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Mutagenesis of GATA motifs controlling the endoderm regulator elt-2
reveals distinct dominant and secondary cis-regulatory elements
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a b s t r a c t

Cis-regulatory elements (CREs) are crucial links in developmental gene regulatory networks, but in many
cases, it can be difficult to discern whether similar CREs are functionally equivalent. We found that
despite similar conservation and binding capability to upstream activators, different GATA cis-regulatory
motifs within the promoter of the C. elegans endoderm regulator elt-2 play distinctive roles in activating
and modulating gene expression throughout development. We fused wild-type and mutant versions of
the elt-2 promoter to a gfp reporter and inserted these constructs as single copies into the C. elegans
genome. We then counted early embryonic gfp transcripts using single-molecule RNA FISH (smFISH) and
quantified gut GFP fluorescence. We determined that a single primary dominant GATA motif located
527 bp upstream of the elt-2 start codon was necessary for both embryonic activation and later main-
tenance of transcription, while nearby secondary GATA motifs played largely subtle roles in modulating
postembryonic levels of elt-2. Mutation of the primary activating site increased low-level spatiotempo-
rally ectopic stochastic transcription, indicating that this site acts repressively in non-endoderm cells.
Our results reveal that CREs with similar GATA factor binding affinities in close proximity can play very
divergent context-dependent roles in regulating the expression of a developmentally critical gene in vivo.

& 2016 Elsevier Inc. All rights reserved.

1. Introduction

For the nematode C. elegans and its close relatives, early em-
bryonic development is characterized by a tight link between cell
lineage and cell fate that is largely determined by transcriptional
gene regulatory networks (GRNs). Determining how transcription
factors activate their respective targets within a GRN at the cis-
regulatory level is key to understanding how multicellular or-
ganisms develop robustly.

However, understanding cis-regulation has been complicated
by the fact that the vast majority of eukaryotic transcription fac-
tors have very short DNA binding domains, often leading to vastly
more potential cognate binding sites than real functional targets
(Mirny and Wunderlich, 2008). Additionally, individual transcrip-
tion factors can co-occur with one or more paralogous factors from
the same family leading to multiple transcription factors sharing
individual cis-regulatory sites. Although recent years have seen
vast advances in the mapping of transcription factors to their
binding sites though techniques such as ChIP-seq (Gerstein et al.,
2010), such techniques do not necessarily reveal whether bound

sites are functionally equivalent. Many transcription factors are
known to act as both activators and repressors depending on
context.

Low target specificity, gene duplications, and contextual role
switching have the potential to play a role in advancing develop-
mental robustness. During early embryonic development, tran-
scriptional networks must be robust to extrinsic insults as well as
intrinsic variability at the molecular level. Cell divisions need to be
spatially and temporally coordinated in the face of environmental
variability and stochastic fluctuations of key molecules.

The transcriptional regulation of the C. elegans endoderm spe-
cifying gene elt-2 is a good model for studying how cis-regulatory
mechanisms impact developmental robustness. The gene elt-2 is
an essential switch for the endoderm cell fate decision and a
fundamental developmental bottleneck: failure to activate elt-2
results in a lethal absence of endoderm. The major trans-activators
of elt-2 are well characterized and have been demonstrated to
contribute to developmental robustness at the trans-level. END-3,
END-1, and ELT-7 are closely related GATA transcription factors
that redundantly activate elt-2 during early embryonic develop-
ment (Lowry et al., 2009; Raj et al., 2010; Sommermann et al.,
2010; Zhu et al., 1997,, 1998), and ELT-2 maintains its own tran-
scription through larval and adult stages by autoregulation
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(Fukushige et al., 1999) (Fig. 1A). Single null mutants of END-1,
END-3, or ELT-7 are largely viable-with only transient develop-
mental anomalies occurring in end-1 and end-3 single null mu-
tants and a low (5–9%) rate of developmental failure in end-3
mutants (Boeck et al., 2011; Maduro et al., 2005; Sommermann
et al., 2010). A paralogous pair of redundant and nearly identical
GATA factors-med-1,2-also helps to activate end-3 and end-1
(Maduro et al., 2001, 2007). Raj et al. (2010) demonstrated that
particular mutations in the upstream maternal activating factor
skn-1 result in failure to activate med-1,2 and end-3 and highly
variable expression of end-1. Noisy end-1 expression, in turn, leads
to bimodal elt-2 expression states (Raj et al., 2010). The presence of
redundant trans-activating factors effectively buffers the activation
of elt-2 from variability in levels of any single activator.

