CeFra-seq reveals broad asymmetric mRNA and noncoding
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ABSTRACT

Cells are highly asymmetrical, a feature that relies on the sorting of molecular constituents, including proteins, lipids, and nucleic
acids, to distinct subcellular locales. The localization of RNA molecules is an important layer of gene regulation required
to modulate localized cellular activities, although its global prevalence remains unclear. We combine biochemical cell
fractionation with RNA-sequencing (CeFra-seq) analysis to assess the prevalence and conservation of RNA asymmetric
distribution on a transcriptome-wide scale in Drosophila and human cells. This approach reveals that the majority (~80%) of
cellular RNA species are asymmetrically distributed, whether considering coding or noncoding transcript populations, in patterns
that are broadly conserved evolutionarily. Notably, a large number of Drosophila and human long noncoding RNAs and circular
RNAs display enriched levels within specific cytoplasmic compartments, suggesting that these RNAs fulfill extra-nuclear
functions. Moreover, fraction-specific mRNA populations exhibit distinctive sequence characteristics. Comparative analysis of
mRNA fractionation profiles with that of their encoded proteins reveals a general lack of correlation in subcellular distribution,
marked by strong cases of asymmetry. However, coincident distribution profiles are observed for mRNA/protein pairs related to
a variety of functional protein modules, suggesting complex regulatory inputs of RNA localization to cellular organization.
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INTRODUCTION 2007; Levy et al. 2014). Moreover, modeling studies suggest
that coincident sites of synthesis may be crucial for ensuring
the efficient assembly of protein complexes (Batada et al.
2004).

The intracellular trafficking of RNA molecules is an im-
portant and evolutionarily conserved mechanism for con-
trolling cell polarity (Martin and Ephrussi 2009; Bergalet
and Lécuyer 2014). This process has been most extensively
studied in the context of messenger RNAs (mRNAs), for
which localized translation at precise cytoplasmic destina-
tions is implicated in a broad range of biological processes,
including developmental patterning, cell fate determination,
synaptic plasticity, and cell migration (Cody et al. 2013).
Likewise, subcellular targeting strongly influences the func-
tion of various noncoding RNA species, such as long noncod-
ing RNAs (IncRNAs) and small nucleolar RNAs (snoRNAs),
and it has been proposed that such RNAs may act as key

In eukaryotic cells, biochemical reactions are often carried
out within distinct subcellular compartments by localized
molecular machineries. Indeed, most signal transduction
systems rely on the colocalization of ligand-receptor pairs,
as well as proteins that fulfill various molecular sensing,
scaffolding, and enzymatic functions (Hartwell et al. 1999).
Similarly, the diverse array of regulatory events that modulate
gene expression are mediated by compartment-specific ribo-
nucleoprotein (RNP) complexes involved in RNA synthesis,
processing, nuclear export, cytoplasmic localization, transla-
tion, and degradation (Gerstberger et al. 2014). By increasing
the local concentrations of molecular constituents, colocali-
zation is thought to enhance the probability of productive
molecular interactions (Kuriyan and Eisenberg 2007). In
the case of protein—protein interactions, subcellular localiza-
tion strongly influences proteome organization and has been
proposed to be a driving force in the evolution of functional
binding interactions and aHOSterY (Kur iyan and Eisenberg © 2018 Benoit Bouvrette et al.  This article is distributed exclusively by the
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CeFra-seq reveals wide RNA asymmetric distribution

components of subcellular addressing systems (Batista and
Chang 2013). Over the years, several transcriptome profiling
surveys of purified organelles and subcellular compartments
have revealed cofractionation of functionally coherent collec-
tions of mRNAs (Kopczynski et al. 1998; Diehn et al. 2000,
2006; Eberwine et al. 2001; Marc et al. 2002; Lerner et al.
2003; Blower et al. 2007; Garcia et al. 2007; Mili et al. 2008;
Pyhtila et al. 2008; Zivraj et al. 2010; Cajigas et al. 2012;
Wang et al. 2012; Jan et al. 2014; Williams et al. 2014;

of conservation of RNA distribution signatures, we applied a
biochemical cell fractionation strategy coupled with RNA
sequencing (CeFra-seq) to human and Drosophila cellular
models (Fig. 1A; Wang et al. 2012). For this, we focused on
two cell lines with epithelial-like features, human HepG2
hepatocellular carcinoma cells and Drosophila DM-D17-c3
(D17) cells, a cell line derived from imaginal discs (Cherbas
et al. 2011; Currie and Rogers 2011). As outlined in Figure
1A, following harvesting, cells were swelled and lysed in

Lefebvre et al. 2016). Similarly, global RNA imaging-based

screens in Drosophila oocytes and embry-
os have demonstrated that as much as
70% of coding transcripts are localized
in patterns that broadly correlate with
the distribution and function of their en-
coded proteins (Lécuyer et al
2007; Jambor et al. 2015; Wilk et al.
2016). However, as Drosophila embryos
may represent an exceptional case where
mRNA localization is particularly prom-
inent, due to their large size and syncytial
nature, it remains unclear whether a
comparably high prevalence of RNA lo-
calization is also manifest in standard
cells grown in culture.

In this study, we combine subcellular
fractionation with RNA sequencing in
human and Drosophila cellular models,
following poly(A)-enrichment or ribo-
somal RNA (rRNA)-depletion regimens,
to assess the extent of RNA subcellular
localization in eukaryotic cells. These
results reveal the high prevalence of
RNA asymmetric localization, with dis-
tinctive subcellular enrichments ob-
served for a diverse array of cellular
RNA species exhibiting discriminative
sequence features. Comparative tran-
scriptome and proteome profiling of cel-
lular fractions further reveals functional
coherence in the molecular components
enriched within individual fractions, as
well as diverse patterns of RNA—protein
distribution suggestive of complex regu-
latory relationships.

RESULTS

Subcellular fractionation and RNA
sequencing (CeFra-seq) of human
and insect cells

To gain global insights into the subcellu-
lar localization properties of cellular
RNAs in eukaryotic cells, and the degree
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A HepG2 W B HepG2 D17
Dm-D17
TNCM.I TNCM.I
I I M o
Dounce 15 !
homogenize
Qs e el
' Sucrose S Tubulin| ™= e——
cushion L H s
G 30,0009 s 3 1
15
- =
,\'
2/\ } C HepG2-RD D17-RD
8 T
4 = - Cyto A = '
Triton-X Cytosolic g1 tyo B L Lylo B
buffer ] | 5] Tyio A |
G 100,000g R _J\Acmh N :
» N £ Wernbi Biotl A £ 7T My H‘ Toal &~
37 = v *Total B Sgl Membr A : *Total B
/ / 8 ; H
& ' . g !
l Insoluble  Membrane | ! L |
Poly-A+ (PA) or rRNA-Depletion (RD) ST K T I R T T
wcing and Mass Spect ¥
D HepG2-PA HepG2-RD

N

4

)

miscRNA [ other

B mRNA | snoRNA [ pseudogene BMImiRNA | IncRNA B snRNA | rRNA
FIGURE 1. Cell fractionation combined with RNA sequencing (CeFra-seq) of human and
Drosophila epithelial cell models. (A) Schematic diagram of the fractionation procedure based
on Dounce homogenization, centrifugation, and detergent extraction steps to obtain nuclear, cy-
tosolic, membrane, and insoluble fractions. (B) Western blots of protein sample controls show
fraction efficiency. The accumulation of the indicated protein markers was assessed in human
HepG2 and Drosophila D17 cells. (C) Principal component analysis of RNA-seq replicates for
HepG2 and D17 cells. (D) Simplex graph of the relative localization of mRNAs (fop row) or non-
coding RNAs (bottom row) across subcellular fractions, either assessed from poly(A)-enriched
(PA) or rRNA-depleted (RD) sequencing data sets. (T) Total, (C) cytosolic, (M) membrane,

