano plot showing APEX-catalyzed

(D) Comparison of ERM-enriched RNAs by APEX-seq, proximity-specific ribosom

(E) Transcript abundance (FPKM) analysis of genes enriched by ERMAPEX-seq, fr

APEX-seq dataset. p values are from a Mann-Whitney U test.

(F) Total number of orphans (blue) generated from APEX-seq RNA datasets, with t

of most of these RNAs is the RNA atlas, with further contributions from analysis

(G) APEX-seq yields cleaner results than bulk fractionation RNA-seq. Nucleus APE

considering non-ER genes (blue). However, fractionation suffers from contamina

(H) APEX-seq in the cytosol does not recover mitochondrial-genome encoded

mitochondrial genome are shown in blue, whereasmRNAs for mitochondrial prote

Whitney U test.

(I and K) Sequential smFISH imaging of OMM (I) or ERM (K) orphans in HEK cells.

ERM markers. mRNAs and lncRNAs not enriched in OMM (I) or ERM (K) were use

right. Scale bar, 5 mm.

(J and L) Quantitation of OMM (J) or ERM (L) orphans colocalization with MTND5 (

independent fields of view. Data were analyzed using a two-tailed Student’s t te

See also Figure S2 and Tables S2 and S3.
analysis, we used ROC cutoff analysis (Linden, 2006) (Figures

S2I and S2J) to produce a list of 1,077 ERM-enriched RNAs (Fig-

ure 2C). To evaluate the specificity of this dataset, we deter-

mined the fraction of ‘‘secretory’’ or ‘‘transmembrane’’ mRNAs

(STARMethods) and found that 90%of genes had such prior an-

notations. The remaining 10% (107 genes) could be false-posi-

tives, or they could be newly discovered ERM-associated RNAs.

To evaluate depth of coverage, we prepared a hand-curated

list of 71 well-established ER-resident proteins and asked what

fraction of their corresponding mRNAs appear in our ERM

APEX-seq dataset. We recovered 70% of this true-positive list

(Figure S2K). This sensitivity is comparable to that of our previ-

ous APEX proteomic datasets in open compartments (Hung

et al., 2017) (Figure S2L). RNAs we failed to enrich could be ste-

rically shielded in the live cell environment, low in abundance, or

dual-localized to both ERM and cytosol.

The ERM-associated transcriptome has previously been stud-

ied by fractionation-seq (Reid and Nicchitta, 2012) and prox-

imity-specific ribosome profiling (Jan et al., 2014). Upon

analyzing the published datasets, we found that the specificities

of fractionation-seq and APEX-seq were comparably high (90%

versus 91% secretory mRNAs, respectively; Figure S2I), in addi-

tion to sensitivity (Figure S2K). However, Figure 2D shows that

each method recovers somewhat different subsets of tran-

scripts. Further analysis of genes enriched by APEX-seq but

not fractionation-seq or ribosome profiling show that many of

these are lower in RNA abundance (Figure 2E).

Altogether, our APEX-seq analysis demonstrates that high

specificity and reasonable sensitivity can be achieved in both

membrane-enclosed and open subcellular compartments.

RNA Atlas of 9 Distinct Subcellular Compartments by
APEX-Seq
Having established the specificity and sensitivity of APEX-seq

using the mitochondrial matrix and ERM, we turned our attention

to the seven other compartments (Figure 1E). The RNA content

of most of these regions has not previously been mapped, as
A Atlas

tted against negative control (omit H2O2). All mRNAs and rRNAs encoded by the

>11-fold). FPKM, fragments per kilobase of transcript per million reads. Due to

recovered.

enrichment of secretory mRNAs (red) over non-secretory mRNAs (black).

e profiling, and ER fractionation-seq.

actionation-seq, proximity-specific ribosome profiling, and genes unique to the

hose validated by further poly(A)+ fractionation-seq shown in black. The source

of the ERM and OMM transcriptomes.

X-seq fold changes are highly correlated with bulk fractionation RNA-seq when

tion by ER transcripts (black).

RNAs, whereas fractionation-seq does. mRNAs and rRNAs encoded by the

ins encoded by the nuclear genome are shown in grey. p value is from aMann-

MTND5 was used as a mitochondrial marker. SCD and TSPAN3 were used as

d as negative controls. Expanded views of the boxed region are shown on the

J) or SCD (L) by sequential smFISH imaging. Blue lines represent mean from 14

st, with *p < 0.05, **p < 0.01, and ***p < 0.001; N.S., not significant (p > 0.05).
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Figure 3. Analysis of Subcellular Transcriptome Maps

(A) T-distributed stochastic neighbor embedding (t-SNE) plot showing separation and clustering of APEX-seq libraries.

(B and C) Genome tracks for XIST (B), a nuclear non-coding RNA, and (C) IARS2, an mRNA encoding a mitochondrial tRNA synthetase. For each location, the

reads were averaged across two APEX-seq replicates. The control tracks were generated by averaging 18 controls from all 9 constructs.