Despite our good understanding of elt-2’s trans-activators, little
is known about how these trans-activators operate at the cis-reg-
ulatory level. The exact sequences and relative positions of the cis-
regulatory motifs necessary for driving elt-2 expression have not
been determined, nor are there apparent TATA box (GTATAWWAG)
or Sp1 core promoter motifs in the immediate region upstream of
the elt-2 transcriptional start site (TSS) (WormBase release
WS220) (Harris et al., 2010; Saito et al., 2013). Furthermore, we
could not identify any sequence similarities to the known basal
promoter fragment of the pes-10 gene. Based on the fact that all
the known embryonic activators of elt-2 are GATA transcription

factors, we can narrow down the candidate cis-regulatory se-
quences considerably. The �2 kb region upstream of the elt-2 start
codon in C. elegans contains 18 of the consensus GATA factor
binding motif HGATAR, with 13 conserved in sequence and relative
spacing throughout the Elegans supergroup (sequence data from C.
elegans, C. tropicalis , C. brenneri, C. remanei, C. sinica, C. briggsae,
and C. japonica) (Félix et al., 2014; Huang et al., 2014) (Fig. 1C).

This conglomeration of potential GATA factor binding sites in
the elt-2 upstream region suggests several possible ways that
these motifs might interact with the trans-factors END-3, END-1,
ELT-7, and ELT-2 itself to control elt-2 transcriptional activation.
Perhaps many independently dispersed transcription start sites,
driven or aided by GATA factor binding, contribute additively and
redundantly to overall gene expression levels and noise (Juven-
Gershon and Kadonaga, 2010). Under this dispersed promoter
scenario, mutation of single HGATAR motifs might be expected to
reduce transcription activation proportionate to the number of
motifs mutated (Davidson, 2001; Flores et al., 2000). Alternatively,
but not exclusively, elt-2 cis-activation could also be driven by a
combinatorial code involving binding of different GATA factors
with different specificities. Under a combinatorial control scenario,
mutation of any single HGATAR motif in a larger combinatorial
code should result in an equivalent impact on gene expression as
mutating any single motif in the same code. Finally, the con-
tributions of different sites may instead be unequal, with one or a

Fig. 1. The elt-2 activation network and upstream promoter region. (A) Network diagram of elt-2 activators. (B) Maximum Z-stack projection of an smFISH image from strain
1879:WT. (C) 1879 bp promoter region upstream of elt-2 aligned to orthologous regions in Elegans supergroup members. Dark blue indicates a heavily conserved HGATAR motif
and cyan indicates a weakly conserved HGATAR motif. The red, filled triangle indicates the position of the�527 bp ACTGATAAGA “A-site” motif. The green, open triangle
indicates position of a �1857 bp ACTGATAAGG motif. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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few key sites responsible for the majority of expression and the
rest playing minor supporting roles.

In addition, few studies have deeply examined the relationship
between between cis-regulatory elements (CREs) and gene ex-
pression variability. For a gene like elt-2, variability in early em-
bryonic activation might be expected to have severe consequences
for viability.

In this study, we dissect the elt-2 promoter in a reporter
transgene context to determine how conserved transcription fac-
tor binding sites drive activation and maintenance of a key de-
velopmental regulator. Using a technique for labeling individual
mRNAs, we also precisely capture the relationship between con-
served features of the elt-2 promoter with gene expression varia-
bility in early embryonic development.