(I) insoluble, (N) nuclear.
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centrifugation (1200g) to isolate pelleted nuclei and a super-
natant representing the general cytoplasmic extract. The pel-
let was further processed via centrifugation over a sucrose
cushion to remove un-lysed cells and large cellular debris
from the “Nuclear” fraction. The general cytoplasmic extract
was first subjected to high-speed ultracentrifugation at
100,000¢, after which the supernatant was retrieved as the
“Cytosolic” fraction. The recovered pellet was then incubated
in buffer supplemented with Triton-X to solubilize endo-
membranous components. Subsequent ultracentrifugation
thus resulted in the isolation of a soluble “Membrane” frac-
tion and a pellet consisting of “Insoluble” cellular material
(Howell et al. 1989; Jagannathan et al. 2011; Wang et al.
2012). RNA and protein extracts were prepared from each
sample and fractionation efficiency was evaluated via
western blotting and RT-qPCR (Fig. 1B; Supplemental Fig.
S1A) analyses of fraction-specific markers, in comparison
to total extracts from unfractionated cells. Western analysis
revealed the expected distribution profiles of protein mark-
ers; with enrichments observed for histone H3 in the nuclear
fraction, monomeric a-Tubulin in the cytosol, prominent
membrane-targeting of proteins bearing the KDEL motif
typically present in endoplasmic reticulum proteins, and in-
soluble signatures for cytoskeletal and mitotic apparatus-as-
sociated proteins such as Shot and Ninein (Fig. 1B). This
was also generally the case at the RNA level, with the distinc-
tion that transcripts often exhibited a combination of nuclear
and cytoplasmic localization signatures, reflecting the nuclear
origin of most cellular RNAs. For instance, predominant nu-
clear targeting was observed for transcripts such as hsr-omega
and SNORD17, while others showed enrichments in the cy-
tosolic (RN7SK, Rpl23a), membrane (MT-COI, mt-NDF6)
and insoluble (TJP-1, dlg-1) fractions of the cytoplasm
(Supplemental Fig. S1A).

To evaluate global subcellular transcriptome distribution
features, we next subjected RNA from biological replicate
fractionation samples of HepG2 and D17 cells to strand-
specific and paired-end RNA sequencing, following either
poly(A)-enrichment (PA) or rRNA-depletion (RD) regimens.
Sequencing reads were, respectively, aligned to the human
and Drosophila reference genomes (GRCH_37.75 and
BDGP_5.78). For D17 and HepG2, respectively, an average
number of aligned reads of 19.9 and 30.5 M was obtained
for RD libraries and 20.6 and 22 M for PA libraries
(Supplemental Table S1; Supplemental Files S1-S4).
Pearson correlation measurements and principal component
analyses (PCA) revealed highly correlated transcriptomic
signatures between biological replicate samples and distinc-
tive gene expression profiles for each fraction type (Fig. 1C;
Supplemental Fig. SI1B). The cumulative number of ex-
pressed transcripts, using a threshold of >1 average fragments
per kilobase per million mapped reads (FPKM), for PA
and RD libraries was, respectively, 8308 and 8505 for D17
cells, and 13,787 and 15,158 for HepG2 cells (Table 1). The
majority of transcripts were detectable using both PA and
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RD regimens, although a subset of RNAs was only robustly
detectable in either data set (Table 1, blue numbers).
Moreover, certain biotypes such as IncRNA, miRNAs (here
primary miRNAs, pri-miRNAs), snoRNAs and snRNAs were
more strongly represented in RD samples. Comparison of
inter-fraction expression signatures revealed that most RNA
species are detectable across all interrogated subcellular frac-
tions. However, as will be detailed below, the majority display
extensive asymmetry in relative fraction enrichment profiles,
while many transcripts (2256/1565 and 762/533 for human
and fly in RD/PA data sets, respectively) were only reliably
detected in one fraction compared to all other (Table 1, red
numbers).

To help visualize RNA distribution across subcellular frac-
tions, we next built three-simplex graphs in which FPKM val-
ues are converted to Cartesian coordinates (see Materials and
Methods), such that each dot depicts the relative distribution
of an individual RNA in relation to the interrogated fractions
(Fig. 1D). For this, we distinguished eight RNA subtypes: (i)
mRNAs; (ii) IncRNAs, including antisense, sense intronic,
sense overlapping long intergenic noncoding RNA, and
processed transcripts; (iii) pseudogene-derived transcripts;
(iv) rRNAs; (v) snoRNA; (vi) snRNAs; (vii) miscellaneous
RNA; and (viii) pri-miRNAs. This representation conveys
the tendency of coding (upper) and noncoding (lower) tran-
scripts to be asymmetrically distributed toward specific
fractions, both in HepG2 and D17 cells. We conclude that
RNA expression signatures are highly reproducible across
CeFra-seq replicate samples and clearly distinctive between
subcellular fractions.

Subcellular fractions exhibit distinctive RNA
biotype composition

To further characterize the RNA composition of interrogated
fractions, we calculated transcript per million (TPM) values
for each fraction, a measure that conveys the relative molar
concentrations of transcripts within each sample (Wagner
et al. 2012). Adding to our previous eight RNA subtypes,
we grouped within the “other” category biotypes for which
the highest TPM in any given fraction was below 1%. This
analysis revealed clear distinctions in the relative RNA com-
position of subcellular fractions for both species (Fig. 2A).
For example, in RD samples of HepG2 cells, more than
half of the TPM in the cytosolic and membrane fractions
were derived from three abundant Pol III transcribed
RNAs: RN7SL, the RNA component of the signal recognition
particle involved in ER targeting of mRNAs encoding
transmembrane proteins; RN7SK, a IncRNA implicated in
transcription elongation as a component of the pTEFB com-
plex; and Ribonuclease P RNA Component H1 (RPPH1), an
endoribonuclease implicated in the maturation of nuclear
and mitochondrial tRNAs. These findings are consistent
with previous studies reporting strong expression of these
RNAs in the cytoplasmic compartments of HEK293 cells
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TABLE 1. Total number of expressed transcripts (FPKM > 1) organized by biotypes

