Downloaded from genesdev.cshlp.org on March 4, 2016 - Published by Cold Spring Harbor Laboratory Press

RESOURCE/METHODOLOGY

Diverse and pervasive subcellular
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In a previous analysis of 2300 mRNAs via whole-mount fluorescent in situ hybridization in cellularizing Drosophila
embryos, we found that 70% of the transcripts exhibited some form of subcellular localization. To see whether this
prevalence is unique to early Drosophila embryos, we examined ∼8000 transcripts over the full course of embryogenesis and ∼800 transcripts in late third instar larval tissues. The numbers and varieties of new subcellular
localization patterns are both striking and revealing. In the much larger cells of the third instar larva, virtually
all transcripts observed showed subcellular localization in at least one tissue. We also examined the prevalence
and variety of localization mechanisms for >100 long noncoding RNAs. All of these were also found to be expressed
and subcellularly localized. Thus, subcellular RNA localization appears to be the norm rather than the exception
for both coding and noncoding RNAs. These results, which have been annotated and made available on a
recompiled database, provide a rich and unique resource for functional gene analyses, some examples of which
are provided.
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The first observations of localized transcripts were confined, not surprisingly, to large and/or highly polarized
cells that could be easily resolved, microscopically or
physically, into distinct regions. Examples included
RNAs differentially localized to the animal and vegetal
poles of Xenopus oocytes (Rebagliati et al. 1985), bicoid
transcripts at the anterior pole of Drosophila embryos
(Macdonald and Struhl 1988; St. Johnston et al. 1989),
and actin transcripts at the motile leading edges of migrating fibroblasts (Lawrence and Singer 1986). The discovery
of MAP II transcript localization in neuronal axons soon
followed (Garner et al. 1988), leading the way to the discovery of many more easily resolved dendrite- or axon-localized transcripts. By the end of the century, the total
number of identified localized transcripts for all organisms had climbed to ∼100 (Bashirullah et al. 1998; Jansen
2001), the majority of which was still confined to oocytes
and neurons.
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With the data then available, the general perception
was that mRNA localization was a specialized process
confined to cells with unusual properties and needs and
limited to a critical minority of transcripts. However, subsequent, more global approaches began to hint at the
diversity and extent of RNA localization in other cell
types. For example, careful observation of the mRNAs encoding proteins localized to the daughter cells of dividing
yeast cells or Drosophila neuroblasts showed that some of
these were also specifically partitioned into the daughter
cells (Li et al. 1997; Gonzalez et al. 1999). A more systematic analysis in yeast then revealed 22 additional transcripts that localized to daughter cells (Ni and Snyder
2001). Similar types of larger-scale biochemical and microarray approaches began to show that numerous transcripts could also be specifically isolated together with
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subcellular organelles such as endoplasmic reticulum
(ER), microtubules, and mitochondria even when translation was inhibited (for review, see Lecuyer et al. 2009;
Martin and Ephrussi 2009). These types of studies began
to suggest significantly higher rates of subcellular RNA
trafficking than those previously suggested.
To gain a better idea of the prevalence and diversity of
localization events, we previously developed a highthroughput, tyramide signal amplification (TSA)-based,
fluorescent in situ hybridization (FISH) protocol that
could be applied to Drosophila embryos in 96-well microtiter plates (Lecuyer et al. 2008) and analyzed the distributions of ∼2300 mRNAs during the first 4 h of
embryogenesis (embryogenesis takes ∼24 h). During
much of this time interval, nuclei divide in a syncytial
environment, and the majority of gene products is provided maternally, which ensured that all nonuniform
patterns observed would involve some form of subcellular trafficking. By the end of the third hour, the embryo
cellularizes, which also allowed us to assess localization
in the relatively large blastoderm cells that first form.
This initial survey of early stage embryos (Lecuyer
et al. 2007) revealed nonuniform subcellular RNA distributions for ∼70% of the observed transcripts, suggesting
that RNA localization plays a far more important role
than previously thought. However, the unusual syncytial
nature of early Drosophila embryogenesis raised the
question of whether these numbers are peculiar to Drosophila, perhaps representing a necessary evolutionary
adaptation required for this type of early development.
Consistent with this possibility, the majority of the observed localized transcripts (∼70% of the reported localized transcripts) was localized due to some degree of
exclusion from the forming blastoderm layer or extruded
pole cells.
To address the prevalence and need for RNA localization in other cell and tissue types, we assessed the distributions of ∼8000 transcripts, with approximately half
analyzed during all stages of embryonic development.
We also initiated analyses of the majority of third instar
larval tissues, with ∼800 transcripts analyzed thus
far. Due to the diversity of cell types now analyzed
and the increased resolution afforded by larger third instar cells, these analyses have provided a better indication of the true number of localized transcripts as
well as new insights into the associated mechanisms
and uses. We now conclude that subcellular trafficking and compartmentalization of mRNAs is the rule
rather than the exception, with virtually all transcripts
examined localized in some cell type at some stage of
development.
We also analyzed the distributions and subcellular localization of ∼100 long noncoding RNAs (lncRNAs).
There is much debate about the functional roles and degree of importance of this large and rapidly evolving class
of genes (Eddy 2001; Wilusz et al. 2009; Pauli et al. 2011;
Fatica and Bozzoni 2014; Palazzo and Lee 2015). The expression levels and cellular/subcellular distributions of
the 103 transcripts examined suggest that all or most
may have important functional roles.