(D) Heatmap of transcripts enriched by APEX-seq showing clustering of the genes that specifically localize to at least one location and have fold-change data from

all locations.

(E) Heatmap showing the APEX-seq fold changes for the mRNA transcripts found to be most variable among the locations investigated.

(F) Heatmap showing the APEX-seq fold changes for non-coding RNAs (excluding pseudogenes) that have the most-variable localization enrichment. A few

well-known noncoding RNAs are shown in bold.

(G) Of the �3,250 genes analyzed, most localize to only one or two of the eight locations (excluding mitochondrial matrix) interrogated.

(legend continued on next page)
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they are impossible to purify and/or too small to image unambig-

uously by conventional microscopy. As such, it is impossible to

generate true positive and false positive lists of known resident

and non-resident RNAs respectively with which to perform

ROC-based cutoff analysis. We therefore opted for a universal

enrichment-factor cutoff of 0.75 (log2 fold change) and q value

(false discovery rate [FDR]-adjusted p value) cutoff of 0.05, which

was applied to all compartments (STAR Methods). By intersect-

ing data from each pair of replicates, we obtained RNA lists for all

nine compartments (Table S3).

These lists provide a wealth of observations about the RNA

composition of diverse cellular locales. Many RNAs are ‘‘or-

phans,’’ never previously linked to the compartment to which

APEX-seq assigns them. For instance, our APEX-seq atlas (Fig-

ure 2F) newly assigns 324 RNAs to the nucleolus, 114 RNAs to

the lamina, and 111 RNAs to the OMM. To provide further confi-

dence in these spatial assignments, we analyzed a subset of

high-abundance RNAs by sequential smFISH imaging (Fig-

ure 2I–2L) and found that 6 out of 10 OMM orphans and 7 out

the 8 ERM orphans displayed significant smFISH enrichment

at the mitochondria and ERM, respectively.

To further validate nuclear and cytosolic RNAs enriched by

APEX-seq, we performed poly(A)+ nuclear/cytosolic fraction-

ation of matched HEK cells (Figure 2G). Of the 95 nuclear and

14 cytosolic APEX-seq orphans for which we could obtain

high-quality fractionation-seq reads, 84 of the nuclear and 4 of

the cytosolic RNAs were validated (Figure 2F). Overall, fraction-

ation-seq validated 81% (n = 88/109) of orphan genes.

The availability of matched fractionation-seq datasets gives us

the opportunity to compare head-to-head with APEX-seq. Over-

all, we found that both nuclear and cytosolic APEX-seq datasets

were much more specific than our corresponding fractionation-

seq data. For instance, our APEX-seq gene lists lacked the mito-

chondrial matrix and ER contaminants present in the cytosolic

and nuclear fractionation data, respectively (Figures 2G, 2H,

and S3F). Excluding ER transcripts in the nuclear fractionation-

seq dataset (using ERM APEX-seq gene list), we compared the

remaining genes to APEX-seq in order to estimate the accuracy

(94%) and precision (96%) of our methodology. We also

observed that the RNA length distributions in nuclear fraction-

ation and APEX-seq are very similar (Figure S3E).

General Features of theHumanTranscriptomeRevealed
by APEX-Seq RNA Atlas
Our APEX-seq atlas reveals interesting patterns and features for

the human transcriptome (Figure 3A). For >3,200 RNAs, we ob-

tained high enrichment scores (log2 fold change >0.75) in at least

one of the nine locations. Unbiased clustering analysis revealed

that RNAs broadly partition into four general localization cate-

gories (Figures 3A and 3D): (1) nuclear, (2) mitochondrial mem-

brane and ER, (3) cytosol, and (4) the remaining (which includes

ER lumen, mitochondrial matrix, and nuclear pore). Most tran-

scripts further localized to just one or two locations within each
(H) Circos plot showing the co-localization of RNAs to multiple locations.

(I) Transcripts overlapping in multiple locations.

(J) Heatmap showing the protein localization of the transcripts enriched by APEX

See also Figure S3.
category (Figures 3D and 3G; STAR Methods). Comparing

mRNAs to long noncoding RNAs (lncRNAs) (Figures 3E and 3F),

our dataset showed that the former mostly localize to one of the

cytosolic or nuclear locations, while lncRNAs are predominantly

nuclear, consistent with previous studies (Cabili et al., 2015).

We observed substantial overlap between OMM and ERM-

associated transcriptomes (Figures 3H and 3I). Using more

stringent cutoffs based on ROC analysis, we confirmed that

two-thirds of RNAs are shared by OMM and ERM, with almost

95% of shared mRNAs encoding secreted proteins (Figures

S3C and S3D). It may be that specific subsets of mRNAs are

translated at mitochondria-ER contact sites (Friedman et al.,

2011; Giacomello and Pellegrini, 2016; Valm et al., 2017).