HepG2
Cytosol Membrane Insoluble Nuclear Cumulative
Biotypes
RD PA RD PA RD PA RD PA RD PA
mRNA 9742 (1081/138) 9109 (448/146) 9864 (794/37) 9316 (246/13) 9740 (271/48) 9685 (216/64) 10,133 (395/195) 10,125 (387/273) 10,700 (303) 10,784 (387)
IncRNA 1264 (441/252) 1084 (261/215) 1044 (308/25) 916 (180/23) 573 (86/6) 580 (93/12) 1575 (685/557) 1072 (182/335) 2146 (763) 1687 (304)
Pseudogene 550 (137/71) 566 (153/83) 484 (87/15) 488 (91/11) 398 (59/31) 386 (47/21) 786 (411/342) 485 (110/123) 1097 (465) 817 (176)
miRNA 135 (99/38) (13/1 7) 124 (99/8) 31 (6/3) 49 (26/1) 7 (4/1) 384 (285/175) 119 (20/60) 451 (314) 150 (13)
misc_RNA 2 (33/8) 1 (2/0 1(29/3) 4 (2/0) 8 (8/0) O (0/0) 135 (100/25) 1 (6/0) 154 (112) 8 (6)
snoRNA 234 (121/11) 116 (3/24) 199 (135/2) 66 (2/3) 116 (93/1) 25 (2/0) 309 (166/62) 151 (8/43) 332 (152) 186 (6)
snRNA 4 (48/16) 1 (5/22) 0 (51/1) 11 (2/2) 3 (20/0) 3 (0/0) 228 (182/124) 2 (6/32) 250 (179) 0 (9)
rRNA 4 (2/1) 6 (4/3) 3 (1/0) 5 (3/0) 1 (0/0) 4 (3/0) 9 (3/5) 3(7/7) 10 (4) 6 (10)
Other 5(33/11) 6 (12/5) 0 (33/0) 9 (11/2) 1 (9/0) 3 (3/0) 1 (103/75) 59 (8/22) 18 (2) 9 (2)
Total 12,050 (1962/546) 10, 987 (884/515) 11, 891 (1508/88) 10,852 (541/57) 10,909 (537/87) 10,713 (368/98) 12,160 (2230/1535) 12,076 (728/895) 15,158 (2294) 13, 787 (913)
Biotypes Cytosol Membrane Insoluble Nuclear Cumulative
RD PA RD PA RD PA RD PA RD PA
mRNA 7110 (559/120) 6857 (306/132) 6924 (270/3) 6921 (267/5) 6808 (125/7) 6842 (159/11) 7516 (275/416) 7351 (110/245) 7734 (239) 7738 (243)
IncRNA 105 (11/9) 114 (20/9) 9 (11/0) 110 (32/2) 7 (12/0) 74 (19/0) 131 (27/29) 108 (4/15) 142 (15) 142 (15)
Pseudogene 3 (7/4) (12/6 7 (1/0) 2 (6/1) 5 (4/1) 33 (2/0) 7 (12/16) 46 (1/5) 66 (12) 59 (5)
miRNA 4 (17/1) 0 (3/2 7 (16/0) (3/0) 8 (8/0) 1 (1/0) 0 (25/16) 37 (2/10) 63 (26) 39 (2)
snoRNA 181 (33/1) 161 (13/1 5) 167 (60/0) 118 (11/2) 119 (103/0) 26 (10/0) 248 (59/27) 194 (5/30) 249 (27) 227 (5)
snRNA 9 (6/4) 3 (0/5) 2 (6/0) 7 (1/0) 8 (16/0) 3 (1/0) 5 (15/0) 10 (0/0) 30 (6) 24 (0)
rRNA 3 (3/0) 1(1/2) 1 (3/0) 8 (0/0) 9 (4/0) 15 (0/0) 4 (5/1) 20 (1/2) 26 (4) 23 (1)
Other 183 (146/106) 1 (4/24) 1 (21/0) 9 (9/2) 0 (15/0) 6 (1/0) 5 (49/1) 21 (5/8) 195 (146) 56 (7)
Total 7698 (782/245) 7275 (359/195) 7308 (388/3) 7249 (329/12) 7094 (287/8) 7000 (193/11) 8126 (467/506) 7787 (128/315) 8505 (475) 8308 (278)

Numbers in parentheses represent the count of RNA transcripts uniquely identified within the RD or PA library for a given subcellular fraction. (Blue) Number of transcripts uniquely
identified within the RD or PA library for a given fraction. (Red) Number of transcripts uniquely expressed in one fraction relative to all other fractions and to the total cell RNA sample.
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Similar expected length profiles were ob-
served for Drosophila D17 samples (Fig.
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FIGURE 2. Distinctive transcript composition of subcellular fractions in rRNA-depletion data
set. (A) Histograms depicting the RNA biotype content, in TPM, detected via RD sequencing
of cytosolic (C), membrane (M), insoluble (I), and nuclear (N) fractions or whole-cell RNA
([T] total) from HepG2 (upper panel) and D17 cells (lower panel). (B) Histograms of the RNA
biotype content of HepG2 (upper panel) and D17 (lower panel) cell fractions, binned according
to the length of the longest annotated isoform of detected RNA species, following a log;, scale
from 1.5 to 5 (i.e., ranging from 31 to 100,000 nt). The expected lengths for mRNA and total
RNA populations are indicated for each fraction. For A and B, biotypes accounting for <1% of
the overall TPMs were grouped as “other.” (C) Boxplots showing the fraction distribution profiles
of different RNA biotypes in percent FPKM (pFPKM) for HepG2 (upper panel) and D17 (lower
panel) cells. The number (n) of transcripts analyzed for each biotype is indicated.

and motor neurons (Sultan et al. 2014; Briese et al. 2016).
The Drosophila orthologs of these transcripts (RNAseP:
RNA, RN7SK and RN7SL) were also abundant in the cytosol
and membrane fractions of D17 cells, albeit to a lesser extent
than HepG2. In contrast, a predominant mRNA signature
was observed for the insoluble compartment in RD data
sets of both cell types (Fig. 2A), while snoRNAs and pri-
miRNAs were primarily nuclear-enriched. As expected,
mRNAs were the predominant RNA species represented in
PA samples for all fractions tested (Supplemental Fig. S2A).
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2B; Supplemental Fig. S2B), and these
fraction-specific differences were appar-
ent whether considering mRNAs or by
combining all RNA biotypes together
(designated as “total”). Finally, while the
nuclear fraction is enriched in short non-
coding transcripts both in HepG2 and
D17 cells, total FPKM counts were lower
in this fraction due to the high abundance
of intronic and intergenic reads, which
ranged from 22% to 70% (Supplemental
Fig. S3).

To define the distribution profiles of individual transcripts
across subcellular fractions, we next calculated a percent
FPKM (pFPKM) value for each fraction, which depicts the
proportion of FPKMs obtained within one fraction divided
by the sum of FPKMs in all fractions combined (pFPKM;
= FPKMi/Zke{C,M,I,N}FPKMb forie {C,M,I,N}) We found
that pFPKM values closely reflect transcript expression signa-
tures assessed by RT-qPCR validation (r=0.94) (Supple-
mental Fig. S4), offering a reliable metric to assess the
relative distribution profiles of individual transcripts across
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fractions. As depicted in Figure 2C and Supplemental Figure
S2C, the median pFPKM values of all transcripts belonging to
specific biotypes revealed distinctive distribution signatures
across fractions. For instance, pFPKM values for mRNAs
were similar across all fractions, each showing a median

pFPKM of ~25% in both RD and PA
data sets. In contrast, transcript biotypes
such as pri-miRNAs, snRNAs, and sno-
RNAs showed higher prevalence in the
nuclear compartment, while IncRNAs
and pseudogene-derived transcripts were
generally depleted from the insoluble
fraction (Fig. 2C). Thus, our data reveal
that biochemically defined subcellular
fractions exhibit distinct RNA composi-
tion, both in terms of RNA biotype pro-
files and expected transcript lengths,
features that are strikingly similar between
Drosophila and human cells.

Subcellular localization of mRNAs
is prevalent and conserved

Previous FISH-based studies in Drosophila
embryos revealed the high prevalence of
RNA subcellular localization (Lécuyer
et al. 2007), a feature that has remained
poorly defined in cultured cells. To
address this question, we next took ad-
vantage of our CeFra-seq data sets, for
which each fraction was successively iso-
lated from the same starting cellular pop-
ulation, to quantify the global prevalence
of RNA asymmetric distribution in
HepG2 and D17 cells. For this, we cate-
gorized a given RNA as asymmetric
when it exhibited a >2-fold difference
in expression in at least one fraction
when assessed by pair-wise comparisons
of fraction FPKM values, either consider-
ing all fractions (including the nucleus)
or only the cytoplasmic compartments.
We further defined RNAs as fraction-
specific when they showed >2-fold ex-
pression enrichment in one fraction
compared to all others. Based on this
metric, we found that ~90% of mRNAs
are asymmetrically distributed across all
fractions, ~60% when considering only
cytoplasmic fractions, while ~25% are
fraction-specific (Fig. 3A,B). A similar
prevalence of asymmetry was observed
in both cell lines and with both PA and
RD data sets (Fig. 3A,B; Supplemental
Fig. S5A,B). Expectedly, transcripts