Results
RNA expression patterns at the cellular level
The analysis of later stages of embryogenesis and larval
development, with the hundreds of new cellular and subcellular structures and RNA distribution patterns involved, has necessitated a number of advances in our
methodology, annotation, and database structure (see
the Materials and Methods). While the focus of this project is on subcellular transcript localization, the analysis
of later developmental stages is yielding images and information that are equally useful for gene expression analyses at the cell and tissue levels. To help with interesting
gene discoveries and analyses, genes that we feel show
particularly striking or revealing expression patterns
are now highlighted (shaded in green when viewed in alphabetical order listings) in our publicly available online
database (http://fly-fish.ccbr.utoronto.ca). A number of
examples have been compiled in Figure 1 to illustrate
the potential and impact of these patterns. For example,
the dorsal–ventral gradient of expression observed for
NetrinA (NetA) (Fig. 1B) suggests a significant role in driving the cell intercalation or invagination movements that
occur during ventral furrow formation and/or germ band
extension. Also consistent with predicted functions and
potential mechanisms of action are the expression of
Megalin (mgl) in amnioserosa cell–cell junctions (Fig.
1E), paramyosin (Prm) in bands within syncytial musculature (Fig. 1F), and chitin-encoding TweedleW (TwdlW) at
the apical surfaces of denticle-forming ectodermal cells
(Fig. 1J). Other striking examples include the localization
of Epidermal stripes and patches (Esp) in large vesicles as
they fuse to the apical lumen of the larval salivary gland
(Fig. 1L) and Jonah 25Biii (Jon25Biii), a member of the Jonah peptidase family, within larval midgut muscle fibers
(Fig. 1O). The interesting patterns of expression of lesswell-characterized genes, such as CR42862 (Fig. 1C),
CG5800 (Fig. 1D), CG7888 (Fig. 1K), and CG14516 (Fig.
1M), should also prove highly useful for predicting important cellular and biological functions.

Expression at the subcellular level
As of this writing, we have completed the analysis and annotation of ∼8000 different genes, approximately half of
which have been examined over the full course of embryogenesis. Prevalences of subcellular localization by developmental stage are provided in Table 1. Most notably,
the percentage of transcripts that are detectably subcellularly localized after gastrulation is significantly lower
than before gastrulation (41% during stages 10–17 vs.
64% during stages 1–8). This lower number may be ascribed to several factors. The most obvious of these is
that late stage embryonic cells are much smaller than a
syncytial embryo or the blastoderm cells that first form,
which makes the detection of less obvious subcellular distributions more difficult to detect. This relative ease of
earlier detection may be particularly true for the apical
and pole cell exclusion mechanisms and patterns that
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Figure 1. Interesting and unusual expression
patterns. (A) Posterior stage 3 embryo showing
polar granule component (pgc) expression
around the centrosomes of budding pole cells.
When nuclear division is oriented anterior–
posterior, pgc is preferentially located around
the posterior centrosome (white vs. empty arrowheads). (B) Graded NetA expression in a
ventral stage 5 embryo (filled and empty arrowheads indicate higher and lower expression levels). (C ) Nuclear localization of CR42862 in
the amnioserosa (white arrowhead) and ventral
nerve cord (VNC; empty arrowhead). (D) Anterior region stage 11 embryo showing CG5800
expression in delaminating neuroblasts (white
arrowhead). (E) mgl transcripts in amnioserosa
cell–cell junctions (white arrowhead). Scattered “foci” are also present in the nearby ectoderm (empty arrowhead). (F) Dorsal view
showing bands of Prm expression in syncytial
somatic musculature. (G) Lateral view showing Cytochrome P450-4g1 (Cyp4g1) in oenocytes. (H) Ventral view of mRNA encoding
the transmembrane transporter hoepel1
(hoe1) in the ventral nerve cord (white arrowhead), peripheral nervous system (PNS), and
connecting axons (empty arrowhead). (I) Collagen type IV (Cg25C) transcripts in fat body (FB;
white arrowhead) and hemocytes (empty arrowhead). (J) Dorsal view showing expression
of the chitin-based cuticle component TwdlW
in denticle belt-forming ectodermal cells. (K)
Lateral view showing CG7888 expression at
the periphery of the ventral nerve cord (arrowhead). (L) Third instar larval salivary gland
showing Esp (sulphate transporter) localization
to membrane and fusing vesicles (white arrowhead) as well as basal clusters (empty arrowhead). (M) Expression of CG14516 in the
brain lobe of a third instar larva (arrowhead).
(N) Third instar larval midgut showing TwdlN
expression in a series of subcellular bands of
membrane-associated expression, with increasing anterior-to-posterior levels of expression (arrowheads). (O) Third instar larval midgut
showing checkerboard expression of Jon25Biii in midgut musculature. Names of transcripts are indicated at the bottom right of each panel, developmental stage is indicated at the top right, and type of expression or tissue is at the bottom left. RNA is in green, and DAPIstained nuclei are in magenta. Bars, 10 µm.

were the predominant category of subcellular distributions observed in the early embryo. Interestingly, though,
all subcellular distribution categories common to both
early and late embryonic stages showed a twofold to fourfold increase in prevalence during the later stages (Table
2). This could reflect a greater requirement for these localization mechanisms later in development or simply
an increased likelihood of detection due to the increased
diversity or polarity of later cell types and tissues. The exception to this increase was the basal enrichment category, which was extremely high in the early embryo (Table 2)
and, as with apical exclusion, may be particularly needed
by, or a consequence of, the early cellularization process,
which progresses from apical to basal. Interestingly, 22%
of transcripts found to be localized during stages 10–17
were not found to be localized during earlier stages.

596

GENES & DEVELOPMENT

Embryogenesis is followed by three consecutive sets of
larval instar stages. At the end of the third larval instar,
tissues and cells prepare for metamorphosis. It is during
this stage that many interesting hormonal and metabolic
changes occur, which has made it a particularly important
and prevalent developmental stage for Drosophila research (Ashburner 1973; Muskavitch and Hogness 1980;
Basler and Struhl 1994; Mirth et al. 2005; Baker and
Thummel 2007; Gerber and Stocker 2007; Gomez-Marin
and Louis 2012; Makhijani and Bruckner 2012; Tennessen
et al. 2014). To gain some insight into transcript expression and localization during this stage, we developed a
method for semi-high-throughput TSA-FISH that includes the majority of larval tissues (Materials and Methods; Wilk et al. 2010, 2013). To date, we have analyzed
∼800 genes and defined >150 new terms to describe these
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Table 1. Fly-FISH screen summary

Stages 1–3
Stages 4–5
Stages 6–7
Stages 8–9
Stages 10–17
Stages 1–9
All embryonic
stages
Third instar
larval tissues

Analyzed

Expressed

Subcellular
localization

7371
7215
7008
6903
3709
7395
3519

5484 (74.4%)
5012 (69.5%)
4289 (61.2%)
3904 (56.5%)
2719 (73.3%)
5635 (76.2%)
2885 (82%)

725 (13.2%)
2967 (59.2%)
2078 (48.4%)
882 (22.6%)
1101 (40.5%)
3380 (60%)
1971 (68.3%)

753

726 (96.4%)

