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Abstract

The modENCODE (Model Organism Encyclopedia of DNA Elements)
Consortium aimed to map functional elements—including transcripts,
chromatin marks, regulatory factor binding sites, and origins of DNA
replication—in the model organisms Drosophila melanogaster and Caenorhab-
ditis elegans. During its five-year span, the consortium conducted more than
2,000 genome-wide assays in developmentally staged animals, dissected
tissues, and homogeneous cell lines. Analysis of these data sets provided
foundational insights into genome, epigenome, and transcriptome structure
and the evolutionary turnover of regulatory pathways. These studies
facilitated a comparative analysis with similar data types produced by the
ENCODE Consortium for human cells. Genome organization differs
drastically in these distant species, and yet quantitative relationships among
chromatin state, transcription, and cotranscriptional RNA processing are
deeply conserved. Of the many biological discoveries of the modENCODE
Consortium, we highlight insights that emerged from integrative studies.
We focus on operational and scientific lessons that may aid future projects
of similar scale or aims in other, emerging model systems.

31

A
nn

u.
 R

ev
. G

en
om

. H
um

. G
en

et
. 2

01
5.

16
:3

1-
53

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
B

er
ke

le
y 

on
 0

9/
13

/1
8.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



GG16CH02-Celniker ARI 9 July 2015 7:1

INTRODUCTION

The modENCODE (Model Organism Encyclopedia of DNA Elements) Consortium collected
substantial amounts of data to interrogate the genomes of the model organisms Drosophila
melanogaster and Caenorhabditis elegans. Chromatin states, transcription factor (TF) binding sites,
origins of replication (ORs), and RNA transcripts were mapped and quantified genome-wide in
a wide variety of cell types, tissues, developmental time points, and environmental conditions
(Figure 1). As with the ENCODE Consortium, the primary aim was to discover and provide
biologically informative characterizations of as many genomic elements as possible.

The use of model organisms enabled a variety of experimental approaches not tenable in hu-
mans: conducting developmental time courses in isogenic populations, performing environmental
perturbations, and validating findings in the most powerful metazoan genetic systems yet devel-
oped. These studies facilitated a number of biological insights, including the following:

� Quantitative relationships between chromatin state and transcript abundance are conserved
among flies, worms, and humans.

� Di- and trimethylation of histone H3 at lysine 36 (H3K36me2/me3) couple chromatin state
and splicing and transmit epigenetic memory of maternal transcription to the embryo.

� In neural tissue, some genes encode thousands of transcript isoforms, including extended 3′

untranslated regions (UTRs) as long as 18 kb in Drosophila and mammals.
� Male gonad-specific antisense transcripts exist at orthologous loci in Drosophila and mam-

mals, suggesting that some aspects of transcriptional organization may be basal to spermato-
genesis in metazoans.
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Figure 1
A graphical overview of the transcript, chromatin, replication, and regulatory factor data sets for Drosophila melanogaster and
Caenorhabditis elegans. Abbreviations: lncRNA, long noncoding RNA; miRNA, microRNA; piRNA, piwi-interacting RNA; pri-miRNA,
primary microRNA; RC, replication complex; siRNA, small interfering RNA; TF, transcription factor. Adapted from Reference 19;
original figure created by Darryl Leja, National Human Genome Research Institute.
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In addition to a necessarily incomplete review of the science—the consortium published more
than 200 papers—here we outline the foundational lessons that can now inform future research
directions.

THE modENCODE DATA RESOURCE: MAPS OF CHROMATIN
MARKS, DNA-BINDING PROTEINS, AND TRANSCRIPTION
IN TWO METAZOAN PHYLA

The modENCODE Project generated genomic and epigenomic data sets on a scale unprecedented
in the study of model organisms, including more than 2,000 assays and more than 50 billion
sequenced reads (Figure 2). The genomes of eight drosophilids and one worm species were
assembled to provide evolutionary context for mapped genomic elements. Similarly, the sequences
of 19 cell lines provide an atlas of copy-number and structural variation in many distinct cellular
lineages (83).
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Figure 2
The landscape of modENCODE assays conducted in Drosophila melanogaster and Caenorhabditis elegans.
Colors correspond to heat map intensities illustrating the type and number of biological samples assayed.
Individual biological and technical replicates have been collapsed and counted as a single sample. When
microarray and sequencing readouts existed for the same experiment, only the sequencing-based assay was
counted. In total, 680 distinct assays were conducted in D. melanogaster, and 514 were conducted in
C. elegans. Individual boxes coradial with the developmental stage labels correspond to time points, cell lines
(outlined in red ), or environmental perturbations (outlined in green). The entire modENCODE data set is
available for analysis in the Amazon compute cloud (http://www.modencode.org), and individual data sets
can be found at the Sequence Read Archive (http://www.ncbi.nlm.nih.gov/sra). Note that additional assays
were conducted in other species of both flies and worms. Abbreviations: RNA-seq, RNA sequencing; TF,
transcription factor.
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COMMON PATTERNS OF CHROMATIN MODIFICATIONS
ACROSS METAZOANS

Chromatin immunoprecipitation–on–chip (ChIP-chip) and chromatin immunoprecipitation se-
quencing (ChIP-seq) experiments were conducted for 34 chromatin modifications in flies and 35
in worms, in many cases at multiple developmental stages and in flies in three cell lines. Combina-
torial patterns of histone marks were recovered in both species, many with a striking resemblance
to those previously reported in humans; marks appear to function in globally similar fashions,
e.g., H3K27me3 is broadly anticorrelated with transcription, and H3K9me marks are generally
associated with repetitive elements (9, 53, 74, 87, 96). Patterns of histone modifications at promot-
ers were highly similar and deeply conserved in all three species and more divergent at enhancer
elements. Notably, human cell lines also show substantial variation in average chromatin state
around enhancer elements, suggesting that these marks may themselves be subject to additional
epigenetic context, possibly including higher-order interactions between marks at the same nu-
cleosome. A few such interactions have been examined in detail—for example, histone H4R3me2
is weakly repressive via the recruitment of DMNT3A and subsequent DNA methylation (139) but
can become strongly activating via the recruitment of acetyltransferase to H3 and H4 lysines (68).

Additionally, modENCODE demonstrated several strong cell-type-specific associations with
various histone deacetylase proteins (53, 96). Genome-wide averages may be expected to show
cell-type-specific behavior as a consequence of the expressed complement of other chromatin-
modifying proteins and complexes. The global similarity of average patterns of chromatin mod-
ifications at promoters and enhancers across 600 million years of evolutionary divergence—
comparing human cell lines with, in the case of C. elegans, whole-animal ChIP experiments—is
striking, and indicates that although considerable combinatorial complexities may remain to be
discovered in metazoan chromatin regulation, the main effects of individual marks are sufficiently
strong to inform our understanding of genome organization.