classified as fraction-specific using this metric showed a clear
regionalization toward the vertices of three-simplex graphs
depicting HepG2 and D17 subcellular transcriptomes, in par-
ticular toward the nuclear, cytosolic, and insoluble fractions
(Fig. 3C,D; Supplemental Fig. S5C,D). Notably, few mRNAs
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FIGURE 3. The subcellular distribution of mRNAs from PA data sets is highly asymmetric and
evolutionarily conserved. (A,B) Histograms showing the percent of asymmetrically distributed
and fraction-specific mRNAs in HepG2 (A) and D17 (B) cells. (C,D) Simplex graphs (left panels)
and pie charts (right panels) depicting the relative distribution and proportion of fraction-specific
mRNAs, colored according to the fraction they are enriched in, relative to the total mRNA pop-
ulation in HepG2 (C) or D17 (D) cells. (E) Heatmap of the hierarchical clustering of percent
FPKM of Drosophila and human orthologs. The hot metal color scale reflects the median-centered
distributions of pFPKM. (F) Bubble plot showing examples of relative fraction enrichment pro-
files of orthologous fly and human mRNAs. Gradient blue coloration and bubble size represent
log;o(FPKM) and pFPKM values, respectively. (G) A distance measurement score was devised by
summing the differences in fraction-specific expression signatures for orthologous mRNAs (up-
per schematic). This metric was used to quantify the relative distance between all human and
Drosophila orthologs (blue), and the values were binned according to distance range. Identical
measurements were performed on the same population of mRNAs that were paired through ran-
dom shuffling (gray). Vertical dotted lines indicate the median values of the distance distributions
for orthologous and shuffled pairs. (C) Cytosolic, (M) membrane, (I) insoluble, (N) nuclear.
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were specific to the membrane fraction, as most abundant
membrane transcripts were also abundant in the insoluble
or cytosolic compartments.

To assess whether mRNA asymmetry signatures are
conserved between species, we next compared the fraction-
ation profiles of 2541 mRNAs with high confidence one-
to-one orthologs between Drosophila and human from the
Ensembl database. Strikingly, unsupervised hierarchical
clustering analysis revealed general similarities in the
mRNA distribution profiles of corresponding HepG2 and
D17 subcellular fractions, resulting in
their coclustering (Fig. 3E). Analysis of

were obtained whether considering RD or PA data sets (Fig.
4A,B; Supplemental Fig. S7A,B) and the fraction-specific
IncRNAs exhibited striking regionalization when visualized
in three-simplex format (Fig. 4C; Supplemental Fig. S7C).
In both human and fly cells, the most highly asymmetric
IncRNAs were primarily cytosolic or nuclear, whereas very
few were specifically enriched within the insoluble or mem-
brane fractions. While our standard asymmetry assessment
considered all IncRNAs with a minimal expression threshold
>1 FPKM, focusing our analysis on more highly expressed

pFPKM signatures revealed strong simi- A ~ - _ D 100/0%
larities for corresponding D17 and | s
HepG2 subcellular fractions, with Pear- E tsgﬂ;:ﬁlsr;c _ 5% ‘ 250,
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We next evaluated the global subcellular
distribution properties of IncRNAs. As
with coding transcripts, IncRNAs dis-
played a high prevalence of distribution,
with ~90% detected as asymmetric across
all fractions, ~75% among cytoplasmic
compartments, while ~30% were frac-

tion-specific (Fig. 4A,B). Similar results nuclear.
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FIGURE 4. LncRNAs from PA data sets are asymmetrically distributed and exhibit preferential
polarization toward the nucleus and cytosol. (A,B) Histogram showing the percent of asymmet-
rically distributed and fraction-specific IncRNAs expressed in HepG2 (A) and D17 (B) cells, either
using a standard expression threshold (>1 FPKM) or focusing on highly expressed transcripts
(=10 FPKM). (C,D) Simplex graphs (C) and pie charts (D) depicting the relative distribution
and proportion of fraction-specific IncRNAs, colored according to the fraction they are enriched
in, relative to the total IncRNA populations detected in HepG2 or D17 cells at the expression
thresholds indicated in A and B. (E) Genome browser views of candidate IncRNAs exhibiting frac-
tion enrichment, either in HepG2 or D17 cells. (C) Cytosolic, (M) membrane, (I) insoluble, (N)
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genes (>10 FPKM) revealed a preferential enrichment within
the cytosolic fraction (Fig. 4D; Supplemental Fig. S7D).
Notwithstanding their prevalence within the cytosolic and
nuclear fractions, we also identified a variety of IncRNAs dis-
playing predominant targeting to each subcellular compart-
ment interrogated, both in HepG2 and D17 cells (Fig. 4E).
For example, the highly conserved RNA component of
RNAse P (RPPHI and RNAseP:RNA/CR32868) is cytosoli-

unspliced pri-mRNA, whether focusing on a random selec-
tion of 103 introns (Fig. 5D) or all Ensembl-annotated in-
trons (Supplemental Fig. S8A,B). These results are
consistent with recent findings that circRNAs are present in
the cytoplasm and can be translated (Jeck et al. 2013;
Zhang et al. 2013; Jeck and Sharpless 2014).

To evaluate circRNA distribution properties using an or-
thogonal approach, we adapted the CIRCexplorer protocol

cally enriched in both human and fly
cells. The imprinted maternally expressed
HI19IncRNA, which is aberrantly regulat-
ed in Beckwith—-Wiedermann Syndrome,
shows a distinctive localization to the
membrane fraction of HepG2 cells.
Other fraction enriched transcripts in-
clude nuclear IncRNAs such as MALATI
and CR42862, while transcripts such as
RP11-342K6.1 and CR31845 are enriched
in the insoluble fraction.

With the recent emergence of circular
RNAs (circRNA) as an intriguing class
of cellular transcript generated through
back splicing circularization (Chen
2016a), we next sought to interrogate
our CeFra-seq data to glean insights
into the subcellular compartmentaliza-
tion features of these RNAs. For this,
we first investigated the expression pro-
files of genes known to encode intron-
derived circRNAs, such as ANKRD52.
Indeed, the ANKRD52 locus (Fig. 5A),
which transcribes an mRNA coding for
a PP6 phosphotase subunit, as well as a
circRNA derived from its second intron
(Zhang et al. 2013), reveals a primarily
insoluble mRNA signature and strong in-
tron 2 read peak in the cytosol. This
intronic peak was present in RD samples,
but absent in PA samples, and presum-
ably represents a circRNA signature. To
gain a broader view of putative circRNA
fractionation properties, we next assessed
FPKM values for 103 intronic regions
known to produce circRNAs, previously
characterized by Zhang et al. (2013). As
shown in circos plot (Fig. 5B) and box
plot (Fig. 5C) representations, FPKMs
aligning to circRNA-producing introns
were enriched in the cytosolic and mem-
brane fractions, with a striking depletion
from the insoluble compartment. In con-
trast, analysis non-circRNA-producing
introns revealed weak expression signa-
tures that were primarily restricted to
the nucleus, likely attributable to the
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FIGURE 5. CircRNA exhibit distinct distribution compared to their host mRNAs and display
cytosolic and membrane enrichments. (A) Genome browser view showing RNA-seq read cover-
age within the ANKRD52 locus across HepG2 subcellular fractions detected via either RD or PA
sequencing. (B) Circos plot showing the expression, in FPKM, of 103 intronic regions known to
encode circRNAs in human cells. The width of the bar is relative to the length of the intron and the
height to its expression within the indicated fractions of HepG2 cells. (C,D) Relative expression of
the 103 circRNA-producing introns (C) detailed in B and 103 randomly selected introns (D). (E—-
H) Identification of putative back-spliced circRNAs using the CIRCexplorer algorithm with
HepG2 and D17 data sets. (E,G) Venn diagrams of the number of individual circular RNAs de-
tected within the indicated fractions in HepG2 (E) and D17 (G) cells. (F,H) Boxplots showing the
FPKM values of these putative circRNAs within the indicated fractions in HepG2 (F) and D17
(H) cells. (C) Cytosolic, (M) membrane, (I) insoluble, (N) nuclear.
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(Zhang et al. 2016) to search for signature back-spliced junc-
tion reads corresponding to circRNAs. This enabled us to
identify 1159 and 173 putative circRNAs in our human and
fly RD data sets, respectively; which were primarily detectable
in the cytosolic or membrane fractions in both species (Fig.
5E-H). As expected, no circRNA junction reads were identi-
fied in our PA data sets. We also sought to assess whether
there is any relation between the distribution features of
circRNAs and that of the cognate mRNAs from which they
derive. For this, similarly to our analysis of orthologous
mRNAs, we computed a distance measurement between
the relative localization of an mRNA