2. Materials and methods

2.1. Strain generation

To control for copy number variations that could affect gene
expression levels, we generated single copy insertions of promoter
gfp reporter lines using MosSCI (Frøkjaer-Jensen et al., 2008;
Frøkjær-Jensen et al., 2012). To generate the reporter, we used PCR
fusion to join the elt-2 3′ UTR to a gfp fragment amplified from
pPD95.81 (gift from Andrew Fire; Addgene kit # 1000000001). We
generated mutant promoter variants by PCR fusion of synthetic
oligonucleotides containing mutated HGATAR motifs to PCR am-
plified elt-2 promoter sequence. GIBSON assembly was used to
fuse wild-type and mutant promoter constructs to the gfp::elt-2 3′
UTR DNA fragment and a pCFJ350 MosSCI backbone vector (gift
from Erik Jorgenson; Addgene plasmid #34866). All Pelt-2::gfp::elt-
2 3′UTR reporters were integrated at site ttTi5605 (strain EG6699)
with stable integration confirmed by PCR screening of insert
junctions into the C. elegans genome.

2.2. In vitro binding assays

For EMSAs, DNA binding domain sequences for GATA tran-
scription factors were cloned into pET His6 TEV LIC (1B) for
N-terminal His6 tagging (gift from Scott Gradia; Addgene plasmid
# 29653). Constructs were transformed into Rosetta 2(DE3) pLysS
competent cells, and fusion protein expression was induced by
addition of 0.1 mM IPTG at 18 °C for 12 h. His6 tagged proteins
were purified by use of TALON metal affinity beads (Clontech).
Binding assays were done at room temperature in EMSA buffer
(10 mM HEPES, 200 mM NH4 OAc, 30 mM NaCl, 1.5 mM MgCl2,
0.5 uM Zn(OAc)2, 0.2 mg/ml BSA, 1 mM DTT, 8% glycerol, pH 7.0).
EMSAs were run on a 8% 29:1 Acrylamide/Bis-acrylamide 8% gly-
cerol 0.5� TBE gel and stained with Sybr Green Nucleic acid gel
stain (Molecular Probes S-7563) (see Supplemental methods for
more detail).

2.3. smFISH data collection

For imaging of embryonic development, we collected and fixed
embryos collected from adults 52–53 h post-synchronization in 4%
formaldehyde. Collected embryos were hybridized to Cy3::gfp,
ATTO 647N::elt-2, and Alexa 594::end-1 smFISH probes (Raj et al.,
2010, 2008) (Stellaris). Nuclei were labeled with DAPI. For each
smFISH data set, we generated Z-stack images of at least 170
embryos with a maximum spacing of 0.4 uM at 100� magnifi-
cation on an epifluorescence microscope. For quantifying spot
counts, we used an in-house developed machine learning spot
classification tool, AroSpotFinding Suite, to automatically collect
spot data counts (Rifkin, 2011; Wu and Rifkin, 2015). Nuclei were

counted by hand and used as a measure of developmental stage.

2.4. Gut fluorescence quantification

To obtain consistent gut reporter gene fluorescence data, we
determined that it was important to control for food density. We
found that different food concentrations could affect both mean
gut fluorescence intensity and overall size. To control for food le-
vels, we grew all strains in liquid culture at controlled food con-
centrations. We aliquoted and pelleted 2 L of overnight OP50
grown in LB culture and aspirated off all excess liquid. We then
weighed the mass of each pellet, and froze each pellet at �80 °C.
For each data collection day, an OP50 food pellet would be thawed
and resuspended in S-medium at a concentration of 40 mg/ml.
Worms synchronized overnight S-medium would then be placed
in a solution of OP50 and S-medium for 22 h at a concentration of
approximately 500 worms per ml. For imaging, the synchronized
worms were mounted onto 3% agarose pad slides, and anaes-
thetized with 10 mM levamisole. Images were taken on an Ax-
ioImager R1 at 10� magnification. Quantification was performed
using a custom MATLAB script (available upon request).