A particularly compelling example of this comes from the observation that combinations of
chromatin marks that appear to be punctate and consistent over only very short, linear chromo-
somal segments reveal dramatically larger structural domains when visualized as planar, space-
filling curves called Hilbert curves (74). This space-filling organization is consistent with patterns
revealed by genome-wide three-dimensional structural profiling, including the hypothesis that
chromosomes are organized into fractal globules (a broader class of curves that can be modeled as
Hamiltonian walks) (86). Chromatin marks are likely established in three-dimensional domains
within the nucleus rather than by enzymes that traverse chromosomes, such as RNA polymerase.

Heterochromatic boundaries are surprisingly plastic across various cell types (113). In C. elegans,
heterochromatic domains are maintained in close association with the nuclear lamina via the
membrane-bound protein LEM-2 (69), and the relationship between laminal proximity and gene
silencing appears to be a general property of metazoan cells (6). Genes embedded in euchromatic
islands within otherwise silenced, usually repeat-rich domains are often highly expressed (69, 112),
and in flies, on chromosome 4, they may be regulated via a novel mechanism specific to repeat-rich
regions (112).

Chromatin signatures of ORs were also identified (42). Early-firing ORs were strongly
associated with activating chromatin marks [e.g., H3K4me, H3K18 acetylation (H3K18ac), and
H3K27ac] and late-firing ORs with repressive marks (e.g., H3K9me2 and H3K9me3). No single
mark was predictive of replication timing, but joint analysis of many marks enabled significant
prediction accuracy, consistent with the view that combinatorial epigenetic states are necessary
to specify and coordinate replication timing (42). Analysis across three fly cell lines—S2, KC157
(embryonic), and BG3 (neuronal)—confirmed that these patterns are broadly consistent across
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disparate cell states. Some cell-type-specific quantitative variation was observed, indicating that
the local chromatin environment may function as a rheostat to tune replication timing (42).
Furthermore, in flies, RNA interference (RNAi) depletion of geminin results in preferential
rereplication of heterochromatic but not euchromatic sequences owing to the formation of
pre-replication complexes (pre-RCs) outside of G1 phase (35), suggesting that pre-RC assembly
is also subject to context-specific controls. These results are broadly similar to those of the
ENCODE Consortium for human cell lines, and may point toward general metazoan mechanisms
of coordination for DNA replication timing and initiation (12).

ORGANIZATIONAL FEATURES OF REGULATORY FACTOR
BINDING SITES

The modENCODE Consortium surveyed TFs (2, 14, 53, 98) and identified several high-
occupancy target (HOT) regions. These genomic elements are bound by a large number of
TFs—in some cases nearly every factor assayed (53, 96)—and are associated with highly expressed,
essential genes (53, 96). In both C. elegans and mammals, the most extreme HOT regions corre-
spond to nonmethylated CpG-dense promoters, where CXXC finger protein 1 recruits SETD1A
methyltransferase for H3K4me3 (23). Attempts to identify pairs of TFs with more proximal bind-
ing sites than would be expected at random (coassociation analysis, e.g., as in Reference 9) were
confounded by the inclusion of HOT regions, and these were excluded in most analyses (53, 96).
HOT regions had been previously identified in both flies (97) and humans (e.g., 9), but their status
as functional elements remains unclear. In the Drosophila blastoderm, many canonical enhancer
elements, such as the eve stripe 2 enhancer, are clearly HOTs by the modENCODE definition
(90). Analysis of the quantitative binding profiles of 21 TFs in the early embryo via a transgenic
enhancer assay revealed that the majority of the HOT elements tested are functional (49).

Are regions of apparently universally (or at least broadly) open chromatin merely incidentally
bound? At these regions, are ChIP experiments merely providing a readout of the chromatin
state, not unlike a DNase experiment? Because these TFs are present in tens of thousands to
millions of molecules per cell and most TFs are bound to chromatin most of the time (reviewed
in 10), both seem plausible. This is also consistent with the ENCODE Consortium’s observation
that transcription levels can be predicted with surprising accuracy from ChIP-seq data using
small TF cohorts (9, 40), and this predictive power is comparable to that obtained from DNase
sequencing (DNase-seq) and histone modification data (9). In all three species, randomly selected
cohorts of factors provide powerful predictive accuracy, presumably ruling out a strong causal
linkage between any given small set and the accurately predicted genes (14). This observation
underscores the challenges ahead if we are to identify functional, quantitative gene-regulatory
networks from genome-wide data sets. The masking of HOT regions made it possible to identify
several compelling potential regulatory actions [e.g., CREBA as a cell-type-specific activator in flies
(53, 96) and PHA-4 as a master regulator of starvation response in worms (140)], but validation
assays are needed to confirm functional elements and relationships [e.g., cobinding regions of EN
and GRO to the DMX enhancer of distalless (53, 96)] and to elucidate their dynamics.

HOT regions may correspond to artifacts in the ChIP protocol, and this possibility has been
assessed in yeast (106, 125) and more recently in flies (73). A modified ChIP approach called
ORGANIC (occupied regions of genomes from affinity-purified naturally isolated chromatin)
involves affinity purification of micrococcal nuclease-digested non-cross-linked chromatin. From
such studies, much of the correlation between imputed TF binding sites and open chromatin
disappears. Developing parallel assays to detect TF binding sites genome-wide is of considerable
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interest. If ORGANIC or a similar assay is widely adopted, it will be interesting to revisit the
concept of high-occupancy genomic regions.

Coassociation analyses were performed to identify TFs with similar or overlapping binding
profiles. Statistically significant overlap is often taken to suggest related or interdependent reg-
ulatory functions or pathways. Negre et al. (98) analyzed ChIP data for 38 site-specific TFs and
identified dozens of significant pairwise interactions. It is known that TFs tend to bind overlap-
ping genomic regions more often than would be expected under random binding models (12).
However, Negre et al. (98) found that for some pairs of factors, the degree of coassociation is
negative: They overlap much less than would be expected at random. Positive coassociation may
often be attributable to correlation dependent on or induced by chromatin structure, but for-
mulating similarly incidental explanations for negative associations seems less likely. The most
strongly negatively associated pairs included factors with antagonistic roles in early development.