661 (91%)

Summary of all transcripts analyzed by Fly-FISH to date at
various stages of embryogenesis and in third instar larval
tissues.

new expression and localization patterns. Ninety-six percent of all successfully generated probes provided detectable expression patterns in these tissues, and, somewhat
surprisingly, 91% of these exhibited some type of subcellular distribution (Tables 1, 2). In terms of tissues, the subcellular localization rates range from a high of 79% and
85% for larval fat body and malpighian tubules, respectively, to a low of 46% in the gastric caeca (Table 3). In tissues that were present and examined in both embryos and
larvae, the prevalence of observed subcellular localization
was always much higher in larvae, with 42% of transcripts
that are subcellularly localized in larval tissues not noted
to be localized in embryos (see Tables 1, 3). This suggests
that localization may also occur earlier but is not sufficiently obvious due to the smaller cell sizes. An alternative possibility is that the localization mechanisms or
requirements observed in larval cells may not exist or be
needed at earlier stages (see the Discussion).
New and prevalent subcellular distribution categories
One of the most common localization categories observed
during later developmental stages is “cytoplasmic foci”
(refer to Table 2). Supplemental Figure S1 shows examples
of transcripts with and without foci accumulation. Patterns without foci are expected to have relatively evenly

dispersed transcripts, while foci are expected to contain
multiple transcripts, with size and intensity proportional
to transcript numbers and additional components. The
numbers of foci per cell and their subcellular locations
also varied significantly between different transcripts
(note that most RNAs localized in foci also shared other
subcellular terms). Although there was considerable variability in foci characteristics, each type observed was
highly reproducible in that all embryos or larval tissues
showed the same distributions for a given probe, and experimental repeats also produced the same results.
Although there appear to be many types of foci, the limited resolution of our fluorescent microscopy analyses has
made the definitive separation of the foci category into
clear subcategories difficult. That said, many of these focus transcripts encode proteins found in different subcellular organelles or structures to which RNAs are now known
to localize (see the Discussion). Together with the use of
specific organelle markers, these functional associations
may allow future stratification of the foci category.
Figure 2 shows examples of transcript foci whose products are localized within a variety of organelles to which
mRNAs may also be localized. The foci in Figure 2, A–F,
all encode proteins that are localized within or transported by various components of the cellular secretion machinery. For example, the cytochrome P450-encoding
transcripts phantom (phm) and Cyp6a21 (Fig. 2A,B) both
encode ER proteins. ruby (rb) (Fig. 2C) encodes a coated
pit-localized protein, and Figure 2D shows enrichment
of fat transcripts along membranes that face parasegmental grooves. fat encodes a transmembrane protein that
controls cell planar polarity and growth. In contrast, Neuroligan1 (Nlg1) foci are polarized away from invaginating
cell surfaces (Fig. 2E). Finally, Tequila (Fig. 2F) encodes a
secreted peptidase.
Foci encoding proteins associated with other types of
subcellular structures include scheggia (sea) (Fig. 2G)
and NADH dehydrogenase B subunit (ND-B14.5B) (Fig.
2H), which encode mitochondrial proteins; Heterogeneous nuclear ribonucleoprotein at 27C (Hrb27C) (Fig.
2I), which encodes an RNA-binding protein enriched in
P bodies (Thomson et al. 2008); and the unusual foci of
proteasome α4 (prosα4) mRNA (Fig. 2J), which encodes a
major component of the proteasome complex.

Table 2. Data analysis by subcellular localization term

Cytoplasmic foci
Apical enriched
Basal enriched
Perinuclear localization
Subnuclear localization
Cell junction-associated
Cell extensions

Stages 1–3

Stages 4–5

Stages 6–7

Stages 8–9

Stages 10–17

Third instar larval tissues

284 (39.2%)
—
—
48 (6.6%)
19 (2.6%)
5a (0.7%)
—

460 (15.5%)
224 (7.5%)
136 (4.6%)
245 (8.3%)
90 (3.1%)
48 (1.6%)
—

595 (28.6%)
130 (6.2%)
668 (32.1%)
255 (12.3%)
90 (4.3%)
29 (1.4%)
—

523 (59.3%)
55 (6.2%)
229 (26%)
191 (21.6%)
75 (8.5%)
21 (2.4%)
—

748 (68%)
135 (12.3%)
86 (7.8%)
432 (39.2%)
148 (13.4%)
52 (4.7%)
131 (11.9%)

650 (98.3%)
48 (7.3%)
86 (13%)
95 (14.4%)
115 (17.4%)
—
86 (13%)

Quantification and percentages of various subcellular terms of localization are provided for all stages of embryonic development and
third instar larval tissues.
a
Although there are no “cell junctions” during syncytial stages in Drosophila embryos, “precell junction” patterns were sometimes
detected.
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Table 3. Data analysis by tissue
Tissue

Expressed

Subcellular
localization

Embryo

Fat body
Midgut
Hindgut
Muscles
CNS

270 (9.3%)
680 (23.6%)
437 (15.1%)
366 (12.7%)
564 (19.5%)

113 (41.8%)
223 (32.8%)
183 (41.9%)
128 (35%)
294 (52.1%)

Third
instar
larva

Fat body

473 (65.1%)

375 (79.3%)

Midgut
Hindgut
Proventriculus
Malpighian
tubules
Gastric caeca
Salivary glands
Ring gland

317 (43.7%)
248 (34.2%)
208 (28.6%)
330 (45.4%)

236 (74.4%)
156 (62.9%)
151 (72.6%)
281 (85.1%)

224 (30.8%)
275 (37.9%)
371 (51.1%)

102 (45.5%)
170 (61.8%)
237 (63.9%)

Quantification of transcripts that are expressed and subcellularly localized to specific tissues during embryogenesis and in
third instar larval tissues.