We used our APEX-seq atlas to explore the relationship be-

tween protein localization and localization of its encoding

mRNA,making use of existing data on protein subcellular localiza-

tion (Thul et al., 2017). Our analysis (Figure 3J) reveals remarkable

concordance between RNA and protein localization at steady

state. For example, the ERM-proximal transcriptome preferen-

tially codes for proteins that localize to the ER, Golgi, and vesicles,

rather than proteins that localize to the nucleus, nucleolus, or

cytosol. Less expectedly, our data also show that mRNAs en-

riched in nuclear locations tend to code for proteins enriched in

nuclear speckles and nucleoplasm, but not the plasmamembrane

(Figures 3J, S3A, andS3B). This result is surprising if protein trans-

lation occurs exclusively in the cytosol. Alternatively, it has been

suggested that mRNAs in the nucleus might serve as ‘‘reserve

pools’’ that help to dampen gene-expression noise (Bahar Hal-

pern et al., 2015; Battich et al., 2015; Hansen et al., 2018). We

speculate that nuclear-destined proteins (Thul et al., 2017), which

are highly enriched for nucleic-acid binding proteins (FDR < 5 3

10�13, GO biological process) whose concentrations may have

to be precisely tuned, may have mRNAs that are retained in nu-

clear subcompartments in order to better shield the amount of

mRNA available for translation from noise.

The ability of our atlas to position endogenous RNAs with

respect to distinct subcellular landmarks provides an exciting op-

portunity to test novel hypotheses concerning the relationship be-

tween RNA localization and function. For example, the atlas

shows that XIST (X-inactive specific transcript), a nuclear lncRNA,

is enriched at the nuclear lamina but not the nearby nuclear pore

(Figure 3B). These findings are consistent with the known role of

XIST in coating the inactive X chromosome in female cells (Penny

et al., 1996), leading to transcriptional silencing and localization of

the inactive X to the nuclear lamina (Chen et al., 2016). Another

example is IARS2 (mitochondrial isoleucyl tRNA synthetase 2, en-

coded by the nuclear genome), whose mRNA was identified by

APEX-seq at the OMM (Figure 3C). Because IARS2’s protein

product is known to reside in the mitochondrial matrix, the

APEX-seq data suggest local translation of the mRNA at the

OMM, a point we further explore in Figures 6 and 7.

Two other RNAs of note are TUG1 and NORAD, lncRNAs

localized by APEX-seq to both the ERM (validated by smFISH
-seq.
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Figure 4. APEX-Seq Reveals Principles Related to RNA Isoforms and Introns

(A–C) The genome tracks of (A) FUS mRNA. (B) and (C) show the genome tracks of two other transcripts, DDX5 and DDX17, with retained introns.

(D) Fractionation-seq (green) and nucleus APEX-seq (red) identify roughly the same genes with retained introns. The nuclear-pore APEX-seq transcriptome has

fewer retained introns relative to the nucleus.

(E) Using APEX-seq, we identify transcripts that are highly abundant in both cytosol and nucleus at the gene level but switch isoforms at the transcript level. TPM,

transcript per million.

(F–H) Browser tracks showing examples of isoform switching across nuclear and cytosolic locations for (F) KAT2A (lysine histone acetyltransferase 2A) in a

putative coding sequence (CDS), (G) NCBP3 (nuclear cap-binding protein subunit 3) in the 30 UTR, and (H) HNRNPU (heterogenous nuclear ribonucleoprotein U)

in the 50 UTR, respectively. Arrows indicate direction of transcription.

(I) Number of m6A present per transcript enriched by APEX-seq. High-confidence m6A sites were obtained from the literature (Meyer et al., 2012). p values are

from a Fisher’s exact test.

(J) Cumulative distribution of the introns length for genes enriched by APEX-seq in the nuclear locations.

(K) Bar plots of average length of nuclear pore and nucleus enriched transcripts by mature transcript length, 50 UTR, CDS (coding sequence) and 30 UTR. p values

are from a one-sided Mann-Whitney U test. Errors are SEM.

See also Figure S4.
imaging in Figures 2K and 2L) and the nucleus.While themajority

(97%) of ERM APEX-seq-enriched species are mRNAs, our da-

taset highlights 31 noncoding RNAs, which are impossible to

detect by ribosome profiling or ER fractionation-seq, because

they are not translated.

APEX-Seq Reveals Differential Localization for
Transcript Isoforms
Because APEX-seq is a sequencing-based methodology

providing not only gene identity but full sequence details for
480 Cell 178, 473–490, July 11, 2019
each enriched RNA, we use it to support the hypothesis that

different transcript isoforms of the same gene may localize to

different regions of the cell (Mayr, 2017). For example, FUS

(fused in sarcoma) mRNA, encoding a nuclear protein implicated

in amyotrophic lateral sclerosis (ALS) and phase separation

(Patel et al., 2015), shows intron retention within the nuclear loca-

tions, but not cytosolic ones (Figure 4A). Dead-BOX helicases 5

(DDX5) and 17 (DDX17) are additional examples of RNAs with re-

tained introns (Figures 4B and 4C). The nuclear enrichment of re-

tained introns was also observed in our fractionation-seq data



(r = 0.78) although without the sub-nuclear resolution that APEX-

seq provides. Interestingly, we observed that APEX at the nu-

clear pore enriched fewer transcripts with retained introns than

APEX at other nuclear locations (Figures 4D and S4A–S4C),

consistent with the role of the pore as a ‘‘gene gate’’ for RNA

quality control.