2.5. Statistical analysis of smFISH data

To determine whether the trajectories of gene expression for
different strains were significantly different across time, we cal-
culated the difference between smoothing splines fit to the data
for each strain. We constructed a null distribution for this differ-
ence trajectory by randomly assigning the strain labels for each
datapoint (permuting within a developmental stage: 0–1E, 2E, 4E,
8E), fitting splines to the shuffled dataset, and calculating the
difference between these shuffled splines. We repeated this
10,000 times for each pair of trajectories to form null distributions.
Because we were looking for significant differences in expression
at any point along the trajectories, we adjusted the significance
level cutoff to account for multiple testing. We estimated the
number of parameters used in the splines and used the Dunn-Ši-
dák method to determine a conservative single-test significance
level that would yield an experiment-wise significance level of
0.05 (Ury, 1976). These adjusted cutoffs varied slightly between
comparisons but were around 0.006.

3. Results

Since elt-2 is an essential gene, we used a reporter construct to
investigate the relationship between conserved and putatively
functional features of the elt-2 promoter and elt-2 promoter-driven
gene expression levels and noise. We integrated wild-type and
mutant elt-2 promoter–reporter constructs (Pelt-2::gfp::elt-2 3′
UTR; see Methods) into the C. elegans genome at a defined location
using Mos1-mediated single copy insertion (MosSCI) (Frøkjaer-
Jensen et al., 2008; Frøkjær-Jensen et al., 2012). We then measured
gfp transcript levels across early embryonic development using
single-molecule RNA Fluorescence In Situ Hybridization (smFISH)
(Raj et al., 2008) (Fig. 1B). We also confirmed that transgene in-
sertion did not impact endogenous elt-2 levels significantly by
labeling elt-2 as a control (Supplemental Fig. S10).

Previous research had shown that a 5.1 kb region upstream of
the elt-2 start codon is sufficient to drive gut reporter expression
when introduced to wild-type worms in the form of an extra-
chromosomal array (Fukushige et al., 1998,, 1999). We found that
this large region contained a putative coding region (C39B10.7)
and non-coding RNA (C33D3.6). In order avoid duplicating these
potential trans-regulatory elements, we initially looked at the
shorter 1879 bp region between the putative non-coding RNA
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C33D3.6 and the elt-2 start codon. This 1879 bp region contains 18
motifs matching to the GATA transcription factor binding con-
sensus sequence HGATAR with 10 of the 18 motifs matching to
TGATAA-a more specific motif often found in the promoters of gut
expressed genes (McGhee et al., 2009).

Fluorescence microscopy of the 1879:WT reporter strain
showed that the 1879 bp upstream fragment was sufficient to
drive production of gfp transcripts during embryonic development
(smFISH of gfp transcripts) as well as the remainder of the worm’s
life span (GFP fluorescence) (Table 1, Supplemental Fig. S1). Al-
though this reporter produced lower levels of expression than
endogenous elt-2 in worms with between approximately 70 and
120 nuclei, the overall expression trajectory was similar to en-
dogenous elt-2 (Supplemental Fig. S1) (Nair et al., 2013; Raj et al.,
2010), suggesting that many if not most of the critical CREs for the
majority of elt-2 expression fall within this region and that tar-
geted mutation of the reporter’s promoter would give valuable
insights into the logic and functional organization of elt-2 cis-
regulation.

3.1. The promoter region from �613 to �422 bp upstream of the elt-
2 start codon is necessary for gene expression

To cut down on the number of candidate HGATAR motifs that
could be responsible for elt-2 promoter-driven gene activation, we
tested whether a more minimal promoter could drive gut gfp ex-
pression. We first generated a reporter construct encompassing
613 bp upstream of the elt-2 start codon (Table 1 613:WT). This
shortened promoter produced gfp expression levels only about 50
transcripts lower than the 1879 bp promoter during the 4E stage,
suggesting that this fragment contains the primary CREs needed
for driving endoderm gene expression (Figs. 2 and S2).