Another frequent localization category during later
developmental stages was “perinuclear” (Table 2). In
this case, distinctive subcategories were more readily defined (Fig. 3). These subcategories varied from limited
numbers of perinuclear foci or clusters to larger numbers
of foci or clusters that either completely encircle the nucleus or show consistently polarized distributions. The
potential impact for many of these patterns on related
functions was often clear. For example, dilute class unconventional myosin (didum) (Fig. 3B) encodes a myosin
protein involved in the movement of transcripts and mitochondria along microtubules in a minus-to-plus direction
(Toth et al. 2005; Yang et al. 2006; Krauss et al. 2009).
Since microtubules are attached to the nucleus at their
minus ends, translation of didum transcripts at the nuclear surface would position the protein perfectly for use.
In another example, the polarized distribution of Hsp83
transcripts on one side of the nucleus (Fig. 3E) looks remarkably similar to a number of nuclear receptor transcripts, which we previously colocalized together with
subregions of ER (Wilk et al. 2013). This colocalization
could be associated with the known roles of Hsp83 as a
chaperone and regulator of nuclear receptor folding and
function, with perhaps an additional level of regulation
at the level of translation. Catalase (Cat) (Fig. 3F) encodes

Figure 2. Cytoplasmic foci. (A) phm mRNA transcripts
in foci surrounding neuroblast nuclei (nb; white arrowhead). Occasional foci are also detected in nondelaminating cells (empty arrowhead). (B) Larval pericardial cells
(PC) showing Cyp6a21 cytoplasmic foci (arrowhead).
(C ) rb transcript foci in the amnioserosa (as). (D) fat
mRNA in small foci enriched at membranes facing parasegmental grooves (arrowhead). (E) Nlg1 foci (white arrowhead) enriched at membranes facing away from the
invaginating cephalic furrow (cf); foci are less abundant
in neighboring cells (empty arrowhead). (F ) tequila cytoplasmic foci in third instar larval fat body (FB). (G) scheggia (sea) transcripts around pole cell nuclei (white
arrowhead) and at lower levels in the yolk (empty arrowhead). (yn) Yolk nuclei. (H) Larval muscle showing the
mitochondrial NADH dehydrogenase (ubiquinone)
B14.5 B subunit (ND-B14.5B) transcript in cytoplasm.
(I) Heterogeneous nuclear ribonucleoprotein at 27C
(Hrb27C) foci in an early embryo (arrowheads). (J) proteasome α subunit 4 (prosα4) foci (arrowhead) in larval testis. Names of transcripts are indicated at the bottom
left of each panel, and developmental stage is indicated
at the top right. Colors and labels are as described in
Figure 1.
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Figure 3. Perinuclear patterns. (A) brain washing (bwa)
foci at the edges of enterocyte (EC) nuclei in third instar
larval midgut (MG). (B) Foci of didum enriched at the apical surfaces (arrowheads) of larval salivary gland (SG) nuclei. (C ) Ectoderm-expressed 4 (Ect4) foci surrounding
yolk nuclei (arrowhead). (D) Polarized localization of
CG5800 transcripts around embryonic pole cells (PC; arrowhead). (E) Polarized “half moon” pattern of Hsp83
transcripts around larval salivary gland nuclei (arrowhead). (F) Catalase (Cat) transcripts surrounding enterocyte nuclei (arrowhead) and partially surrounding adult
midgut cell precursor (AMP) and endocrine (EE) nuclei
of larval midgut cells. (G) Mothers against dpp (Mad)
transcripts surrounding nuclei of large enterocyte (white
arrowhead), small endocrine, and adult midgut cell precursor (empty arrowhead) cell nuclei in third instar larval
midgut. (H) Solid perinuclear rings of CG12011 transcripts around amnioserosa (AS) cell nuclei (arrowhead).
Colors and labels are as described in Figure 1.

an enzyme that has been localized to peroxisomes, and
Mothers against dpp (Mad) encodes a transcription factor
that translocates to the nucleus in response to Dpp
signaling.
Another frequently observed mode of transcript localization in later developmental stages, particularly in
tissues such as yolk plasm, neurons, trachea, and muscle,
was within or along cellular processes (Fig. 4). Examples
shown include transcripts encoding the anion transporter Organic anion transporting polypeptide 58Dc
(Oatp58Dc) and the cytochrome P450 Cyp6d5 in yolk processes (Fig. 4A,B), Ankyrin 2 (Ank2) and GABA transporter (Gat) in axons (Fig. 4C,D), Osiris 19 (osi19) and
CG13627 in processes extending between tracheal precursor cells (Fig. 4E,F), and Wings up (WupA) and bent (bt)
within embryonic muscles (Fig. 4G,H). Once again, the
molecular roles of the encoded proteins, taken together
with transcript localization, have major implications for
the use and importance of these various subcellular localization patterns.
In the case of muscles, which, in their mature form, are
syncytial in nature, we expect to see a great deal more detail and examples of localization in the larger larval muscle tissues. Until recently, however, the majority of this
larval tissue was lost upon removal of the cuticle/carcass
during sample preparation.
Expression and subcellular localization of lncRNAs
A query of the FlyBase database for lncRNAs identified
2419 CR (noncoding) genes that are >200 nucleotides
(nt) in length. These produce 2858 different RNA prod-

ucts, with an average size of 1008 nt (Supplemental Fig.
S2). Of these 2419 annotated lncRNA genes, expression
data for 1823 were found in the recent developmental expression profiling project carried out by modENCODE
(Brown et al. 2014). These data were consolidated to generate Figure 5, which is a compilation of expression data
for embryo, larva, pupa, and adult stages of development.
A couple of the immediately noticeable features of this
data set are the number of lncRNAs that are undetectable
or expressed at low levels of expression and the number
that are expressed in males and not females (Fig. 5, cf. columns M and F). Many of the latter are likely to be due to
expression in testes, as modENCODE has noted that
∼30% of identified lncRNAs are expressed there, with
∼6% expressed exclusively in testes (Brown et al. 2014;
Brown and Celniker 2015).
For our initial localization analyses, probes were generated for all lncRNAs for which templates were found
within the DGC-1 or DGC-2 cDNA libraries that we
have been using to generate probes. Along with these,
we also generated probes for the nine annotated lncRNAs
located within the Antennapedia (AntP-C) or Bithorax
(Bx-C) complexes (see the Materials and Methods). Not
unexpectedly, the majority of the 103 transcripts examined showed interesting and complex subcellular distribution patterns, suggesting a corresponding diversity in
subcellular functions and localization mechanisms. Approximately 65% of the lncRNAs tested were provided
maternally, 34% were exclusively expressed zygotically,
and 75% were expressed during some stage of embryonic
development. All but one were detected in at least one
third instar larval tissue.
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Figure 4. Cell extensions and processes. (A,B) Oatp58Dc (A) and
Cyp6d5 (B) localized along filamentous yolk processes in embryonic yolk tissue. (yn) Yolk nuclei. (C) Ank2 transcripts in axons
emanating from the peripheral nervous system (PNS) neurons (arrowheads). (VNC) Ventral nerve cord. (D) Transcripts encoding
the neurotransmitter Gat in axons (white arrowheads) in third instar larval brain lobes (BL). (E,F ) Osi19 (E) and CG13627 (F) transcripts within tracheal cell extensions (arrowheads). (G,H) WupA
(G) and bt (H) transcripts in muscle cell structures and extensions
(arrowhead). (dv) Dorsal vessel; (LT) lateral transverse muscle;
(VA) ventral acute muscle. Colors and labels are as described in
Figure 1.