Challenges associated with interpreting ChIP-seq data in whole-organism experiments are
further exacerbated by the inhomogeneity of cell populations. Even early embryos contain many
cell types with distinctive TF and cofactor binding patterns. In C. elegans, two studies explored
the tissue specificity of detected TF binding sites (2, 129). Araya et al. (2) analyzed 241 ChIP-seq
experiments corresponding to 92 target regulatory factors [TFs, RNA polymerase II (Pol II), and
chromatin-binding proteins]. For 36 of their 92 factors, they used imaging data (13 embryo, 23
larval) to generate a single-cell-resolution time-resolved gene expression map. They found that
many pairs of factors with statistically significant coassociations were not expressed in the same
cells or even the same tissues as their putative interaction partners, indicating that chromatin
structure is similar across broad ranges of cells and tissues. This supports the idea that relatively
few TFs serve as “pioneer” chromatin remodelers.

Insulator proteins bind to thousands of genomic sites and are believed to block enhancers.
However, when tested in a transgenic enhancer-blocking reporter assay, the majority of elements
do not appear to show significant insulator activity (98, 101). Furthermore, binding sites do not
preferentially fall between active and silent genes (99, 119). Groups of insulator sites are enriched
at the boundaries of H3K27me3 regions (98, 101), although only a small subset of Polycomb
targets are included in the bound regions. RNAi knockdown validation assays in cell lines failed
to reveal global alterations in gene expression (99, 119); only a few dozen genes (∼0.2%) were
differentially expressed in these perturbed backgrounds. Additionally, the ultraconserved DNA-
binding protein CTCF, present in drosophilids and mammals, shows surprisingly rapid evolution
of individual binding sites, with a divergence of genome-wide binding profiles in drosophilids
of ∼2.22% per million years. Most binding sites of insulator-associated proteins apparently do
not function as classical insulators (99, 119). It may be that insulators, like TFs (10), have strong
effects at only a small set of target genomic loci, despite being bound prolifically to thousands of
sites in genomes (99, 119). The idea that insulator proteins act as master actuators of chromatin
organization may be outmoded—an insight that could eventually help to elucidate the mechanism
of CTCF loss in some of the nematode lineage (61).

DIVERSITY AND DYNAMICS OF METAZOAN TRANSCRIPTOMES

Extensive poly(A)+ RNA sequencing (RNA-seq) was conducted in both worms and flies. Data
production began with microarrays, but by the end of the first project year it had migrated to
next-generation sequencing because this technology provides richer information than microarrays
alone. In worms, a developmental time course was sequenced with an unstranded protocol (64),
including 15-min resolution across embryogenesis. Analogous data were produced in flies (27, 57),
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which also included matched poly(A)+ and total RNA sequencing in an embryonic time course
with 2-h resolution (17).

Transcript Structure

The modENCODE Consortium identified hundreds of new genes and more than 100,000 new
transcripts. RNA-seq in tissue samples and developmentally staged animals revealed that the
vast majority of newly discovered transcribed elements are conserved and expressed in other
drosophilids, suggesting evolutionary conservation (25). Unprecedented diversity in polyadeny-
lation site selection was discovered for hundreds of genes (121). Several distal polyadenylation
sites resulted in 3′ UTRs longer than 10 kb, and these were uniquely expressed in the nervous
system. The transcription of these isoforms requires the bypassing of canonical polyadenylation
signals. Parallel efforts found that the RNA-binding factor ELAV, encoded by the gene embryonic
lethal abnormal vision (elav), is required for at least several neural-specific 3′ UTR extensions (63).
Long 3′ UTRs have not yet been detected in C. elegans, but they have been found extensively
in mammalian neural tissue, particularly brain tissue (94). Mammalian 3′ UTR extensions are
of similar length to those in Drosophila, ranging in size from 10 to 20 kb. It has been suggested
that these extensions may serve to incorporate additional microRNA (miRNA) binding sites
to modulate posttranscriptional regulation of the parent gene. HITS-CLIP (high-throughput
sequencing of RNA isolated by cross-linking immunoprecipitation) data for Argonaut (AGO)
shows some enrichment around miRNA seed matches near distal polyadenylation sites (94).
Although these findings are suggestive, distinct biological roles have yet to be demonstrated.
Work in worms has focused on whole-animal sequencing, and has found diverse patterns of
alternative polyadenylation site selection throughout development and, remarkably, that 3′ UTRs
systematically shorten with animal age, particularly toward the end of the life span (91).

Full-length transcripts were modeled using RNA sequencing data. In worms, this was facilitated
by the integrative analysis of reads that cross splice-leader sequences, reads that cross polyadeny-
lation sites, and all the reads that fall in between (64). In Drosophila, in addition to RNA-seq, cap
analysis of gene expression (CAGE) data were collected to demarcate 5′ ends (13, 67). Gerstein
et al. (54) identified a surprising transcriptional diversity in both organisms, with some genes
expressing dozens of transcripts. Flies have dramatically more single-isoform genes than worms
(42% versus 36%) but also more genes with exceptionally complex transcript structures (17, 54).
In mammals, an estimated 95% of genes produce multiple transcript isoforms (37, 105, 130), but
no ultracomplex genes [such as Down syndrome cell adhesion molecule 1 (Dscam1) (e.g., 95)] have
yet been identified. The computational procedure applied to the inference of the fly transcrip-
tome, the General RNA Integration Tool (GRIT) (13; http://grit-bio.org), was amenable to
the detection of ultracomplex splicing patterns. The set of genes with evidence of ultracomplex
splicing was small: 47 genes have the capacity to encode >1,000 transcript isoforms, and these
account for 50% of all transcripts detected (17). The majority of isoforms for these complex
genes were detected in RNA samples from the developing embryo. The Drosophila in situ im-
age collection (http://fruitfly.org) was used to study the localization of transcripts from these
genes. The majority were detectably expressed exclusively in neural tissue. Only 10% of all fly
genes are exclusively expressed in the embryonic nervous system, constituting a highly statistically
significant enrichment (17). Furthermore, approximately half have long, neural-specific 3′ UTR
extensions (94). Many also undergo RNA editing, and a remarkable ten ultracomplex genes are
neural specific during early embryogenesis, have long 3′ UTR extensions, and undergo RNA edit-
ing. Ultracomplex RNA processing therefore seems to be largely a property of the developing
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nervous system. Understanding the origins of this complexity—which is likely associated with
neural-specific RNA-binding proteins—constitutes an intriguing avenue for future work.

More than 1,200 novel genes were identified in Drosophila. We discuss the new genes in detail
below, as part of our larger discussion on long noncoding RNAs (lncRNAs), as most were of
this class. New protein-coding genes were limited largely to those encoding male-specific short
polypeptides specific to the accessory gland, testes, or both, and likely correspond to rapidly
evolving seminal fluid genes (48). The fly data set also included 21 environmental perturbations,
including heavy metal poisoning, heat and cold shock, ethanol consumption, and herbicide expo-
sure (17). These data sets revealed new lncRNAs and nearly 1,000 splice variants of known genes,
indicating that alternative splicing may play a larger role in stress response and environmental
adaptation than was previously appreciated.