To determine whether presence of the 4G motif cluster was
sufficient for driving reporter expression, we generated a 422 bp
un-mutated elt-2 promoter–reporter strain (Table 1 422:WT). The
422:WT strain failed to produce any reporter expression during
embryogenesis (assessed by smFISH) or in adults (assessed by GFP

fluorescence). These results demonstrate that one or more CREs
located between �613 bp and �422 bp upstream of the elt-2 start
codon are necessary for promoter-driven gene expression. Within
this region, we identified a single highly conserved ACTGATAAGA
motif at �527 bp (Fig. 1C; red arrow).

3.2. An ACTGATAAG sequence �527 bp upstream of the elt-2 start
codon is necessary for elt-2 promoter-driven gene expression

The �527 bp ACTGATAAGA sequence matched perfectly to the
highest scoring sequence found to be associated with intestinally

Table 1
Table of wild-type and HGATAR mutant strains mutated for this study. Dark blue indicates a heavily conserved HGATAR motif and cyan indicates a weakly conserved HGATAR
motif. Red indicates an artificially mutated HGATAR motif. *(Asterisk) indicates low-level transcription observed.

Fig. 2. The majority of elt-2 promoter-driven expression is dependent upon a single
ACTGATAAG motif at �527 bp. (A) gfp expression levels of 1879:WT (n¼187), 613:
WT (n¼459), 1879:A (n¼253), and 613:A (n¼217). Lines represent smoothing
splines of data. The shaded gray area represents the part of the developmental
trajectories that are significantly different between the longer and shorter WT
promoters (Supplemental Fig. S2).
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Fig. 3. Stochastic low-level ectopic transcription occurs in the absence of the �527 bp ACTGATAAG element with an increase in transcription during the 1E and 2E stages. (A)
gfp transcript counts for A-site mutants 1879:A (n¼253) and 613:A (n¼217) compared to elt-2 in the same embryos (elt-2 data pooled from 1879:A and 613:A (n¼470); elt-2
transcript counts greater than 80 not shown). (B–D) Left column: end-1 in yellow elt-2 in red. Right column: gfp in green; all gfp transcripts circled for ease of visualization.
(B) Ectopic expression of gfp outside of end-1 and elt-2 expressing E-cells in strain 1879:A (five early elt-2 transcripts circled in left column). (C) Ectopic early gfp expression in
613:A. (D) Mutation of 4G HGATAR sites eliminates low-level stochastic gfp reporter expression. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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expressed genes in McGhee et al. (2009). Furthermore, the ACT-
GATAAG portion of this sequence is almost perfectly conserved in
the Elegans supergroup (in C. remanei the sequence is AGTGA-
TAAG) (Fig. 1C; red arrow). Close examination of TSS data from
Saito et al. (2013) revealed both dispersed low-level transcription
along the 1879 bp elt-2 upstream region and a distinct peak of
transcriptional activity at �482 bp (Fig. S3).

To test whether the �527 bp ACTGATAAG motif (hereafter A-
site) is necessary for reporter activity, we generated mutant 613 bp
and 1879 bp reporters with the ACTGATAAG motif mutated to
ACTCTGTAG (Table 1 613:A, 1879:A). Embryonic transcript expres-
sion revealed near total loss of embryonic reporter expression in
both mutant strains (Figs. 2, 3, and S4). Additionally, we did not
observe any embryonic, larval, or adult GFP expression distin-
guishable from regular gut autofluorescence in either mutant
strain (Table 1).

These extreme drops in gene expression demonstrate that a
single, non-redundant ACTGATAAG at �527 bp is necessary for
the vast majority of gene expression driven by the elt-2 promoter
during and after embryonic development.