In terms of subcellular localization, ∼90% were clearly
subcellularly localized during embryogenesis, and 98%
were subcellularly localized in larvae. While it has been
contended that the majority of lncRNAs is nuclearly lo-
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calized (Palazzo and Lee 2015), we observed only 4% localized exclusively within the nucleus. Forty percent were
exclusively cytoplasmic, and 56% were found in both. Examples of these cellular and subcellular distributions are
shown in Figures 6 and 7.
Figure 6, A–D, reflects the diversity of embryonic anterior–posterior striped expression patterns of the examined
lncRNAs, three of which are located in the AntP-C or BxC Hox clusters. The exception, CR33963 (Fig. 6A,E), lies
within the first intron of the gene Tis11, which encodes
an RNA-binding protein that regulates mRNA stability
(Choi et al. 2014). Although the Hox complex lncRNA
transcripts are generally expected to have nuclear roles
in transcriptional regulation, a significant proportion of
these RNAs was found in the cytoplasm. Interestingly,
while cytoplasmic distribution was generally seen across
the embryo, nuclear localization was seen only in the
striped expression domains associated with adjacent
Hox gene expression. This differential distribution of nuclear and cytoplasmic localization was true for all of the
Hox lncRNAs tested (see Fig. 6B,C, insets). All were also
seen to be redeployed in mesoderm and gut tissues during
mid-embryogenesis, but localization at these stages was
exclusively cytoplasmic (see Fly-FISH). The presence of
related lncRNAs in the Hox complexes of other metazoa
as well as recent demonstrations of function (Rinn et al.
2007; Brock et al. 2009; Gupta et al. 2010) suggest that
these varying expression patterns and subcellular distributions may also be evolutionarily conserved aspects of
Hox lncRNA functions.
Figure 6, E–H, shows other tissues with relatively frequent and intricate lncRNA expression patterns. These
include the nervous system, muscles, and fat body. For
the majority of these RNAs, expression was tightly limited to one specific tissue and/or developmental stage.
In terms of subcellular distributions, as with coding
RNAs, the lncRNAs examined were detected in virtually
all parts of the cell. Figure 7 illustrates this diversity, starting with limited distributions in the nucleus and working
out toward the cellular extremities. Figure 7, A–G, shows
nuclear localization patterns ranging from very limited
foci to more extensive foci, clusters, patches, and distributions that completely encircle the nucleus. The majority
of these nucleus-associated patterns likely represents
RNAs bound to chromatin or associated structures. Figure
7, H and I, shows several cytoplasmic distributions, and
Figure 7, J–L, shows membrane-associated and cellular extension patterns. Notably, CR44945 (Fig. 7J,K) is first seen
in the salivary gland at peripheral/basal membranes and
later moves to the opposite luminal/apical membrane
surface.
In many cases, lncRNA genes overlap with other coding
and noncoding genes in either sense or antisense orientation. These overlaps with coding and regulatory regions
suggest potential modes of action. In some of these cases,
though, this also complicates the interpretation of expression data, as probes may not distinguish between CR expression and overlapping coding gene expression. This is
the case for CR45109 (Fig. 6G), which overlaps with the
5′ untranslated region (UTR) of isoforms A and B of the
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Figure 5. List of Drosophila lncRNAs and associated expression profiles. List of 1834 lncRNAs noted in the FlyBase database for which
RNA sequencing (RNA-seq) expression data (obtained by modENCODE) are available. CR gene numbers are listed at the left in each of the
nine columns (first column indicated with an arrowhead), with expression data heat maps at the right. Expression levels for embryonic (E),
larval (L), pupal (P), adult male (M; 1 + 5 d old and 30 d old), and adult female (F; 1 + 5 d old and 30 d old) are color-coded, ranging from
undetected (dark blue) to very high (red), as described in the bottom right inset. The list is ordered from highest (top left) to lowest (right)
expression. Gene names in red text indicate genes examined in this study. Twenty-seven additional lncRNAs not examined by
modENCODE were also examined in this study.

2mit gene. Interestingly, both CR45109 and 2mit are contained within an intron of the circadian rhythm gene
Timeout, which is transcribed in the opposite direction.
The expression patterns observed here for CR45109/
2mit in the nervous system, taken together with previous
evidence of 2mit in the control of behavior and the overlaps between CR45109, 2mit, and timeout, are all consistent with potential cross-regulatory interactions made
possible by overlapping sequences and cellular/subcellular expression patterns. In total, 10 of the 108 probes
used in this study had the potential to detect both coding
and noncoding RNAs.
The majority of lncRNAs shown in Figure 6 was found
by modENCODE RNA sequencing (RNA-seq) analyses to

be expressed at low, very low, or undetectable levels during
the majority of development. This was the case for the majority of lncRNAs that we examined (indicated with red
text in Fig. 5), yet we clearly observed robust patterns of expression in each case. For example, the expression patterns
shown in Figure 6, A, C, D, and E, are from stages at which
modENCODE lists expression as very weak. For the patterns shown in Figure 7, F, H, J, and K, expression is listed
as nondetected in those stages and tissues. We attribute
these discrepancies to the ability of FISH to preferentially
detect expression that is temporally or spatially focused.
In addition, the concentration of transcripts within specific subcellular regions can also enhance signal detection
over those of more diffusely localized products.
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Figure 6. lncRNA expression patterns. (A–D) Lateral
views of stage 5 embryos showing nascent transcript expression from lncRNAs expressed in stripes. The empty
arrowhead in A points to cytoplasmic transcripts enriched around yolk nuclei. Solid and empty arrowheads
in B (inset), C (inset), and D highlight nuclear localization
in stripes and ubiquitous cytoplasmic localization both
in and outside stripes. (E–H) Representative lncRNA expression patterns in common tissues of expression. (E)
CR33963 expression in fat body (fb). (F) CR31781 expression in somatic muscles. (G) CR45109 expression in the
ventral nerve cord (VNC) and peripheral nervous system
(PNS). (H) CR33938 expression in brain lobes (BL) and
ventral nerve cord of a third instar larva. Colors and labels are as described in Figure 1.