and its derived circRNA across fractions

for each mRNA/circRNA pair (Supple- A

Spearman correlations expression

spectrum count values as well as asymmetry, comparing
pFPKM and percent spectrum counts for mRNA/protein
pairs in each fraction. These simple comparisons revealed
modest but significant fraction-specific positive correlations
in expression, with values ranging from 0.24 to 0.34 for
HepG2 fractions and 0.3 to 0.47 for D17 fractions (P-values
<2.2%x 10719 (Fig. 6A, left panel). The fraction-specific cor-
relation of asymmetry showed weaker values, ranging from
—0.03 to 0.16 in human cells and —0.16 to 0.16 in fly cells
(P-values <2.2x107'°) (Fig. 6A, right panel). These gener-
ally modest correlation scores were expected, as they are likely

Spearman correlations asymmetry

mental Fig. S8C). These analyses revealed HepG2 D17 HepG2 D17

that the distances measured for true Vembrane 034 047  Membvane 005 013
mRNAVGRNA pairs was indistinguishable GRS 03 e i om  om
from randomly shuffled pairs, indicating

that there is no broad concordance be-

tween the localization patterns of mRNA B V;?‘L!,i;;g'i’::;ﬁ” DGCRCBO“':I‘;'I‘;E"’M" Arp2/3 protein Prefoldin
and circRNA transcripts originating N

from the same locus. Altogether, we con-
clude that noncoding transcripts, such as
IncRNAs and circRNAs, exhibit a high
prevalence of subcellular localization in
eukaryotic cells.
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(Supplemental Table S2), which matched
several of the GO term enrichments
observed for fraction-specific mRNAs
(Supplemental Table S3). To evaluate
the fractionation similarities of mRNAs
and their encoded proteins, we first cal-
culated Spearman correlations of expres-
sion signatures, comparing FPKM and
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FIGURE 6. Proteins are asymmetrically detected in each fraction in patterns that demonstrate
specific colocalization with mRNA for a specific subset of genes. (A) Summary table of the
Spearman correlation values of mRNA/protein expression (left) and mRNA/protein asymmetry
(right) within the indicated HepG2 and D17 fractions. (B) Simplex graphs depicting the relative
distribution profiles of components of different protein complexes (blue) and their correspond-
ing mRNAs (red). (C) Boxplot of the distance measurement scores of protein components of spe-
cific biochemically defined protein complexes and their corresponding mRNAs. (C) Cytosolic,
(M) membrane, (I) insoluble, (N) nuclear.
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to be influenced by cases of mRNA—protein pairs exhibiting
strong asymmetric distribution across fractions. Indeed,
three-simplex graphs displaying the relative distribution of
mRNA/protein pairs for specific protein complexes revealed
several striking features (Fig. 6B). Firstly, when compared
among each other, functionally related mRNAs tended to
cluster to specific regions of the simplex, a feature that was
even more pronounced at the protein level, underlining a gen-
eral coherence in the distribution properties of mRNA and
protein subgroups. In contrast, comparison of mRNA versus
protein subsets revealed varying degrees of proximity
(Fig. 6B,C). For example, mRNAs for components of the ac-
tin-related protein 2/3 (Arp2/3) complex, which are known
to undergo localized translation in the cellular cortex
(Mingle et al. 2005), were coclustered with their encoded
protein products (Fig. 6B). Transcripts encoding ribosomal
proteins localized to the cytosol, while their protein products
show enrichment toward the insoluble/membrane fractions.
Components of the PA700 regulatory complex of the
26S proteasome were also asymmetrically partitioned, with
mRNAs displaying insoluble/membrane partitioning, while
the protein components localize toward the cytosolic vertex
(Fig. 6B). These examples underline the variability in subcel-
lular localization properties of specific classes of mRNA/pro-
tein pairs.

To further assess the relationship between the distribution
features of mRNAs and that of their encoded proteins, we cal-
culated a percent spectrum count, similar to the pFPKM met-
ric used to define RNA signatures. We further used our
distance measurement scores, summing the absolute values
of the differences in pFPKM and percent spectrum counts
across fractions, for all mRNA/protein pairs detected in our
samples. To deconvolve the data in a functionally relevant
manner, we evaluated the distance measurements displayed
by mRNAs encoding subunits of experimentally defined pro-
tein complexes tabulated within the CORUM database
(Ruepp et al. 2010), focusing on complexes containing at
least three subunits and for which we had localization data
for at least 75% of the subunits (Fig. 6C). Overall, more
than a third of the clusters meeting our strict thresholds
show relative proximity with a distance less than 1 and
more than 10% could be defined as colocalizing with a dis-
tance less than 0.5. These results suggest that mRNA localiza-
tion may serve to modulate the subcellular partitioning of
several protein machineries through localized translation.

Asymmetrically distributed mRNAs exhibit
conserved features

Having identified subsets of fraction-specific mRNAs, we
next sought to assess whether these transcripts exhibit dis-
tinctive features. For this, we investigated specific sequence
attributes of fractionated mRNA populations, such as the
average length of 5" untranslated regions (5" UTR), coding
sequences (CDS) and 3’ UTRs, or the exon (Fig. 7A).

While 5° UTR lengths were similar across cytoplasmic
compartments in both HepG2 and D17 cells, significant
differences were apparent when exploring other sequence
features. For instance, cytosolic mRNAs exhibit significantly
shorter CDS and 3’ UTRs compared to other fractions,
whereas the 3’ UTRs of membrane (in both human and fly
cells) and insoluble (in human cells) transcripts were longer
on average, suggesting that these transcripts may be more
susceptible to post-transcriptional regulatory events mediat-
ed by 3’ UTR ftrans-regulatory factors. Finally, the CDS of
mRNAs enriched in the insoluble and nuclear fractions are
longer and contain a significantly larger number of exons
compared to other fractions. This observation likely reflects
the propensity for longer and more intricately spliced
mRNAs to require a prolonged nuclear residence time for
their synthesis and maturation. We next evaluated the frac-
tionation properties of mRNA populations known to under-
go specific modes of maturation control. For instance, when
considering mRNAs encoding secretory proteins bearing
signal peptides or transmembrane domains, we observed en-
richment for these transcripts in the cytosolic and membrane
fractions (Supplemental Fig. SI0A), with marked depletion
in insoluble, consistent with the known transiting of these
mRNAs from the cytosol to the ER via the signal recognition
particle. In contrast, canonical histone mRNAs, which are
nonpolyadenylated and undergo specialized 3’ end process-
ing steps involving a highly conserved stem—loop element,
are enriched in the cytosolic fraction in both HepG2 and
D17 cells (Supplemental Fig. S10B). Thus, such transcript
features help demarcate subcellular localized mRNAs pool
and may influence localization control.