Transcription and Chromatin

RNA and chromatin data enabled the interrogation of several long-standing phylum-specific
phenomena, such as genome-wide profiling of trans-splicing in worms (1), and revealed a catalog
of apparently pan-metazoan aspects of transcriptome organization and dynamics. Chromatin
marks near promoters are predictive of steady-state levels of mRNA (as measured by RNA-seq),
and most marks have qualitatively similar average profiles around promoters. A machine learning
model fit to any one species predicts reasonably well in each of the others (average ∼15% drop
in r2, from ∼0.80 to ∼0.68) (54), suggesting quantitative preservation of the biological impact of
chromatin modifications on transcription across phyla. Performance tends to be worse in worms,
but this is likely because trans-splicing of the splice-leader sequence obscures the locations of
promoters, and for the 70% of genes for which transcripts are trans-spliced, the mapping of
chromatin data to presumed promoters is less accurate. Nonetheless, this is particularly notable
because the ENCODE and modENCODE consortia collected these data in humans from a few
transformed cell lines, in worms predominantly from whole animals, and in flies from both. Thus,
not only do chromatin marks affect the transcriptional landscape of various phyla in quantitatively
similar ways, but this is also likely to be true across cell types within each species. This observation
has interesting implications for the potential complexity and function of a combinatorial chro-
matin code (31, 46); human cells, for instance, have a large complement of histone modification
enzymes (∼150) and more than 100 types of distinct sites of posttranslational modification (76),
but the joint contribution of the marks assayed so far can explain more than 80% of the variance in
steady-state transcript levels. We note, however, that even with 80% of the variance explained, the
standard error of prediction is still on the order of a log (40). Rather than acting as binary switches,
much of the chromatin code may exist for the fine-tuning of rates and accessibility (reviewed in
109).

One of the most striking relationships between transcription and chromatin was found in
C. elegans, where Kolasinska-Zwierz et al. (78) first showed that H3K36me3 selectively demarcates
exons and not introns. This phenomenon is so striking that a ChIP signal displayed in a genome
browser instance can be, at first glance, mistaken for RNA-seq. The exon painting structure of this
mark is conserved across all metazoans surveyed, including flies, humans, and mice. This initial
study was remarkable because it constituted a clear instance of feedback in transcript processing.
This chromatin mark was used to accurately predict alternative splicing events (120, 141)—it is not
just a static mark over constitutively transcribed exons. The complete cohort of enzymes involved
in reading, writing, and erasing this mark, as well as the cofactors that recruit these enzymes,
remains incomplete (e.g., 30; for a review, see 15) and continues to be an exciting area of inquiry
opened by non-hypothesis-based genomics in model organisms.
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Studies in worms revealed that H3K36me3 is associated with exons of genes in the embryo that
were highly transcribed in the female germline, indicating a possible role for this chromatin mark
in epigenetic inheritance (110). In humans, methyltransferases that set down this mark are linked
to oncogenesis and developmental disorders (100, 118), but the biological roles and targets are
unknown. In C. elegans, one orthologous enzyme, MES-4, is maternally deposited and is required
in germ cells and for normal embryogenesis. It is one of at least two enzymes responsible for this
mark in this species (the other being MET-1). Remarkably, Rechtsteiner et al. (110) showed that,
unlike MET-1, MES-4 associates with maternally transcribed genes even in the absence of Pol II.
MES-4 association is maintained at genes transcribed in the germline that are zygotically silent,
and many zygotically transcribed genes are not bound by MES-4. In the embryo, the enzyme
appears to associate only with genes that have preexisting, maternal H3K36 marks. Altogether,
this suggests that MES-4 specifically transmits the memory of maternal transcription, rather than
the incidence of Pol II association as is true with other H3K36 methyltransferases. Embryos from
mes-4 knockout mothers die rapidly, and somatic cells express germline-specific genes. Given the
known role of H3K36me3 in splicing regulation and determination, this lethality may be due to
genome-wide splicing dysregulation and may have important somatic as well as germline effects.

Chromatin marks acting as mediators of epigenetic inheritance is an intriguing concept, partic-
ularly in light of the extremely rapid turnover of individual histones compared with the timescale
of cell division (33). Dodd et al. (39) have pointed out that the turnover of individual nucleo-
somes may be slow compared with the spreading or copying of marks. Multiple marks have now
been assayed on single histones (21), and highly consistent patterns have been detected. Not only
are individual modifications sustained despite rapid nucleosome turnover, but divalent marks are
maintained (21)—a condition that requires the coordination of multiple enzymes. The complex-
ity of chromatin structure revealed by surveying multiple marks indicates that likely higher-order
valence is also consistently maintained (74). Rapid turnover of individual histones apparently is
no barrier to the transmission of epigenetic information across cell divisions, and by extension,
potentially, across generations.

Trans-Splicing

Chen et al. (22) made progress on mapping genome-wide transcription start sites in C. elegans,
where ubiquitous trans-splicing of the SL1 leader obscures the 5′ end of most primary transcripts
(1). Capped RNAs were purified in two populations [short (20–100 nucleotides) and long (>200
nucleotides)] and sequenced, and these resolved more than 70,000 clusters demarcating frequent
Pol II initiation sites. Because the authors used a strand-preserving sequencing protocol, they were
able to identify the direction of transcription. Ubiquitous bidirectional transcription initiation
originated from the transcription start sites of protein-coding genes in the short-RNA fraction,
as has been observed in Drosophila, mammals, yeast, and other eukaryotes (70). The strength of
the antisense signal was ∼50% that of the sense signal, comparable to what has been observed in
human cell lines, whereas in Drosophila bidirectional transcription is at least tenfold weaker (65). A
remarkable finding was the representation of enhancer RNAs among regions exhibiting bidirec-
tional transcription. The majority of clusters correspond to gene-proximal enhancers. Chen et al.
(22) analyzed the overlap of short-RNA transcription start sites with 22 ChIP-derived TF maps
(53) and found that a majority of binding sites (excluding HOT regions) exhibited bidirectional
transcription. The long-RNA fraction revealed a fundamentally different story: As with canon-
ical promoters, transcription elongation was primarily unidirectional. For 90% of transcribed
enhancers, elongation was in the same orientation as the downstream gene. To the best of our
knowledge, this finding has not been reported in another metazoan system. The authors suggested
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that these long transcribed enhancers may serve as alternative promoters for downstream genes
or may provide Pol II loading sites on canonical promoters. Additional studies are needed to
understand the three-dimensional structure of chromatin at these loci and to determine whether
long enhancer transcripts have a direct or indirect biological function.