Bioinformatics
Large-scale gene expression studies have provided the
basis of many functional analyses that have been able to
link related gene functions and pathways. Examples of
such studies include genome-wide analyses of particular
cell types, tissues, developmental stages, or diseases.
The data being compiled in Fly-FISH provide advantages
over other gene expression databases in that Fly-FISH includes high-resolution spatial data at both the cellular
and subcellular levels. As such, it provides an additional
level of association with greater potential to identify
genes and products that share common functions and
may interact directly. As a quick test of this potential,
we performed gene ontology (GO) and association studies
for several classes of colocalized transcripts using the
publicly available program GeneMANIA (http://www.
genemania.org), which also incorporates known physical,
genetic, and coexpression data (Warde-Farley et al. 2010).
In each case, related and logical GO term functions were
clearly enriched as well as numerous, previously identified
and unidentified genetic and physical interactions. Figure
8 and Supplemental Figure S3 show several example
analyses of RNAs from various subcellular localization
categories.
Figure 8 focuses on a localization category with a convenient number of genes that make this type of analysis relatively easy to illustrate. Figure 8A is a GeneMANIAorganized analysis of genes previously known (spheres
with red rings) to be involved in the asymmetric localization of RNAs in neuroblasts that are moving out of the
blastoderm layer to populate the newly forming ventral
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nervous system (an example is shown in the inset in Fig.
8B). Note that GeneMANIA also populates the interaction map with additional genes that have previously
been shown to encode gene products that interact at
some level (Fig. 8, spheres without red rings).
Figure 8B shows that the geneMANIA output generated
from the 24 transcripts identified thus far that localize
asymmetrically in the same delaminating neuroblasts
(spheres with red rings). The first point to be made from
this network is the greatly expanded number of nodes
and interactions. Not unexpectedly, there is a continued
strong enrichment for cell polarity and neurogenic GO
term functions. In comparison, Figure 8C shows a typical
interaction map generated by the same number of randomly selected query genes. Note that there is no enrichment of GO terms (Fig. 8C, gray spheres) and many fewer
interactions, and the majority of interactions noted is
limited to coexpression (Fig. 8C, blue lines only). Thus,
the many new interactions introduced in Figure 8B are
likely to be highly informative and serve major new roles
in asymmetric RNA trafficking and function.
One of the more striking new sets of interactions observed in Figure 8B is the additional direct physical interactions (red lines) and, in particular, those that connect
the Prospero interaction hub with that of TAK1-associated binding protein 2 (Tab2; Pros-Tab2, and Insc-Traf4).
The many new interaction partners linked by these interactions are enriched for asymmetric localization, actin/
microtubule regulation, and membrane receptor functions. The presence of Zn fingers in Tab2 and Traf4 also
suggests possible additional RNA interaction motifs.
Thus, Tab2 may serve as a major scaffold or node for
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Figure 7. Subcellular lncRNA patterns. (A–E,) Third instar salivary gland cells showing various types of nuclear
and perinuclear lncRNA distributions. Gene names are
indicated at the bottom right of each panel. (F,G) Third
instar larval midgut showing nuclear/perinuclear localization in different cell types. (EE) Endocrine cells; (EC)
enterocytes; (AMP) adult midgut progenitors. (H) Stage
4 embryo showing cytoplasmic foci for CR32730 (arrowhead). (I–K) Larva salivary gland cells. (I) Cytoplasmic
distribution of CR33938. (J,K ) Membrane association
for the same RNA, CR44945, at two different stages of
differentiation in the same salivary gland, showing an
earlier stage in proximal cells (J) and a later stage in distal
cells (K ). J is also divided into two focal planes (peripheral
cell surface in the bottom pane and just under the cell
surface in the top pane). The focus in K is on the opposite
side of the cell (luminal). (L) Stage 14 embryo showing localization along yolk plasm extensions. Colors and labels
are as described in Figure 1.

pairing neuron-specific and nonspecific cellular asymmetry structures and processes. Curiously, many of the components in the Tab2 subnetwork are also associated with
cell death and ubiquitination functions.
While the number of direct interactions shown in Figure 8B is already far higher than random, we expect that
there will be many more direct interactions than those
currently indicated. For example, the many genetic and
colocalization lines connecting transcripts such as Delta,
asymmetric cell processes (asp), asense (ase), abnormal
spindle (asp), Cystatin (Cys), Neurotactin (Nrt), and tartan
(trn) suggest that some of these are particularly likely to
also interact directly.
As noted earlier, GeneMANIA populates clusters with
genes (Fig. 8B, spheres without red rings) that have previously been shown to associate with the query genes.
When examined in Fly-FISH, some of these, such as staufen, corn, and nerfin-1, were clearly expressed in neuroblasts but not in a notably polarized distribution. The
proteins encoded by these mRNAs may achieve localized
distributions or activities via interactions with one or
more of the other localized transcripts or proteins. In
one case, however, we did observe similar subcellular localization for a “GeneMANIA-recruited” transcript that