Our findings that fraction mRNAs exhibit distinctive
features that are evolutionarily conserved in human and
Drosophila cellular models prompted us to investigate wheth-
er RNA regulatory factors also show conserved localization
properties. RNA-binding proteins (RBPs) are deeply con-
served and essential modulators of RNA metabolism includ-
ing RNA localization, which can be separated into distinct
classes based on the nature of their RNA-binding domain
(RBDs). To assess whether RBPs also exhibit conserved sub-
cellular distribution features between human and fly, we next
evaluated the fractionation profiles of specific classes of
factors defined by the type of RBD they contain. Through
orthology searches enabling one-to-many or many-to-
many relationships, we were able to define a conserved set
410 and 452 orthologous RBPs, respectively, represented in
our D17 and HepG2 LC-MS/MS data sets. As a whole,
the pool of orthologous proteins displayed higher peptide
abundance in the cytosol, with a lower expression in the
membrane, insoluble or nuclear fractions (Fig. 7B, leftmost
boxplot). This distribution was similar to that exhibited
by the total pool of human or fly proteins detected in our
LC-MS/MS data sets (Supplemental Fig. S9). From the list
of protein orthologs, we then subclassified proteins with
known RBDs, as defined within the Pfam and Interpro
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FIGURE 7. Subcellular fractions are enriched for mRNAs with distinctive sequence features and
RNA-binding protein (RBP) families in both human and Drosophila cells. (A) Boxplots of the lon-
gest isoform lengths of the indicated RNA regions (5'UTR, CDS, or 3'UTR) and total exon num-
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(lower panel) cell fractions. (B) Boxplots indicating the relative fraction distribution profiles of
all RBP with identified orthologs in HepG2 and D17 or specific subfamilies of these RBP bearing
distinctive RNA-binding domains, in both HepG2 (upper panel) and D17 (lower panel).

databases, and evaluated their distribution profiles in human
or Drosophila cells (Fig. 7B). Interestingly, RBPs belonging to
different families exhibited similar subcellular distribution
profiles in the interrogated cellular models. Moreover, the
profiles exhibited by the different RBD families were distinc-
tive. Indeed, several families of RBPs, including those contain-
ing KH, RRM, DEAD, and CCHC-zinc finger domains, were
enriched within the insoluble or nuclear fractions. In contrast,
proteins bearing the La motifs, implicated in transcription
and cell proliferation, tend to localize in the insoluble frac-
tion; whereas proteins bearing LSM domains were enriched
in the cytosol and nucleus. As the distinctive asymmetric dis-
tribution patterns of RBP families appear to be generally con-
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cleus (Bhatt et al. 2012; Tilgner et al.
2012; Bahar Halpern et al. 2015;
Lefebvre et al. 2016), cytoplasm (Bhatt
et al. 2012; Bahar Halpern et al. 2015;
Carlevaro-Fita et al. 2016), cytosol
(Chen et al. 2011; Tilgner et al. 2012;
Wang et al. 2012; van Heesch et al.
2014), the ER (Kopczynski et al. 1998;
Diehn et al. 2000, 2006; Lerner et al.
2003; de Jong et al. 2006), mitochondria
(Marc et al. 2002), microtubules (Blower et al. 2007; Sharp
et al. 2011), pseudopodia (Mili et al. 2008), and neuronal
projections (Eberwine et al. 2001; Job and Eberwine 2001;
Moccia et al. 2003; Poon et al. 2006; Zivraj et al. 2010;
Gumy et al. 2011; Khaladkar et al. 2013; Sasaki et al. 2014;
Taliaferro et al. 2016). However, these efforts generally fo-
cused on defining enriched transcript populations associated
with single structures, without simultaneously probing RNA
expression signatures across other compartments derived
from the same starting cellular specimens, thus limiting the
capacity to evaluate global RNA localization prevalence. By
using a comparative multicompartment profiling strategy,
we demonstrate that the majority of cellular RNA transcripts

+ p-value < 0.001
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(>80%) are asymmetrically distributed, whether considering
mRNAs or noncoding transcripts, patterns that appear con-
served evolutionarily. While previous FISH-based imaging
screens in syncytial embryos of Drosophila revealed a high de-
gree of localization (~70%) among ~6000 interrogated
mRNA species (Lécuyer et al. 2007; Wilk et al. 2016), the pres-
ent study offers one of the most comprehensive surveys of
transcriptome subcellular distribution to date, revealing
that this phenomenon is a basic feature of cellular organiza-
tion that can be generalized to standard cellular models.

We found that mRNAs targeted to different regions of the
cytoplasm exhibit distinctive features in terms of the overall
length of their coding regions and 3'UTRs; with the cytosolic
fraction preferentially composed of shorter mRNAs with
lower exon complexity and shorter 3'UTR segments, while
membrane and insoluble compartment mRNAs are longer
and more complex. Since RNA localization and stability
control elements often reside in mRNA 3'UTRs, these data
suggest a model whereby targeting of mRNAs to membrane
and insoluble (cytoskeletal) compartments may involve
more elaborate regulatory information. In contrast, localiza-
tion of RNAs to the cytosol, which can be achieved by simply
exporting the mRNA from the nucleus, likely requires sim-
pler targeting information. For example, mRNAs encoding
histones and ribosomal proteins, which tend to be short
and involve special regulatory mechanisms, exhibit preferen-
tial cytosolic targeting. Simple cytosolic targeting may prove
beneficial for proteins that must reenter the nucleus to carry
out their functions, as in the case of histones, which are
central to chromatin formation, or for ribosomal proteins
that are required in the nucleus for ribosome subunit assem-
bly (Kressler et al. 2017).

Our results also extend the assessment of RNA localization
prevalence to noncoding components of the transcriptome,
such as IncRNAs and circRNAs. The steady-state nuclear
versus cytoplasmic distribution features of IncRNAs has
been an issue of debate, with early reports suggesting an en-
richment for these transcripts in the nucleus (Mondal et al.
2010; Derrien et al. 2012), where they have been implicated
in the epigenetic regulation of gene expression; while more
recent studies documented significant IncRNA signatures
within cytoplasmic compartments and in association with
ribosomes (Ingolia et al. 2011; van Heesch et al. 2014;
Carlevaro-Fita et al. 2016). The CeFra-seq approach reveals
higher representation of IncRNA reads within the cytosolic
and nuclear fractions, and a general under-representation
in membrane and insoluble compartments, signatures that
were similar in human and fly cells. These findings are con-
sistent with the notion that subcellular fates of IncRNAs are
diverse (Cabili et al. 2015; Chen 2016b), possibly enabling
these transcripts to carry out distinct regulatory functions
in specific intracellular locales. In the case of circRNAs, early
reports suggested that they tended to be nuclear-enriched
(Zhang et al. 2013), although recent studies have shown
that these transcripts can associate with cytoplasmic

ribosomes and undergo translation (Legnini et al. 2017;
Pamudurti et al. 2017). Our results, gleaned by analyzing
read coverage at intronic locations known to produce
circRNAs and using a back-spliced junction read mapping al-
gorithm, reveal a higher expression level of circRNAs within
the cytosolic and membrane fractions, suggesting possible
regulatory functions outside the nucleus. Altogether, these
results highlight the potential usefulness of CeFra-seq meth-
odology to segment noncoding RNAs into subgroups that
may share common functional properties or interact physi-
cally to modulate cellular function.