In addition to retained introns, APEX-seq revealed a group of

RNAs that show no gene-level subcellular localization differ-

ences but exhibit substantial spatial heterogeneity at the

transcript-isoform level (‘‘isoform switching’’; Figures 4E and

S4A–S4E). Two such examples are the mRNAs for the oncogene

AKT2 and the circadian rhythm gene CSNK1D, which show iso-

form switching between the nucleus and cytosol. In some cases,

isoform switching extends to the 50 UTR, 30 UTR, and coding re-

gions of transcripts (Figures 4F–4H). Overall, we find hundreds of

genes with alternative 50 and 30 splice sites (Figures S4F and

S4G). These results naturally nominate specific exons associ-

ated with each isoform for localization to specific subcellular

locations, which in turn could affect downstream functions (Ber-

kovits and Mayr, 2015).

Nuclear Pore as a Staging Area for RNA Export
RNA transcripts must pass through the nuclear pore to go from

their production sites in the nucleus into the cytoplasm. Previous

studies have suggested that the nuclear pore may act as a stag-

ing area for cytoplasm-destined transcripts (Wickramasinghe

and Laskey, 2015). Our APEX-seq data reveal a striking similarity

between RNAs enriched at the nuclear face of the nuclear pore

(where APEX is expressed as a fusion to the pore-basket-binder

SENP2 (Sentrin-specific protease 2) (Walther et al., 2001) and

RNAs in the cytoplasm (Figure 3D), in contrast to RNAs from

other nuclear locations (Figure 3A).

Our results support the prevailing view that the nucleoplasmic

milieu (Blobel, 1985; Brown and Silver, 2007; Kim et al., 2018) of

the pore has a critical role in mRNA surveillance, allowing only

properly spliced and sorted transcripts ready for export to cyto-

plasm to congregate (while retaining partially spliced transcripts

in the nucleus) (Figures 4A–4C).

m6A Modification and RNA Length in Nuclear Pore
Localization
While RNA processing for nuclear export is complex and highly

regulated, the rate-limiting step for mRNA transport is believed

to be access to and release from the nuclear pore complex

(NPC) (Grünwald and Singer, 2010; Ma et al., 2013). N6-methyl-

adenosine (m6A) modification of pre-messenger RNAs has been

reported as a ‘‘fast track’’ signal for nuclear export (Roundtree

et al., 2017), while RNA length has been hypothesized as a

feature influencing RNA export, with long RNAs taking more

time to remodel and exit.

When we intersected nuclear-pore APEX-seq data with m6A

modification sites (Meyer et al., 2012), we found a significant

depletion ofm6A in transcripts enriched near the pore, compared

to nuclear lamina or the cytosol (Figure 4I). Our data support the

hypothesis that m6A-modified transcripts transit quickly through

the NPC, leading to low biotinylation by APEX-seq. However,

although transcripts at the pore had less m6A than other nuclear

locations, the transcript density of m6A was not significantly
different across these locations. Nonetheless, transcripts at

both the pore and other nuclear locations had lower m6A density

(i.e., sites per kilobase) than the cytosol.

We also examined RNA length in our nuclear-pore APEX-seq

data. We found that transcripts enriched at the pore tend to be

shorter than transcripts at other nuclear locations. This inverse

relationship between RNA length and nuclear pore APEX enrich-

ment is significant both in the mature transcript and the introns

only (Figures 4J, 4K, S4H, and S4K). For protein-coding tran-

scripts, the 30-UTR length is most predictive of nuclear pore

APEX-seq enrichment (Figure 4K). A possible interpretation of

our data is that longer RNAs pass more quickly through the

pore, leading to lower APEX-seq enrichment, which could be

the case if shorter RNAs assemble with fewer RNA-binding pro-

teins (RBPs), including those necessary for recognition and pas-

sage through the pore.

Although different processes exist to export intronless mRNAs

(Delaleau and Borden, 2015), we did not observe a significant

difference in the proportion of intronless transcripts at the pore

relative to other locations (Figure S4I).

RNA Repeats and Genomic Position Influence Sub-
Nuclear RNA Localization
Repeat sequences make up a majority of the human genome (de

Koning et al., 2011), with interspersed nuclear elements SINE

(short) and LINE (long) containing retrotransposable (transposable

via RNA intermediates) elements that can be deleterious when

active and randomly moving to new genomic sites (Ichiyanagi,

2013). We observed enrichment of SINEs and LINEs within the

nuclear locations (Figures 5A and S5A–S5D), with the highest

enrichment of these elements in the nuclear lamina. The cytosolic

locations and the nuclear pore showed no enrichment

(Figure S5E). Given the known accumulation of transcription-

repression machinery at the lamina (van Steensel and Belmont,

2017), our observations may help to explain the recent findings

that LINE (L1) elements are epigenetically silenced (Padeken

et al., 2015). Likewise, transcripts enriched at the nuclear lamina

had lower expression level thanother nuclear locations, consistent

with the idea of heterochromatin deposition and gene silencing at

lamina-associated domains (LADs) (Figures 5C and S5G–S5I).