had not initially been noted as localized in this fashion
(Laminin B2 in the perinuclear group). For some of the
other GeneMANIA-recruited genes, expression in neuroblasts was not observed, suggesting that these interactions
may be restricted to other cell types or stages. For example,
exu and swa are known to play roles in setting up posterior
identity in the early embryo. Additional examples of GeneMANIA-generated clusters are shown in Supplemental
Figure S3.
Discussion
Until now, studies on Drosophila RNA localization
have focused primarily on transcripts that are localized
during the first few hours of embryogenesis and a handful of localization mechanisms. In this study, we opened
this area of study to include the most studied stages of
Drosophila development, which include all of embryogenesis and the majority of late third instar larval tissues.
In doing so, we discovered dozens of new subcellular
distribution patterns and implied mechanisms. The enormous amount of new information now documented in our
recompiled Fly-FISH database will be useful for the majority of current and future Drosophila research projects.
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Figure 8. Interaction networks and functional enrichments for RNAs in the “polarized neuroblast” category. GeneMANIA (http://www.
genemania.org) was used to generate interaction networks and GO term enrichments for query genes and other genes previously known to
associate at various levels. (A) Network generated from a query of genes (spheres circled in red) previously known to be important for differential RNA and protein localization to neuroblast daughter cells. Additional spheres (no red rings) indicate genes found by GeneMANIA that are known to interact physically (red lines) and genetically (green lines), colocalize (blue lines), or share protein domains (yellow
lines). Colors within the circles show the most enriched GO terms for each gene (listed in the functions legend). (B) Network generated
from a query of 24 transcripts scored with the subcellular localization term “polarized in delaminating neuroblasts” (an example localization is shown in the top right inset). Red circles indicate query genes. Query genes that have no known associations within the network
are shown at the bottom right. (C ) Negative control network generated from 24 randomly selected genes.
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Subcellular localization prevalence
Many thought that the high rates of RNA localization that
we observed previously in early Drosophila embryos
(Lecuyer et al, 2009) might be a Drosophila anomaly
that arose due to the unusual requirements for defining
anterior–posterior and dorsal–ventral coordinates in a
syncytial environment. Instead, our results indicate that
these mechanisms were already in existence and in use
in other developmental stages and tissues. In fact, it was
probably the prior existence of these pervasive processes
that facilitated the evolutionary advance of syncytial
embryonic patterning, which in turn increased the speed
and efficiency of axial patterning by one or more orders
of magnitude.
While the later stages of embryogenesis examined here
have revealed many new types of localization, it was the
third instar larval tissues that provided the most new insights and reliable estimates in terms of subcellular localization frequencies and details. Most notably, some form
of subcellular localization was observed for essentially all
of the RNAs annotated thus far. Although this extremely
high frequency of localization may be attributed in part to
the relatively large sizes of these cells and the consequential spatial resolution and ease of detection, it is also possible that this prevalence is due to the unusual and
perhaps nonconserved properties of some of these specialized cell types. However, a number of observations argue
to the contrary. First, the fact that these RNAs can all be
differentially localized indicates that the necessary cis elements and cellular machineries are available for potential use in other cell types. Second, polyploid cells are
not unique to larval stages of development or Drosophila.
Third, when examined in other highly polarized cell
types, such as neurons, other studies have also shown extremely high rates of RNA subcellular localization (Bruckenstein et al. 1990; Olink-Coux and Hollenbeck 1996;
Mercer et al. 2008). Finally, recent studies have shown
that mRNAs encoding common organelle-specific gene
products, such as those that function in the ER, mitochondria, and P bodies, can also be copurified bound to these
organelles (Decker and Parker 2012; Reid and Nicchitta
2012; Kraut-Cohen et al. 2013; Lesnik et al. 2015). Indeed,
these biochemical approaches have suggested that as
much as 50% of cytosolic protein-encoding transcripts
are translated on ER (Reid and Nicchitta 2012; Jagannathan et al. 2014). We also showed previously, using double
labeling, that transcripts encoding transcription factors
can also be enriched and translated on ER (Wilk et al.
2013), suggesting that ER localization may be a common
means of localizing transcripts that encode numerous
types of proteins. In the case of the nuclear receptor transcripts that we found to be associated with ER, this may
provide a number of advantages, including proximity to
the nucleus, proximity to translational regulators and
chaperone cofactors (e.g., Hsp83 RNA also appears to be
similarly localized), or proximity to ER-derived ligands
(e.g., the E75 ligand heme is enriched in ER) (Reinking
et al. 2005). Future studies using suitable markers and
higher-resolution detection methods should soon provide

more accurate numbers and clearer explanations for these
observations and questions.
Subcellular localization relevance
Numerous studies have documented the functional importance of various subcellular RNA localization processes, including roles in various diseases (Augood et al. 1999;
Tanimukai et al. 1999; Belanger et al. 2003; Bassell and
Kelic 2004; Koensgen et al. 2007; An et al. 2009; Martin
and Ephrussi 2009). This importance is also emphasized
by studies showing that localized RNAs tend to be translationally repressed and less stable when not at their proper
sites of localization (Lipshitz and Smibert 2000; Lecuyer
et al. 2009; Martin and Ephrussi 2009). However, the prevalence of localization noted here might suggest that even
higher rates of cellular malfunctions and disease should result from disrupted localization events. The fact that this
is yet to be shown has several possible explanations. First,
the study of RNA localization is still a relatively young
field, and more extensive and directed studies will be required to make such assessments. Second, many of these
events may make relatively modest contributions to protein localization and function due to redundancy in RNA
and protein localization mechanisms. Third, the effects
of mislocalization may be manifested only in specific
cell types or conditions that have yet to be addressed. Finally, the impacts of mislocalization for many transcripts
may only become obvious when multiple transcripts are
affected. For example, the cumulative benefits of having
most RNAs localized and translated in specific cell regions
may be critical for ensuring overall cellular efficiency and
organization, but affecting these events in small numbers
may have relatively little impact.
Subcellular localization in other organisms
This study clearly shows that subcellular RNA localization is a pervasive and crucial level of gene regulation
at all stages of Drosophila development. Other recent
studies are also beginning to imply similar levels of localization in other organisms (Taliaferro et al. 2014; Weil
2014; Jambor et al. 2015; Liao et al. 2015). However, functional studies that validate the relative importance and
underlying mechanisms behind the majority of these localization events are lagging behind. This is particularly
true for lncRNAs.
lncRNAs in development
Although ncRNAs have been receiving a great deal of attention of late, the subclass of lncRNAs has seen considerably less attention, due largely to the relative lack of
previous information and interest as well as their heterogeneity in size and function. It has also been suggested
that the majority of lncRNAs is genomic “junk.” However, the striking expansion in size of this class of transcripts
in higher eukaryotes and the tight correlation of lncRNA
numbers with organism complexity have suggested a major role in driving animal evolution and complexity
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(Mercer et al. 2008; Wilusz et al. 2009). An appreciation of
their overall importance and range of functions will require the mapping of both cellular and subcellular distribution patterns.
The strongest arguments previously made against the
functional importance of the majority of lncRNAs are
(1) their relatively low levels of expression, (2) their low
levels of sequence conservation, and (3) their retention
in the nucleus (Palazzo and Lee 2015). As elaborated below, our results counter the assumptions of arguments
1 and 3, and, in terms of their low levels of conservation,
this can be explained by their relatively recent and ongoing introduction into the genome and their lack of protein
encoding restrictions.
As a beginning, we analyzed the embryonic and larval
third instar expression patterns for >100 of the relatively
manageable ∼2400 currently predicted Drosophila
lncRNAs. For those that we analyzed, all were found to
be expressed at some stage of development, with many
showing relatively high degrees of tissue selectivity, implying more highly specialized functions than those of
most protein-coding genes.
In terms of expression levels and distribution, the modENCODE project provided initial evidence of expression
for 1823 (75%) of the 2419 currently annotated Drosophila
lncRNAs over the course of development. Many of those
missing from this analysis may have been missed due to
ongoing annotation changes and refinements. Consistent
with this likelihood, 27 of the 103 lncRNAs that we examined were not among those listed in Figure 5. Approximately half of these show recent category changes into
CR status or continued listing as pseudogenes. The other
half of the 27 not listed in Figure 5 are listed as nonexpressed by modENCODE, yet we observed clear and interesting patterns of expression for all of them. Similarly,
most of the other lncRNAs listed as very low or nonexpressed that we examined showed easily detected and often robust patterns of expression when analyzed by FISH.
This may reflect the ability of FISH to focus in on specific
stages, tissues, cells, and/or subcellular regions to detect
relatively high levels of expression that might otherwise
be averaged out in time and space. The results obtained
here suggest that the majority of existing lncRNAs will
likewise be found to be expressed in interesting patterns
and tissues during some stage of development.
Another argument that has been made in favor of the
majority of lncRNAs being nonfunctional is that most
are believed to be restricted subcellularly to the nucleus,
where they would not cause additional problems due to
the spurious translation of junk polypeptides or participation in deleterious interactions. However, of the 103
lncRNAs that we examined, the majority showed cytoplasmic localization at some time or place, with most
being predominantly cytoplasmic. These diverse and dynamic cytoplasmic and membrane-associated distributions suggest not only specific functions in these regions
but also a greater diversity of functions and mechanisms
of action than has been previously imagined. Even in the
nucleus, the diversity of subnuclear distribution patterns
observed here suggests functions in addition to the previ-