Previous studies comparing global mRNA and protein ex-
pression signatures have generally revealed moderate levels of
expression correlation, suggesting that post-transcriptional
regulatory steps (e.g., translation rates, mRNA and protein
decay) are a primary determinant of proteomic output of
the transcriptome (Schwanhiusser et al. 2011; Vogel and
Marcotte 2012; Liu et al. 2016). In this study, we sought to
assess the potential relationship between mRNA and protein
expression at the subcellular level by jointly profiling their
expression signatures across our fractionated compartments.
While the expression correlations within fractions for specific
mRNA/protein pairs were generally good, comparison of
asymmetry measurements (i.e., their distribution profiles
across fractions) revealed a general absence of correlation,
consistent with a previous study contrasting mRNA/protein
profiles in cell bodies versus protrusions of migratory cells
(Mardakheh et al. 2015). In light of the data presented
here, it is clear that these overall distribution correlations
are likely to be heavily influenced by examples of mRNA/
protein pairs with strong asymmetric distribution. This led
us to analyze the distribution signatures of mRNAs encoding
components of well-defined protein complexes. A first
striking characteristic to emerge is that functionally related
mRNA subsets tend to cluster together in these graphs, as
do the protein modules they specify, implying the existence
of coherent sorting mechanisms. The second feature is
that there is broad variability in codistribution profiles of
mRNA/protein sets depending on the protein modules under
consideration, ranging from cases with more proximal tar-
geting of mRNA/protein pairs (e.g., Arp2/3, Vigilin) and
others that were very distant (e.g., ribosome, proteasome).
This suggests that protein modules exist on a gradual contin-
uum of codistribution with their encoding mRNAs, while
also underlining the notion that regulated mRNA localization
may serve different purposes mechanistically. Cases in which
mRNA/protein pairs cofractionate are likely to represent
instances in which localized translation contributes to the as-
sembly of protein complexes, as has been shown for compo-
nents of the Arp2/3 complex (Mingle et al. 2005). In contrast,
for mRNA/protein pairs exhibiting divergent fractionation
behavior, i.e., with apparent steady-state accumulation in
distinct subcellular locales, this may underlie cases where
transcripts are subject to a generalized storage mechanism
or to localized repression, which may be altered under
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specific contexts, such as cellular state transitions, during the
cell cycle or in response to environmental signaling cues
(Prasanth et al. 2005; Tampietro et al. 2014).

In summary, the CeFra-seq methodology presented herein
offers an efficient approach to interrogate global subcellular
transcriptome distribution features, as well as parallel analysis
of recovered protein samples. In addition to offering insights
into subcellular transcriptome targeting, the approach can
allow detection of rare transcripts that display low overall cel-
lular abundance, but may become detectable when profiling
specific subcellular compartments. Indeed, we identified a
significant number of transcripts that were fraction exclusive
and otherwise would have escaped detection if solely focusing
on whole-cell profiling at similar sequencing depth. In that
sense, CeFra-seq may offer similar advantages to the cap-
ture-seq methodologies developed to deeply survey RNA
species synthesized from precise genomic loci (Mercer et al.
2011). In light of the growing number of diseases implicating
RNA localization defects, CeFra-seq methodology will prove
extremely useful for dissecting the specific molecular alter-
ations associated with these disorders.

MATERIALS AND METHODS

Cell culture and antibodies

The ML-D17c¢3 cell line, stock 107, was obtained from the
Drosophila Genomics Resource Center cell line repository (http:/
dgrc.cgb.indiana.edu/). Cells were grown on pretreated tissue
culture dishes with extracellular matrix as previously described
(Currie and Rogers 2011) in M3 media (5-8398, Sigma-Aldrich)
containing 1 mg/mL of yeast extracts (Y-1000, Sigma-Aldrich) and
2.5 mg/mL of bactopeptone (211677, Difco), 10% FBS
(SH30070.02, Hyclone), and 10 mg/mL of insulin (I0516-5ml
Sigma-Aldrich). The HepG2 cell line was kindly provided by B.
Graveley (Institute for Systems Genomics, UCONN Health Center,
Farmington) and maintained in Dulbecco’s modified Eagle’s
medium (DMEM) (SH30022.01, Hyclone) supplemented with
10% FBS and 1% penicillin/streptavidin (15140-163, Invitrogen).

Rabbit polyclonal anti-Histone H3 (ab1791) and mouse mono-
clonal anti-a-tubulin (clone DM1A) were obtained from Abcam
and Sigma-Aldrich, respectively. Mouse monoclonal anti-KDel
(ADI-SPA-827), mouse monoclonal anti-Shot (mABRod1), and
mouse monoclonal anti-ninein (clone F-5) were purchased from
Enzo Life Sciences, the Developmental Studies Hybridoma Bank
and Santa Cruz, respectively.

Cell fractionation procedure

D17 (3.5 x 10”) and HepG2 (2.5 x 10) cells were used for the frac-
tionation procedure, as described in Lefebvre et al. (2017). Briefly,
after PBS washes, 1/10th of the cells are kept aside as Total extract,
and the remaining cells were resuspended and incubated in cold hy-
potonic buffer (20 mM Tris—HCI [pH = 7.5]), 10 mM KCl, 1.5 mM
MgCl,, 5 mM EGTA, 1 mM EDTA, 1 mM DTT, 1 mM PMSEF,
0.15 U/mL Aprotinin, 20 uM leupeptin, 40 U/mL RNase Out
(Thermo Fisher Scientific) for 20 min. Swelled cells were transferred
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into a homogenizer chamber and dounced for 15 strokes for D17
and 5 strokes for HepG2. After centrifugation of the homogenate
at 1200g for 10 min at 4°C, the supernatant corresponding to the
cytosolic fraction was conserved apart while the pellet was rinsed
with 100 pL of hypotonic buffer and mixed with 0.5 mL of sucrose
buffer 0.32 M (0.32 M sucrose, 3 mM CaCl,, 2 mM MgOAc, 0.1 mM
EDTA, 10 mM Tris-HCI [pH =8], 1 mM DTT, 0.5% v/v NP-40,
protease inhibitors, and RNase out) and 0.5 mL of sucrose buffer
2.0 M (2.0 M sucrose, 5 mM MgOAc, 0.1 mM EDTA, 10 mM
Tris—=HCI [pH = 8], 1 mM DTT, protease inhibitors, and RNase
out). The sucrose homogenate was loaded on top of 0.5 mL of
sucrose 2.0 M in a polyallomer tube and centrifuged at 30,000¢
for 30 min at 4°C in a Sorvall RPS55 rotor to collect a pellet corre-
sponding to the nuclear fraction. The cytosolic, membrane and
insoluble fractions were prepared from the cytosolic homogenate
by centrifugation at 100,000g for 1 h at 4°C in a Sorvall RP100
AT4 rotor. The supernatant was collected as the cytoplasmic fraction
while the pellet was resuspended in 1 mL of Hypotonic Lysis Buffer
containing 1% Triton X-100, dounced for 40 times on ice and
incubated in ice for 1 h. After centrifugation at 100,000g for
30 min at 4°C in the Sorvall RP100 AT4 rotor, the supernatant
was collected as the membrane fraction and the pellet was rinsed
and used as the insoluble fraction.

RNA and protein extractions

At each step of the cell fractionation, the collected supernatants and
pellets were immediately resuspended in 1 mL of TRIzol-LS or
TRIzol, respectively. RNAs were isolated following TRIzol extraction
procedure from the aqueous phase and resuspended in water, while
proteins were extracted from the organic phase. For the proteins ex-
traction, 0.3 mL of ethanol was added to 0.6 mL of organic phase
and incubated 5 min at 25°C. After centrifugation at 3000g for
5 min at 4°C, the supernatant was mixed with 0.750 mL of isopro-
panol, incubated for 10 min at 25°C and centrifuged at 13,000¢ for
10 min at 4°C. The pellet was washed three times for 20 min at 25°C
with 1 mL of 0.4 M guanidine hydrochloride in 95% isopropanol
and once with 1 mL of ethanol 75%. The pellet was finally resus-
pended in 0.5 M unbuffered Tris containing 5% SDS.