Whereas trans-splicing is the norm in worms, it is comparatively rare in Drosophila. Two well-
studied trans-spliced genes are longitudinals lacking (lola) and modifier of mdg4 [mod(mdg4)]. The
constitutive exons of mod(mdg4) are encoded on one strand, and nine alternatively spliced exons are
encoded on the opposite strand (41). The exons of lola are encoded on the same strand, but the 3′

last exon is frequently assembled in the mature mRNA by trans-splicing, sometimes between sister
chromatids (66). Trans-splicing may be more frequent in metazoans, including vertebrates, than
was previously appreciated (56). McManus et al. (92) found 80 genes in Drosophila that undergo
interallelic trans-splicing. If most trans-splicing is within rather than between alleles, it may remain
an underappreciated source of complexity in metazoan transcriptomes.

Revisiting Phylotypic Transcriptional Patterns

Because the modENCODE Consortium conducted RNA-seq in developmental time courses, it
was possible to study transcriptional regulation dynamically, during embryogenesis (72). Gerstein
et al. (54) identified clusters of orthologous genes with similar developmental expression patterns
between the two phyla. Analysis of genes highly specific to particular developmental periods in
flies and worms led to the identification of several groups of orthologs expressed in correlated
developmental patterns between the species (85). These sets of genes obey the phylotypic pattern,
with canalized expression during a portion of embryogenesis (54). Additionally, these clusters can
be used to align the developmental time courses of flies and worms, revealing broad similarity
in the patterns of embryonic gene regulation across the development of these two distant phyla.
Which tissues or cell types within the animals drive the clustering remains unclear.

Small RNAs

The organization of small RNAs differs dramatically among mammals, worms, and flies. In worms,
for instance, transcripts of piwi-interacting RNAs (piRNAs) initiate from more than 15,000 inde-
pendent promoters that each give rise to a short transcript (11, 116), the so-called U21 RNAs; in
mammals and flies, by contrast, most piRNAs are processed from transposable elements (TEs),
lncRNAs, and the transcripts of protein-coding genes, particularly 3′ UTRs and introns. In flies, a
large (5 kb) TE of the Gypsy family (DM412) exists as a recent insertion in an intron of the
3′ UTR of Rho GTPase activating protein at 18B (RhoGAP18B). This TE gives rise to thou-
sands of distinct piRNAs distributed throughout the length of the insertion (82). Indeed, the
modENCODE Consortium compared piRNAs encoded outside of TEs, lncRNAs, or mRNAs in
humans, flies, and worms and found 88 loci in humans, 27 in flies, and 35,329 in worms (54). Hence,
the biogenesis of these RNAs is fundamentally different in nematodes than in other deuterostomes.

Like piRNAs, endogenous small interfering RNAs (endo-siRNAs) have been implicated in
AGO-dependent RNA silencing, principally in the soma (55). In flies, more than 300 regions
of endogenous antisense transcription that give rise to endo-siRNAs (non-TE derived) were
identified, and these are expressed at more than 100-fold-higher average levels in the male gonad
compared with other tissues (17, 132). In C. elegans, these observations were extended to a class
of endo-siRNAs called 26G RNAs (they are 26 nucleotides long, and the first base is a guanine),
which were characterized as germline-specific small RNAs (60) (see also sidebar, Functional
Characterization of a New Class of Small RNAs). The levels of many 26G RNAs are highly
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FUNCTIONAL CHARACTERIZATION OF A NEW CLASS OF SMALL RNAs

26G RNAs fall into two expression classes: male germline (class I) and female germline (class II) (60). Biogenesis
requires the ERI-1 exonuclease as well as the RNA-dependent RNA polymerase RRF-3. The targets of class I 26G
RNAs are silenced during spermatogenesis; class II targets are silenced throughout development. The AGO protein
encoded by ergo-1 is required for the expression of class II RNAs. A double knockout of the AGO paralogs T22B3.2
and ZK757.3 was required to silence class I expression. Hence, the sorting of these RNAs into RNA-induced
silencing complex (RISC) machinery is cell-type dependent, as are their regulatory targets. Phenotypes associated
with the loss of these AGO proteins include sterility and temperature-sensitive sterility. The role of siRNAs in
spermatogenesis is clearly substantial (52), but do paternal small RNAs have other functions? Do male germline
RNAs transmit epigenetic memory? In mice, paternally inherited stress-induced phenotypes have been identified,
and small RNAs isolated from sperm can phenocopy these when injected into an egg fertilized by a healthy male
(51). There appears to be a direct interaction between chromatin state and endo-siRNAs (58). Could it be that
paternally deposited small RNAs serve to transmit memory of chromatin state (135)?

dynamic in the early embryo, suggesting functional importance for the initiation of zygotic
transcription (122).

TE-derived endo-siRNAs are produced at substantial levels in the ovaries. For instance, the
coding sequence of AGO2 includes a short tandem repeat that produces siRNAs at more than
50-fold-higher levels in ovaries than in testes and at 100-fold-higher levels than in heads. The
core siRNA-loading factor, r2d2, which sorts DCR-1 and DCR-2 short-RNA products to the
appropriate AGO effector (103), generates substantial levels of siRNA on both strands in most
cell lines and tissues surveyed, and expression is at similar levels across the tissues (132). Several
components of the RNA-induced silencing complex (RISC) may be targets of autoregulation,
particularly in the ovaries. This is not surprising, as a functioning piRNA pathway is essential for
the division of both the somatic and germline stem cells of the fly ovary (77). A natural hypothesis is
that autoregulation in the ovaries is required to maintain tight control of TE expression that could
otherwise threaten genome integrity. Indeed, TE-derived small RNAs are expressed at higher
levels in the ovaries than in any other tissue. Cell lines express these too: Whereas gene-derived
endo-siRNAs are absent in many immortalized fly cell lines, TE-siRNAs are present in larger
quantities than in most fly tissues (132), with only the ovaries at similar levels. Most immortalized
cell lines are derived from mid- to late-embryonic tissues, which do not exhibit endogenous
expression of TE-siRNAs at high levels. It is intriguing to speculate that immortalized cell lines
and germline stem cells may face similar challenges with respect to genome integrity—with similar
adaptive solutions.