606

GENES & DEVELOPMENT

ously studied roles in epigenetic chromatin regulation
(Umlauf et al. 2008).
Another observation that does not appear to have been
made before is the striking correlation between the increasing numbers of lncRNAs and C2H2 Zn finger proteins over the course of evolution. Current research is
focused on the assumption that these Zn finger proteins
are DNA-binding transcription factors (Emerson and Thomas 2009; Najafabadi et al. 2015). However, it is perhaps
more likely that they function as RNA-binding proteins
(or both), with lncRNAs serving as an important set of coevolving targets.
At present, preliminary data suggest that Drosophila is at
a relatively early stage in the burst of lncRNA amplification
and functionality relative to vertebrates (e.g., ∼2300
lncRNAs in Drosophila vs. ∼59,000 in humans) (Iyer et al.
2015). As such, Drosophila should provide a more tractable
system than vertebrate models for the further validation
and study of this transcript class as well as its evolutionary
role in driving eukaryote complexity and diversity.
Bioinformatic opportunities
As the quantity and quality of data in the Fly-FISH database continue to grow, opportunities to draw out patterns
of functional correlation will also grow. Here, we provided
a glimpse of the potential information that can be gleaned
from these data and such analyses (Fig. 8; Supplemental
Fig. S3). These show how the inherent implications of subcellular colocalization can be used to flesh out new or
greatly expanded gene, protein, and RNA interaction networks. More extensive and sophisticated analyses will
also identify numerous new functions for previously unstudied genes, new subcellular localization elements
and pathways, new subcellular organelles and structures,
and new cellular processes and pathway intersections.

Materials and methods
Preparation and in situ hybridization of embryos
To generate a relatively homogeneous distribution of embryo
stages, equivalent numbers were collected, aged in three groups
(0–2.5 h, 0–4.5 h, and 0–20 h), and then mixed together after fixation. Subsequent steps were carried out in batch form until the
completion of prehybridization, and then embryos were aliquoted into 96-well plates. Details of embryo, probe, and signal
preparation/production are described in Wilk et al. (2010). The
following nine oligos (5′ to 3′ ) were designed for specific lncRNA
probe template production via PCR of genomic DNA: CR44945
(Forw, CACCCCTTTTCGATCTGAGG; Rev, GTAATACGAC
TCACTATAGGGAGACCACAATTCCACTGAACGAGCTGG),
CR45750 (Forw, AACAAGAGAAACACGGACGC; Rev, GTAA
TACGACTCACTATAGGGAGACCACGGTCTCCCAGTTTTT
CCAGG), CR45751 (Forw, GCA TGTGGTCTGAGTCTACG;
Rev, GTAATACGACTCACTATAGGGAGACCACCCCAGTTT
CTATGAGCCGAT), CR31271 (iab-4) (Forw, TAACGTGG
AAAATCGGCCCA; Rev, GTAATACGACTCACTATAGGG
AGACCACTACCCCAGTGAGTGGCGATA), CR43261 (iab-8)
(Forw-GTAATACGACTCACTATAGGGAGACCACATGGGT
CATACAGCGAGTGC; Rev-CAGCGCAACTTGACTCAACC),
CR31273 (bxd) (Forw, GTAATACGACTCACTATAGGGAGA
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CCACACGCACTGCCAGAAGTTCAT; Rev, TGTACTTGT
GGTTCCACCCG), CR43617 (Forw, GAGGAGGGGAAGT
GGAGGAT; Rev, GTAATACGACTCACTATAGGGAGACCA
CAGGGGCATTATGGCAACGAA), CR42651 (Forw, GTAATA
CGACTCACTATAGGGAGACCACTACAGGGTAGACGTGG
AGCA; Rev, TTAAAGAAGTGGCGCCGAGT), and CR44931
(Forw, GTAATACGACTCACTATAGGGAGACCACCAGTAG
AGCCAACTCGACCC; Rev, AGTGTCTGAATCACTGGGCG).
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