RT-gPCR and western blot validations

RNA extracts from each fraction were subjected to reverse transcrip-
tion using random hexamers and RT-MMLV (Invitrogen) followed
by real-time (RT) quantitative PCR (qPCR) analyses using gene-
specific primer pairs for:

SNORD17: Fw:5'-CTG CCA ACA CAC AAG CAG TT-3'; Rv:5'-
CTT GCA GCC TTG TGA AAT GA-3'

RN7SK: Fw:5'-CCA TTT GTA GGA GAA CGT AGG-3’; Rv:5'-
CCT CAT TTG GAT GTG TCT GG-3'

MT-COI: Fw:5'-CAA ACC ACA AAG ACA TTG GAA; Rv:5'-
GCA CCG ATT ATT AGG GGA AC-3

TJPI: Fw:5'-GCT TAC CAC ACT GTG ATC CT; Rv:5'-CAC
AGT TTG CTC CAA CGA G-3’

hsr-omega: Fw:5'-CCA CAA CAA AAT GAA CCA CAA; Rv:5'-
CAA TTT TGA ATT GGG GCA GT-3'

Rpl23a: Fw:5'-GTG AAG CCC GTG ACC AAG; Rv:5'-AGG
CGC CCT TGA TGA TCT-3’
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mt-NDF6: Fw:5'-TCA TCC ATT AGC TTT AGG ATT AAC TTT-
3'; Rv: 5'-TTT CAT TAG AGG CTA AAG ATG TTA CG-3’

dlg-1: Fw:5'-CTG GAT AAG CAA TCG ACA TTG G-3'; Rv: 5'-
CAT TCT TCT CAT CGC GAC TC-3

Quantitative PCR analyses were performed using the PowerUp
SYBR Green Master Mix kit (Applied Biosystems, Thermo Fisher
Scientific) on Viia7 Real-Time PCR system (Applied Biosystems,
Thermo Fisher Scientific). For the western blot, protein extracts
from each fraction were loaded on a 11% SDS-PAGE gel and trans-
ferred onto nitrocellulose membranes. Following incubation (16 h,
4°C) with primary antibodies corresponding to fraction-specific
markers, blots were washed and incubated with appropriate HRP-
conjugated secondary antibodies for 1 h. Signals were detected
by enhanced luminescence (Clarity Western ECL Substrate, BIO-
RAD) with the Gel Doc XR+ imaging system (BIO-RAD).

Library generation and RNA sequencing

Before library generation, the quality of the RNAs extracted from
each sample was validated using the Agilent 2100 Bioanalyzer device
and the RNA 6000 Pico Chip. RNA-seq libraries were prepared
with the Illumina TruSeq mRNA Stranded kit from rRNA-depleted
RNA samples (Ribo-Zero Magnetic Gold Kit for Human and
Drosophila kit, Epicentre) or from poly(A) enriched RNA samples
[NEBNext poly(A) mRNA, New England Biolabs]. Deep sequencing
was performed using the Illumina HiSeq2000 sequencer (paired-
end 50 cycles).

In silico analysis of RNA sequencing and
proteomics data

Read quality was assessed using FastQC v0.11.5. No trimming
was deemed necessary. Read alignment was executed using
TopHat v2.1.0 on the human GRCh37/hgl9 and the Drosophila
BDGP5.78/dm3 genomes, respectively. Read count was obtained
with featureCounts v1.5.0-pl. Normalized FPKM values and
differential expression were computed with DESeq2 v1.10.1.
Metrics about the alignment were obtained with Picard
CollectRnaSeqMetrics program. We only considered transcripts
with fragments per kilobase per million mapped reads (FPKM)
>1. Percent FPKM (pFPKM; = FPKM// Y re(c,min FPKM; where i
is a given gene in a given fraction) was calculated as the relative dis-
tribution unit. Transcript per million [TPM, = (FPKM,/Y
FPKM,) X 10, where x is a given gene in a given fraction and y rep-
resents all the genes observed in this fraction] was calculated as the
relative abundance unit. We grouped as “other” all biotypes where
the highest TPM in any given fraction was below 1%.

Attributes such as biotypes and longest isoform length were
obtained via the R biomaRt package (Durinck et al. 2009).
Expected gene length was obtained by calculating the normalized
weighted average of each gene. For each individual fraction, this is
S UTPM; x Li/Y " TPM;, where TPV is the expression value of a
given gene i, L is its length, and j the total number of genes of a given
biotype. All calculations and correlations were performed using R.

For proteomics data, spectrum count and probability was calcu-
lated with scaffold v4.4.8. We only conserve protein with a mini-
mum number of two peptides and a peptide threshold and a
protein probability of 95%. The Gene Ontology term statistical over-
representation test was performed using Panther vl1 (Mi et al

2017). Protein complexes were obtained from the CORUM databas-
es release 30-10-2016 (Ruepp et al. 2010).

Orthologs associations

We retrieved orthologous genes between fly and human via the R
biomaRt package selecting those with high confidence (Durinck
et al. 2009). We then filtered this list to keep only the genes with
at least 1 FPKM in at least one fraction for both species.

Circular intronic RNA analysis

We downloaded the list of 103 circular intronic RNA identified and
characterized by Zhang et al. (2013) as a bed file from circbase and
reported the counts of alignment in our bam files with bedtools
multicov (Quinlan and Hall 2010; Glazar et al. 2014).

Regular three-simplex (tetrahedron) representation
of cellular compartments

Gene asymmetry within a three-simplex space was obtained by com-
puting a vector resulting from the relative distribution of a given
gene from each fraction projected into each compartment repre-
sented by the three-simplex. Assuming a three-simplex centered
at the origin with coordinates V1 = (—1/3, —sqrt(2)/3, —sqrt(2/
3)), V2 = (=1/3, —sqrt(2)/3, sqrt(2/3)), V3 = (=1/3, sqrt(8)/3, 0,
V4 = (1,0,0)), in Cartesian space, this is defined as X = pFPKM_
cyto * (=1/3) + pFPKM_membr * (—1/3) + pFPKM_insol * (—1/
3) + pFPKM_nucl * (1), Y = pFPKM_cyto * (—sqrt(2)/3) +
pFPKM_membr * (—sqrt(2)/3) + pFPKM._insol * (sqrt(8)/3), Z =
pFPKM_cyto * (—sqrt(2/3)) + pFPKM_membr * (sqrt(2/3)).

Prediction back-spliced junctions for circular RNAs

Previously unmapped reads were re-aligned with tophat-fusion
(~fusion-search —keep-fasta-order —bowtiel-no-coverage-search)
and then we applied the circExplorer algorithm to identify putative
circRNA (Zhang et al. 2013).

DATA DEPOSITION

Raw sequencing data are available on the ENCODE portal (https:/
www.encodeproject.org/) under the experiment ID numbers:
ENCSR931WGT (HepG2-cytosolic-PA); ENCSR541TIG (HepG2-
membrane-PA); ENCSR019MXZ (Hepg2-insoluble-PA);
ENCSR0580SL (HepG2-nuclear-PA); ENCSR862HPO (Hepg2-
cytosolic-RD); ENCSR887ZSY (HepG2-membrane-RD);
ENCSR813BDU (HepG2-insoluble-RD); ENCSR061SFU (HePG2-
nuclear-RD); ENCSR283YJX (D17-cytosolic-PA); ENCSR053CWY
(D17-membrane-PA);  ENCSR622ROA  (D17-insoluble-PA);
ENCSR473SBP (D17-nuclear-PA); ENCSR432GTP (D17-cytosol-
ic-RD); ENCSR302HSE (D17-membrane-RD); ENCSR772QDO
(D17-insoluble-RD); ENCSR197ZHM (D17-nuclear-RD).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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