Second, location of the DNA locus from which an RNA origi-

nates is believed to strongly dictate nuclear RNA location (Dekker

et al., 2017), which we find support for. For example, previous

work has shown that the nucleolus is enriched for DNA coding

for rRNAs (van Koningsbruggen et al., 2010), while our APEX-

seq atlas shows that rRNA repeat motifs (Wheeler et al., 2013)

are highly enriched in the nucleolus but far less in the nuclear lam-

ina or cytosol (Figure 5B). We also find that mRNA of genes

residing in DNA nucleolus-associated domains (NADs) (Dillinger

et al., 2017; van Koningsbruggen et al., 2010) are highly enriched

in the nucleolus (odds ratio = 4.4; 95% confidence interval [CI] =

1.7–14) (Figures 5D and S5J). For DNA loci in LADs (Guelen et al.,

2008), their corresponding RNA were enriched in the lamina

APEX-seq (odds ratio = 11; 95%CI = 3.8–43) (Figures S5J–S5M).

Distinct Mechanisms of mRNA Localization to the OMM
Human mitochondrion contains >1,100 protein species (Calvo

et al., 2016), only 13 of which are encoded by the mitochondrial
Cell 178, 473–490, July 11, 2019 481
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Figure 5. The Underlying Features of Nuclear RNA Localization

(A) Examination of retrotransposable elements in transcripts uniquely localizing to different locations show an enrichment of these elements in the nuclear-lamina

transcriptome.

(B) Heatmap of Z score showing that transcripts localizing to the nucleolus are enriched in rRNA repeat motifs, relative to the nucleus.

(C) Within the nuclear locations, the nuclear-lamina-enriched transcripts have a lower abundance relative to both the nucleus and the nucleolus. p value is from a

Mann-Whitney U test.

(D) Examination of the genes found in DNA lamina-associated domains (LADs) and nucleolus-associated domains (NADs) confirms that the corresponding

transcriptomes are enriched for those genes. Here we restrict analysis to transcripts uniquely enriched in the respective locations. p values are from Fisher’s

exact tests.

See also Figure S5.
genome (mtDNA) and translated within the organelle. The

remainder are encoded by the nuclear genome and must be

delivered to the mitochondrion after translation in the cytosol

(Mercer et al., 2011). The identification of ribosomes at the

OMM (Kellems et al., 1974, 1975) led to the hypothesis that

some mRNAs encoding mitochondrial proteins may be locally

translated at the OMMand co-translationally or post-translation-

ally imported into the mitochondrion (Gold et al., 2017) (Fig-

ure 6A). However, at present little is known about the landscape

of RNAs at the mammalian mitochondrial membrane, despite its

importance for understanding mitochondrial biogenesis.

We mined our APEX-seq atlas for insights about mitochon-

dria-proximal RNAs in human cells and found that the OMM

compartment was enriched in mRNAs encoding mitochondrial

proteins (Figure 3J). When plotted by OMM APEX-seq enrich-

ment, we observed a significant increase in enrichment of nu-

clear-encoded mitochondrial genes over non-mitochondrial,

non-secretory genes (Figure 6B; Table S4). By contrast, no in-

crease in enrichment of mitochondrial genes was observed

when RNAs were plotted by ERM APEX-seq enrichment score

(Figure 6C). These results support the notion that mitochondrial

transcripts accumulate at the OMM, possibly for the purpose

of local protein translation. Examination of our OMM-enriched

mRNAs did not reveal any pattern in terms of protein functional

class or sub-mitochondrial localization of the encoded proteins.

In an effort to further tease apart possible mRNA subpopulations

that may be targeted to the OMM by different mechanisms,

we repeated APEX-seq labeling under different perturbation

conditions.
482 Cell 178, 473–490, July 11, 2019
Taking advantage of the rapidity of APEX-seq tagging, we

treated cells expressing OMM-APEX2 with cycloheximide

(CHX), puromycin (PUR), or carbonyl cyanide m-chlorophenyl

hydrazone (CCCP), prior to labeling (Figure S6A). CHX and

PUR are both protein translation inhibitors but they work by

different mechanisms. CHX stalls translation but preserves the

mRNA-ribosome-nascent protein chain complex, while PUR

dissociates mRNAs from ribosomes. CCCP abolishes the mito-

chondrial membrane potential and thereby stops membrane

potential-dependent processes including TOM (translocase of

outer membrane)/TIM-mediated import of mitochondrial pro-

teins (Chacinska et al., 2009).