Cell lines derived from somatic ovarian stem cells in Drosophila include a functioning primary
piRNA pathway but lack a secondary “ping-pong” pathway, where piRNAs are reciprocally am-
plified from both sense and antisense transcripts (82). A signature of ping-pong activity is the
presence of piRNAs that overlap by exactly 10 nucleotides. The precision of this overlap is due
to the mechanics of the interaction between AGO3 and Slicer that gives rise to these piRNAs.
Short-RNA sequencing of cocultures of germline and somatic ovarian stem cells revealed this
signature of an active ping-pong pathway—the first time this has been observed in a cultured
Drosophila cell line (82). The modENCODE Consortium did not set out to identify new in vitro
models for the female germline; rather, this discovery was an opportunistic dividend of the search
for transcribed elements in short-RNA fractions.
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It is also notable that TE-siRNAs are almost completely absent in samples enriched for the
central nervous system. Given recent findings of widespread somatic retrotransposition in human
neural tissue (5), the lack of a TE-siRNA signal in fly neural tissue suggests that a similar mechanism
may be in play, or, rather, that TE transposition may be a conserved property of neural tissues.
Whether this phenomenon has a biological impact or is simply tolerable in neurons remains to be
seen (111).

The consortium also studied miRNAs. The Drosophila genome encodes ∼234 miRNAs, a lim-
ited number of which were discovered during the course of the modENCODE Project (117, 132).
Many miRNAs are processed from UTRs and coding sequence of mRNAs (8). Other miRNAs
originate from long (∼8 kb), unspliced, nonpolyadenylated transcripts called primary miRNAs
(pri-miRNAs) (57). Pre-miRNAs are found in humans and nematodes but have very different
structures: They are substantially shorter in worms (∼0.37 kb) than in flies (7.4 kb), and those
of humans are even longer (>20 kb on average) (54). Other miRNAs are spliced and processed
from the introns of primary transcripts. These are called mirtrons, and they bypass Drosha pro-
cessing (28, 102, 115). Mirtrons first described in modENCODE have now been identified in
mammals, including humans (80). The processing of miRNAs from mirtrons includes trimming
and 3′ untemplated monouridylation (133). Although mirtrons exist in nematodes, insects, and
vertebrates, most of these are specific to a particular lineage and are poorly conserved even be-
tween related species (7). This is a stark contrast to the slow evolution and deep conservation
of Drosha-dependent pri-miRNAs, and could indicate that mirtrons tend to serve fundamentally
distinct regulatory roles. Evidence suggests that mirtron-encoded miRNAs may have important
and distinct functions in postmitotic neurons in mammals (4).

The structure and function of short RNAs are among the most highly conserved properties of
metazoan genomes (54). However, the primary transcripts from which they are processed differ
profoundly, from the unusual structure of piRNA transcription in worms to the long pri-miRNAs
in flies and humans.

Long Noncoding RNAs

The eukaryotic genome is dynamically transcribed into different RNA families, most of which
do not code for proteins. Long-RNA species lacking open reading frames (ORFs) longer than
100 amino acids are generally defined as lncRNAs (47, 114). A complete lncRNA map in highly
tractable invertebrate models provides the means to rapidly elucidate the diverse functional classes
of these molecules. Expression analyses have demonstrated that lncRNAs are differentially ex-
pressed during differentiation and development (37) and between cell types and cellular systems
(26, 36, 93). Specific spatiotemporal patterns of lncRNA expression indicate that they may fine-
tune early cell fate choices (20, 59). Some lncRNAs exhibit sequence complementarity and, by
virtue of their ability to base pair with other RNAs, act as highly specific sensors of mRNA,
miRNA, and other lncRNA expression. Upon target recognition, they can influence mRNA sta-
bility (79) and regulate translation of complementary mRNAs (e.g., a repressive effect for the
targets of lncRNA-p21) (136).

Young et al. (137) analyzed modENCODE data on Drosophila to generate an initial map of lnc-
RNAs expressed during development. We worked in parallel to build gene models that included,
in addition to the developmental time course, our body map of fly tissues and the environmental
perturbations. In addition to using the standard definition of a noncoding RNA (no open reading
frame longer than 100 amino acids), we required that the RNA include no open reading frames
with known conserved protein domains and no conserved open reading frames longer than 20
amino acids. We discovered 1,875 Drosophila lncRNAs, most with highly localized expression
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patterns. The majority of lncRNAs are expressed at one or a few developmental time points, and
many are expressed in only a few tissues. More than 30% of lncRNAs have peak expression in
the testes, and nearly 7% are expressed exclusively in the adult male gonad. Remarkably, every
environmental perturbation experiment revealed lncRNAs as among the genome-wide most
significant responders to stress, with some being induced or repressed hundreds of fold. What
these transcripts do remains to be determined. None of the stress-responsive lncRNAs have
a previously reported phenotype, but interestingly, 36 newly discovered lncRNAs do overlap
molecularly defined mutations with associated phenotypes (17). However, most of these are likely
regulatory alleles of nearby protein-coding genes. Is the RNA only an incidental by-product
of a highly active enhancer? Would an RNAi knockdown of these transcripts reproduce the
phenotype? Foundational cis/trans assays and some well-designed CRISPR/RNAi experiments are
needed to assess these possibilities and uncover the biological functions of the many lncRNAs in
Drosophila.

One particularly interesting class of lncRNAs is those that are antisense to protein-coding
genes. We identified 402 antisense lncRNAs in Drosophila. The majority of these have peak
expression in the male gonad. To our surprise, we found statistically significant enrichment for
testes-specific antisense lncRNAs in humans (using the unpublished Illumina Body Map 2.0 data
set). Genes with antisense transcripts in the fly and human male gonads include monocarboxylate
transporter 1 [Mct1, human ortholog solute carrier family 16, monocarboxylic acid transporter 12
(SLC16A12)] (Figure 3), even skipped (eve, human ortholog EVX1), and deoxyuridine triphosphatase
(dUTPase, human ortholog DUT ). The term positional equivalence has been used to describe
lncRNAs that overlap orthologous protein-coding genes but lack conserved sequence outside the
antisense region (45). To the best of our knowledge, this was the first observation of positional
equivalence between species as distantly related as flies and humans. Seven genes in Drosophila
are reciprocally transcribed, like dUTPase and modENCODE gene 9994 (Mgn9994), where the
sense and antisense transcripts share boundaries (5′-3′ and 3′-5′). Generally, both strands are
transcribed at approximately equal levels. In worms, a natural explanation for such loci would
be RNA-dependent reverse transcription, but no such enzymes exist endogenously in flies.
These also do not appear to be a library preparation artifact, because they were captured in
several libraries and in both biological replicates within each library. Expression in tissue samples
does not ensure expression in the same cells, nor does expression in the same cell ensure that
transcripts are present together at the same time. The majority of these antisense loci do not give
rise to significant levels of endo-siRNAs, and hence these sense and antisense transcripts may not
co-occur. Additional single-cell and time-resolved studies will be needed to elucidate the roles
of these transcripts in the male gonad. Unfortunately, we were not able to conduct these studies
in worms during the consortium project period owing to a lack of stranded RNA data—we could
not clearly distinguish which protein-coding genes were transcribed on both strands. The field
of lncRNA biology is rapidly growing, but the coding capacity of lncRNAs remains in question.
Ribosome profiling and subsequent tandem mass spectrometry proteomics studies are needed to
distinguish noncoding RNAs from those that encode short peptides.