After treatment of cells with CHX, we observed a dramatic in-

crease in the number of mitochondrial genes and their extent of

OMMenrichment (Figures 6B and 6D), consistent with amodel in

which mRNA localization to the OMM can be regulated by the

encoded protein’s mitochondria-targeting sequence. As it

emerges from the ribosome, the nascent peptide is localized to

the OMM together with the still translating mRNA. Indeed, we

found that the most-CHX-enriched mitochondrial genes have

higher TargetP scores on average (Figures 6E–6G); TargetP is

a measure of mitochondrial targeting potential (Emanuelsson

et al., 2007). Hence, OMM APEX-seq following CHX appears

to highlight a subpopulation of that may localize to the OMM in

a ribosome-dependent fashion (Figure 6H). Figures 6I and S6C

show the genome tracks of example mRNAs,HSPA9 (mitochon-

dria heat shock protein A9) and MUT (methylmalonyl-coA

mutase), respectively, that display increased OMM localization

upon CHX treatment.
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Treatment of cells with PUR produced a pattern of enrichment

distinct from CHX treatment. The vast majority of CHX-enriched

mRNAs were no longer observed at the OMM, consistent with

the hypothesis that the localization of these transcripts depends

on an intact ribosome complex (Figures 6B and S6E). Nonethe-

less, a subpopulation of mRNAs remained clearly associated

with the OMM after PUR; the top OMM-localized genes were

not higher in TargetP, in contrast to CHX-enriched genes (Fig-

ure 6F). Functional class analysis revealed that PUR-enriched

genes have a higher likelihood of encoding mitochondrial ribo-

some and oxidative phosphorylation (OXPHOS) components

(Figures 6G, 6J, 6K, and S6F), which are the two complexes

that require the coordinated assembly from the nuclear and

mitochondrial genomes (Couvillion et al., 2016). Figures 6L and

S6D show genome tracks of a representative mitochondrial ribo-

somal-protein gene, MRPS18B (28S ribosomal protein S18b),

and OXPHOS gene, NDUFB9 (NADH:ubiquinone oxidoreduc-

tase subunit B9), respectively. The PUR data thus suggest that

a subpopulation of mRNAs associates with the OMM in a ribo-

some- and nascent-chain-independent fashion, perhaps by

binding directly to a OMM-localized RNA binding protein

(Figure 6H).

Upon treatment with the mitochondrial uncoupler CCCP, the

genes enriched at the OMM are similar to PUR-enriched genes

(Figures 6F, 6G, and 6J). CCCP-enriched genes must not

depend on the mitochondrial membrane potential or mitochon-

drial protein import for their OMM localization. Perhaps by

causing a reduction in interactions between the ribosome-

mRNA-nascent chain complexes and TOM/TIM at the OMM,

the association of ribosome-independent mRNAs with the

OMM under CCCP becomes more readily apparent.

The availability of basal along with three ‘‘drug perturbation’’

OMM APEX-seq datasets enabled us to perform higher-order

clustering analysis. Figure 6M shows transcripts that were en-

riched at the OMM in at least one condition. We find that RNAs

cluster into groups based on their enrichment in CHX versus

PUR, with some clusters strongly predictive of genes coding
Figure 6. Distinct Subpopulations of mRNAs at the OMM
(A) Schematic diagram showing the mitochondria with all perturbations used in t

heximide [CHX]), mitochondrial membrane potential (carbonyl cyanide m-chlorop

in blue, ribosomes in gray, and microtubules in green.

(B) Gene density distribution of OMM APEX-seq enrichment under different cond

(C) Gene density distribution of ERM APEX-seq enrichment. Genes are categoriz

(D) Scatterplot of OMM APEX-seq log2 fold change comparing the basal and CH

(E) Cumulative fraction of genes in different conditions by TargetP values. CHX t

Genes are categorized by their TargetP values (see STAR Methods) on a scale fro

mitochondrial targeting peptide). p values are from Kolmogorov-Smirnov (KS) te

(F) Comparing the proportion of transcripts with different TargetP values and avera

seq in cells under different conditions and all MitoCarta genes.

(G) Comparing the proportion of transcripts in different functional classes among to

conditions and all MitoCarta genes. Genes are functionally classified according

(H) Model summarizing two distinct subpopulations of mitochondrial RNAs proxi

(I) Browser tracks of a mitochondrial gene (HSPA9, targetP = 5) show increased

(J) Cumulative fraction of OXPHOS and mitoribosome-related genes in different

(K) Scheme illustrating the coordinated assembly of respiratory chain complexes

(L) Browser tracks of a mitochondrial ribosomal gene (MRPS18B) that show incr

(M) Heatmap of fold changes for transcripts enriched by OMMAPEX-seq. Upon c

are either strongly enriched or depleted in the corresponding mitochondrial prot

See also Figure S6 and Table S4.
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for mitochondrial proteins (Figure S6H). In particular, in clusters

1, 4, and 6 that included transcripts strongly enriched upon

CHX treatment and depleted upon PUR treatment, >90% of

RNAs (n = 128/140) code for mitochondrial proteins. 7 of the re-

maining 12 transcripts were pseudogenes, with at least 3 of the 5

mRNAs likely to be mitochondrial (Figures S6I–S6J) based on

other studies (Mou et al., 2009; Pandey et al., 2017; Thul et al.,

2017). Thus, OMM APEX-seq data could be used to predict

whether certain genes will code for mitochondrial proteins.