DNA Replication and Transcriptional Coupling

In fly cell lines, origins of DNA replication were mapped genome-wide using ChIP-seq (42,
89). In yeast, they are marked by a simple sequence motif, but in flies no such motif has been
identified in vivo or in vitro. However, the application of a support vector machine to k-mer
counts in intervals around OR complexes (ORCs) consistently utilized in three cell lines (two
of embryonic origin and one from the central nervous system) revealed that sequence content
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Chromosome 10 91,195,000 91,200,000 91,205,000 91,210,000 91,215,000 91,220,000 91,225,000 91,230,000 91,235,000 91,240,000 91,245,000 91,250,000

RP11-168O10.6

Adult brain

Adult testes

Adult female heads

Adult male testes

X chromosome 2,089,000 2,090,000 2,091,000 2,092,000 2,093,000 2,094,000 2,095,000 2,096,000 2,097,000 2,098,000 2,099,000

CR43637
CG18031

Mct1

SLC16A12

Human

Fly

Figure 3
Positional equivalence antisense transcription in human and fly testes. The top panel shows human RNA-seq data from Illumina Body
Map 2.0 (http://www.illumina.com/informatics/research/sequencing-data-analysis-management/sequencing-data-library.
html) along with transcript models from GENCODE version 19 (http://www.gencodegenes.org). Transcripts on the minus strand
are in green, and arrows indicate the direction of transcription. Illumina Body Map 2.0 RNA-seq data was unstranded, and here we
impute the strand from two lines of evidence: First, reads that cross canonical splice junctions are assigned strandedness based on
acceptor donor sequences, and second, reads that unambiguously overlap a stranded transcript model are assigned the strand of the
putative parent transcript. The bottom panel shows modENCODE RNA-seq data from the Drosophila tissue atlas. These data are
stranded; reads on the minus strand are shown inverted and in a lighter color. In humans, the lncRNA RP11-168010.6 is antisense to
SLC16A12, an ortholog of the Drosophila gene Mct1. In Drosophila, the lncRNA CR43637 is antisense to Mct1. Abbreviations: lncRNA,
long noncoding RNA; Mct1, monocarboxylate transporter 1; RNA-seq, RNA sequencing; SLC16A12, solute carrier family 16,
monocarboxylic acid transporter 12.

is sufficient to accomplish robust distinction of ORC binding sites from background genomic
sequence. There is a sequence component to the establishment of ORCs in metazoans, but it
may be a complex function of the binding motifs of many factors and cofactors. Examination
of the genomic context of ORC binding sites and early-firing ORs revealed that many early-
replicating sites occur in the promoter-proximal regions of highly transcribed genes (42). The
chromatin context of these ORs tells a similar story: They are enriched for activating chromatin
marks and regions of accessible chromatin. Heterochromatic regions tend to be replicated later.
Eaton et al. (42) also found that ChIP data on the ORC were quantitative: Regions with more,
higher-occupancy ORC binding sites tended to be replicated earlier than regions with fewer sites.
Support vector machines trained on primary DNA sequence (local k-mers), TF binding sites,
and chromatin marks provided exceptionally accurate and quantitative predictions of replication
timing. Intriguingly, many predictors from each class appeared to be necessary to achieve high
accuracy, suggesting that a variety of chromatin marks and DNA-binding factors and cofactors
(known and unknown) interact in the determination of ORs and timing of DNA replication.

For the majority of the genome, replication timing is consistent across the modENCODE cell
lines: Early- and late-replicated regions tend to be early and late (respectively) in both embryo- and
nervous-system-derived cells. The small subset of dynamic ORs that are not consistently either
late or early are marked by low ORC binding density in all cell types surveyed (88). This suggests
that regions with static replication timing are determined by the density of ORC binding, which
is likely driven by chromatin accessibility. The timing of dynamic regions may be determined by
the regulation of origin activation rather than origin selection.
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METHODOLOGICAL ADVANCES, BOTTLENECKS,
AND ONGOING CHALLENGES

Integrating RNA Sequence Data Types

The first RNA-seq data sets produced were poly(A)+ RNA-seq. Using only these data, we strug-
gled to model transcripts and quantify their expression. At the time, the numerical optimization
procedure in Cufflinks (128) was unstable, so two runs of the algorithm produced different results
and many genes with zero expression values despite thousands of mapped reads. Running Trinity
or Cufflinks to build gene models resulted mostly in fragments and false gene merges—something
that was obvious because we could compare imputed models to the Drosophila cDNA collection
(http://fruitfly.org), which includes full-length cDNAs for the majority of fly genes. We obtained
CAGE data, which demarcated the 5′ boundaries of transcripts. We used 3′ expressed sequence
tags to obtain polyadenylation site information [and later poly(A) site sequencing (PAS-seq)], and
bringing these three data types together simplified the annotation of inferred transcript struc-
tures: RNA-seq data, particularly intron-spanning (splice-junction) reads, were used to connect
5′-3′ boundaries. The consortium generated a new integration package for the analysis of mul-
tiple RNA sequencing data types—GRIT (13)—that returns transcript models that begin with
a cap and end with a poly(A) tail. This was an important finding of the consortium: Without
5′ and 3′ transcript end information, the connectivity of transcript models is uncertain. Even
in the extensively curated human genome, hundreds, possibly thousands, of annotated lncRNAs
were recently revealed as fragments of 3′ UTRs from upstream protein-coding genes (94). Using
transcript boundary information removed most fragmented and merged models. The resulting
annotation was not perfect—it still required some manual curation to correct missed poly(A) sites,
poorly mapped junctions, and other errors—but it was a dramatic improvement over the products
of other tools.

However, a serious challenge remains: GRIT requires splice junctions, which are derived from
reads spanning spliced introns and crossing exon-exon boundaries. Many algorithms have been
developed to perform the gapped alignments required to identify and map these reads, including
TopHat (127), STAR (Spliced Transcripts Alignment to a Reference) (38), and MAQ (Mapping
and Assembly with Quality) (84). Although these algorithms are remarkable in many ways, they
all generate false positives and false negatives. We used auxiliary statistics based on the density of
5′ read mapping locations relative to the splice junction to filter false positives. In modENCODE,
two tools were constructed to compute a variety of quality control metrics for mapped splice
junctions (16, 123) and conduct differential expression analysis at the level of splicing events. Both
tools are useful for the analysis of splice-junction reliability and the quantification of splicing
events, but additional work remains: False negatives have not yet been sufficiently addressed, and
more rigorous statistical and machine learning methods may improve overall accuracy.

The Design and Analysis of ChIP-Seq Experiments and the Mapping
of Chromatin Structure

The modENCODE Consortium constructed experimental designs and methods for the analysis
of the ChIP-seq assay (71, 75, 81, 107). In particular, the SPP peak caller was built for the
identification of narrow peaks (75), and sequencing depth standards were developed based on
statistical analyses of ultradeep sequencing experiments (71). Several novel assays were developed
to interrogate chromatin structure, map the epigenome, sequence nascent RNA transcripts, and
target assays to particular cell populations isolated from animals or complex tissues. These have

www.annualreviews.org • Lessons from modENCODE 45

A
nn

u.
 R

ev
. G

en
om

. H
um

. G
en

et
. 2

01
5.

16
:3

1-
53

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
B

er
ke

le
y 

on
 0

9/
13

/1
8.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 

http://fruitfly.org


GG16CH02-Celniker ARI 9 July 2015 7:1

recently been reviewed in detail (138), so here we add only that the modENCODE Consortium,
particularly the Henikoff laboratory, opened the door to single-base-resolution mapping of the
epigenome (62), and many of these techniques have now been applied to studies in humans,
especially for the elucidation of noncoding variation in human populations (131). Because these
assays were developed in highly tractable model systems, validation by genetic methods was readily
accessible and data interpretation was rapidly refined.

Some Additional Challenges

Each group within the consortium confronted and overcame a variety of challenges. All groups
transitioned from microarrays to sequencing starting in the second year of the project. The com-
putational groups developed methods for integrating and jointly analyzing data types on different
scales and resolutions. For the chromatin and regulation groups, antibody quality was a serious
challenge. Many of the commercial antibodies raised to specific histone marks cross-reacted with
one another and did not have the expected specificity (43). For TF ChIP, high-quality antibody
production became rate limiting, and a tagged-TF strategy was adopted. Extensive work was
needed to develop generalizable quality control and analysis procedures (24, 81). In flies, several
ChIP-seq libraries were constructed using a telomerase-based approach to simultaneously frag-
ment and amplify DNA, enabling much lower concentrations of starting chromatin and therefore
fewer cells and improved automation. Although this pipeline works extremely well for interrogat-
ing chromatin structure (18), in ChIP-seq it frequently failed to produce high-quality data sets
(14). It is important to separate research and development from large-scale data production and
to maintain rapid communication between data producers and data analysts.

For the transcription groups, the lead technologies changed twice: first from arrays to sequenc-
ing, and then from unstranded (57) to stranded RNA-seq. We were an alpha-test group for the
first Illumina stranded RNA-seq kit, which was used to produce nearly half of the fly data (17).
Strand information allowed us to map patterns of antisense transcription, disambiguate nested
genes from retained introns, and more reliably quantify gene expression. Although changing plat-
forms introduced some computational challenges, the additional data were revolutionary for our
understanding of the structure of the fly transcriptome.

LOOKING FORWARD: EMERGING APPLICATIONS AND NEW
MODEL SYSTEMS

If a modENCODE-like project were initiated today in, for instance, Daphnia, zebrafish, Xenopus,
or ecologically important nonmodel organisms (124), an ideal data set would include (a) detailed
RNA profiling data in multiple size fractions and from 5′ and 3′ transcript boundaries, (b) chromatin
accessibility and modification data to demarcate active and poised enhancers and repressed regions
that are not revealed by transcriptional profiling, (c) DNA and RNA methylation data, and
(d ) binding data for both RNA- and DNA-binding factors. New assays, like the assay for
transposase-accessible chromatin sequencing (ATAC-seq) (18), can be used to profile chromatin
structure at an exceptionally low cost, requiring only three hours of lab time and far fewer
cells than previous technologies. In small genomes, self-transcribing active regulatory region
sequencing (STARR-seq) (3) can be used to comprehensively profile enhancer activity in
selected cell types. BruChase-seq can be used to profile dynamic rates of transcription and
transcript degradation and complements the steady-state measurements of standard RNA-seq
(108). In modENCODE, we focused on the regulation of transcriptional initiation; now we
would also include assays targeted to co- or posttranscriptional processing and translation.
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Immunoprecipitation-based strategies are available to profile RNA-protein (29, 126), RNA-RNA
(44), and RNA-DNA interactions (34). Even the proteome is increasingly accessible, with
ribosome profiling strategies and falling mass spectrometry costs. Assays of three-dimensional
chromatin structure and large-scale genome organization are also becoming more practical (32),
and new consortium-scale projects will push the development of these technologies (e.g., 4D
Nucleome; http://commonfund.nih.gov/4Dnucleome/index).

Today, sequencing is 50-fold cheaper than it was at the beginning of the modENCODE
Project. For nonmodel organisms, it is possible to de novo sequence and assemble a metazoan
genome in a matter of weeks and for less than $15,000 (104). Resequencing the Drosophila genome
yielded a nearly error-free, 27-Mb, completely assembled chromosome arm (3L). New technolo-
gies such as CRISPR may soon make it possible to study gene function in systems not amenable
to genetic analysis. Continuous technological innovations have made a broader spectrum of data
types accessible to projects smaller in scale than modENCODE.

Understanding where and when genes are expressed is a prerequisite to organism-level systems
biology. Projects in new model organisms should strive to supplement sequence-level profiling
with imaging. With high-throughput microscope automation on the horizon, it may soon be fea-
sible to compile complete spatial atlases on timescales similar to those of sequencing technologies
(50).

In the future, genome sequencing will likely become a standard part of health care. Some
have predicted that we will soon observe every possible base substitution at every location in
the (reference) human genome. If epistasis is the rule for gene function, rather the exception,
then conclusions based on alleles identified in one genetic background may translate poorly to
others. Generalization of genetic components of disease and disease susceptibility will require a
deep understanding of underlying mechanisms. Early strides toward high-throughput functional
elucidation have been made by screening rare variants from individuals with unsolved Mendelian
disease in model organisms (134). Additionally, it may soon be possible to build realistic in vitro
models of human organs. However, effects on organismal biology, development, and ecology will,
by definition, continue to require nonhuman model systems.

The broad survey conducted by the modENCODE Consortium has opened new areas of
inquiry and has provided a foundation for future in-depth functional studies that will elucidate
the genetic and epigenetic bases of development, disease, and resilience. The bright future of
translational medicine and bioscience is, as it always has been, illuminated by worms, flies, mice,
and many other model organisms.
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