Analysis of Motifs that Predict RNA Localization to the
Mitochondrion
By using PUR and CHX treatments, we disentangled RNA pop-

ulations that localize to the OMM via ribosome-dependent

versus ribosome-independent mechanisms (Figure 6H). We

next investigated two hypotheses: (1) that PUR-enrichedmRNAs

(‘‘ribosome-independent’’) possess specific RNA sequences

that predict their OMM localization, and (2) that CHX-enriched

mRNAs (‘‘ribosome-dependent’’) possess specific amino-acid

features that predict OMM localization. To test these hypothe-

ses, we first classified OMM-enriched transcripts as either ribo-

some-dependent or RNA dependent (if they localized to OMM

under PUR) (Figure 7A). We trained a random-forest classifica-

tion algorithm to predict localization of these two categories of

transcripts to the OMM versus the ERM (which we used as

‘‘background’’), using 6-mers as RNA features (STAR Methods).

The resulting classifier wasmuch better at predicting localization

of RNA-dependent transcripts relative to ribosome-dependent

ones (Figure 7B). The converse result was obtained when using

the corresponding N-terminal 100 amino acid peptide for training

(Figures 7C and 7D), suggesting that the peptide sequence is

more predictive for ribosome-dependent transcripts.

We looked further into the RNA features that may be predictive

of OMM localization (Table S5) and found that the 50 UTR was

least important and the 30 UTR most informative (Figures S7A

and S7B). The most-important 6-mer sequences were G/U

rich, with one of the other top hits being the poly(A)-signal
his study, including those that affect ribosomes (puromycin [PUR] and cyclo-

henyl hydrazone [CCCP]), andmicrotubules (nocodazole [NOC]). RNA is shown

itions. p values are from Mann-Whitney U tests.

ed as in (B). p value is from a Mann-Whitney U test.

X conditions.

reatment shows increased OMM targeting of genes with high TargetP values.

m 5 (strongest N-terminal mitochondrial targeting peptide) to 0 (no N-terminal

st.

ge TargetP value among top 100mitochondrial genes enriched byOMMAPEX-

p 100mitochondrial genes enriched byOMMAPEX-seq in cells under different

to Gene Ontology.

mal to mitochondria.

enrichment by OMM-APEX upon CHX treatment.

conditions. p values are from KS test.

and mitoribosomes between the nuclear and mitochondrial genomes.

eased enrichment by OMM-APEX upon PUR or CCCP treatment.

lustering based on the basal, CHX, and PUR conditions, we obtain clusters that

eins.
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Figure 7. Features of Ribosome-Dependent and RNA-Dependent Transcripts at OMM

(A) Based on the effect of PUR and CHX, we binned genes from heatmap (Figure 6M) into two categories: ribosome dependent and RNA dependent.

(B) ROC curves from an unsupervised random-forest classifier that predicts transcript localization to OMM (versus ERM). To train the classifier, the transcript

sequences were divided into 4,096 (= 46) 6-mers. Plotted is the mean performance (dark line) and the range from 10-fold cross-validation.

(C) Same as (B) but using the first 100 coding amino acids (aa) for training. Due to the much larger possible space of aa-variation, we used 3-mers (= 223 k-mers)

instead of 6-mers for training.

(D) Similar model using 6-mer RNA sequences was used to classify transcripts as ribosome-dependent or RNA-dependent.

(E) Using the poly(A) SVM package, which predicts polyadenylation site scores, we find the RNA-dependent transcripts have low polyadenylation scores.

(F) Using a poly(A) tail-length dataset (Subtelny et al., 2014), we found RNA-dependent transcripts have shorter poly(A)-tail length relative to ribosome-dependent

transcripts. p values are from Mann-Whitney U test.

(G) Correlation of fold change upon 30-min NOC treatment (where effect saturates) and the corresponding change upon PUR treatment. Changes are measured

relative to basal conditions.

(H) Schematic diagram of the time-course APEX-seq protocol.

(I) Number of transcripts enriched by OMM-APEX-seq.

(J) Progressive depletion of basal OMM transcripts upon NOC treatment.

(K) Heatmap of genes enriched by APEX-seq in any of the time points. We clustered on the first 4 times points.

(L) Enrichment change as function of NOC treatment time for the three major clusters. Data are median fold change ±1 sigma.

(M) Half-lives for transcripts in Cluster 2.

See also Figure S7 and Tables S5 and S6.
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sequence AAUAAA (Figure S7C). In support of our findings, the

predicted poly(A) SVM score (a measure of poly(A)-site predic-

tion) (Cheng et al., 2006) of RNA-dependent transcripts is sub-

stantially different from that of ribosome-dependent transcripts

(Figure 7E). We also found that RNA-dependent OMM tran-

scripts have significantly shorter poly(A)-tail lengths than ribo-

some-dependent transcripts, as well as shorter 30 UTRs (Figures
7F and S7D). Altogether, our findings support the two hypothe-

ses above and reveal specific RNA and protein features that

are predictive of OMM localization.

Kinetics of RNA Transport to the Mitochondrion
Previous studies have suggested that RNA may arrive at the

OMM via active microtubule-based transport (Buxbaum et al.,

2015). To investigate this hypothesis, we repeated the OMM

APEX-seq labeling after treating cells for various lengths of

time with the microtubule-polymerization inhibitor nocodazole

(NOC), which is known to inhibit transport (Reck-Peterson

et al., 2018; Shen et al., 2018). We confirmed by imaging that

NOC treatment does not perturb the localization of the OMM-

APEX2 construct (Figure S7E). Figures 7H and 7I shows that

30 min of NOC led to a depletion of mRNAs at the OMM. The

RNAs remaining at the OMM were more similar to those

observed under PUR (r = 0.72) compared to those under CHX

(r = 0.32) (Figures 7G and S7H). The selective disappearance

of ribosome-dependent mRNAs from the OMM suggests that

these mRNAs may utilize the cytoskeletal network to reach the

OMM (Figure 6A).

Analysis of NOC time-course data (Figures 7H, 7I, S7F, and

S7G; Table S6) showed that the majority of RNAs disappear

rapidly from the OMM following NOC treatment. This decrease

is observed for both mRNAs that encode mitochondrial proteins

and other RNAs (Figure 7J). Further analysis resolved at least

three patterns of responses to NOC (Figures 7K and 7L). The

largest cluster shows rapid loss from the OMM with half-life

dissociation data that could be fit by a log-normal distribution

(Figure 7M), suggesting that many rate-limiting events could be

involved. While further studies are needed to characterize these

responses (as perturbing the cytoskeleton can have wide-

ranging effects), our observations do showcase the power of

rapid APEX-seq labeling to resolve dynamic transcriptome-

wide RNA localization events.

DISCUSSION

With quantitative enrichment scores and detailed transcript

profiles for over 25,000 distinct human RNA species across

nine subcellular compartments, our study reveals patterns of

RNA localization that give rise to a variety of biological hypoth-

eses. APEX-seq yields RNA sequence information down to

single-nucleotide resolution, thereby filling a critical gap in the

landscape of RNA technologies. Our APEX-seq-derived atlas

of transcriptome localization provides a comprehensive

and precise delineation of RNA spatial organization in the living

cell.

APEX-seq adds to arsenal of RNA localization methods

while offering unique advantages. The first strength of

APEX-seq is that labeling is performed in living cells, while
486 Cell 178, 473–490, July 11, 2019
membranes and macromolecular complexes are still intact.

Second, APEX-seq can be used to analyze ‘‘unpurifiable’’

structures such as the nuclear lamina and OMM that are

impossible to access via fractionation-based approaches.

The third strength of APEX-seq is that it provides full

sequence information for diverse classes of RNA transcripts,

allowing transcript isoforms with distinct localization to be

distinguished (Figures 4F–4H). Fourth, while ribosome

profiling captures actively translating mRNA on polysomes,

APEX-seq additionally detects lncRNAs, antisense RNAs (Fig-

ures 3E and 3F) and untranslated mRNAs not bound to ribo-

somes. Finally, the high spatiotemporal resolution sets

APEX-seq apart from APEX-RIP, which loses spatial speci-

ficity in non-membrane enclosed regions (Figure 1D).

A disadvantage of APEX-seq is that it requires an APEX fusion

construct to be recombinantly expressed in the cell of interest,

which limits applicability to human tissue. Also, APEX-seq

does not provide single-cell information like imaging-based

methods. Finally, because labeling is performed in live cells,

APEX-seq coverage will be fundamentally limited by the steric

accessibility of RNAs in their native environment; RNAs that

are buried within macromolecular complexes may not be

tagged. These limitations suggest directions for future

improvement.

We expect that APEX-seq will be broadly applicable to

many organisms and cell types, just as APEX proteomics

has been extended to flies (Chen et al., 2015a), worms (Reinke

et al., 2017), yeast (Hwang and Espenshade, 2016), and neu-

rons (Loh et al., 2016). APEX-seq could be fruitfully applied to

polarized cells, neurons, or dynamic developmental systems.

Future use of APEX-seq in conjunction with RNA-structure-

mapping methods (Chin and Lécuyer, 2017; Spitale et al.,

2015; Sun et al., 2019), RBP-occupancy atlases (Van Nos-

trand et al., 2016), and massively parallel reporter gene assays

(Lubelsky and Ulitsky, 2018; Shukla et al., 2018) could shed

light on the molecular basis of the spatial organization of

RNA within cells.
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