3.3. Mutation of the �527 bp ACTGATAAG element results in pre-
cocious and spatially ectopic stochastic low-level transcription

Although reporter strains with mutations in the A-site motif
exhibited greatly reduced gfp expression, in many embryos re-
porter mRNA expression was not zero. Instead, strains 613:A and
1879:A exhibited low-level stochastic transcription during early
embryonic development—an observation made possible by our
highly sensitive smFISH assay. The 613:A mutant produced vari-
able numbers of transcripts ranging from 0 to 18 during early
embryonic development. Similarly, the 1879:A mutant exhibited
stochastic, low-level transcription ranging from 0 to 73 transcripts
over the same time span (Figs. 3A and S4). Total absence of gfp
expression in strains 422:WT and 613:A4G confirmed that low-

level expression in strains 613:A and 1879:A was not the result of
leaky expression due to insertion site effects (Table 1 and Fig. 3D).

Surprisingly, the peak expression in strains 613:A and 1879:A
exceeded both endogenous elt�2 levels and gfp levels in wild-type
reporter constructs 613:WT and 1879:WT during the 1E and 2E
stages, (Figs. 3A and S4A–C). Peak expression in 1879:A also ex-
ceeded peak expression in 613:A across embryonic development,
indicating that regions of the promoter upstream of �613 bp play
a role in driving low-level transcription independent of the A-site
(Fig. S4D).

Close examination of embryo images at the 1E and 2E stages
revealed that in many cases, precocious stochastic transcription
could occur in both E cells and other lineages. By using elt-2, end-1,
and gfp smFISH probes in the same embryos, we were able to
determine that gfp expression occurs in cells not expressing elt-2
or end-1 during very early development (Fig. 3B and C). This ec-
topic expression suggests that the A-site not only serves as a pri-
mary activator, but also as a transcriptional repressor against
stochastic low-level transcription in non-E-cells during very early
embryonic development.

We roughly estimated the level of ectopic expression at the 2E
stage in both wild-type and mutant reporter strains by quantifying
the amount of gfp not directly overlapping end-1 and elt-2 ex-
pression (Supplemental Fig. S5). Under our estimates, 1879:A was
found to have significantly greater levels of ectopic expression (p-
valueo0.0001) than its wild-type counterpart.

3.4. ELT-2, END-1, END-3, and ELT-7 have an in vitro binding affinity
for the A-site as well as secondary GATA site regions

To assess in vitro binding of the END-1, END-3, ELT-7, and ELT-2
DNA binding domains to the A-site we performed EMSAs using
DNA probes corresponding to the 50 bp region containing the A-
site (corresponding to sequence �549 bp to �499 bp upstream of
the endogenous elt-2 start codon). The END-1, END-3, ELT-7, and
ELT-2 DNA binding domains all showed in vitro binding affinity for
the A-site containing region which could be eliminated by mu-
tating the core motif from ACTGATAAG to ACTCTGTAG (Fig. 4). This
mutation was identical to the mutations we generated to create
mutant strains 1879:A and 613:A. The capability of essentially all
known embryonic upstream activators of elt-2 to bind to the A-site
is consistent with the largely redundant roles these upstream ac-
tivators play in driving elt-2 expression. In a separate paper, we
report that END-1, END-3, and ELT-7 also all bind with greatest
affinity to a TGATAA sequence – essentially the core component of
the A-site (Tracy and Rifkin; not yet published).

Interestingly, we found END-1/DNA complexes running as a
doublet at all protein concentrations tested when using an A-site
wild-type probe. This double banding requires the ACTGATAAG
motif and can be due to END-1 fragment multimer binding on the
A-site, conformational changes to DNA structure induced by END-
1 binding to the A-site, or END-1 binding at the A-site potentiating
binding to non-A-site sequences on the DNA probe.

3.5. Conserved secondary GATA motif clusters have weak impact on
promoter-driven gene expression during early embryogenesis

The abundance of conserved HGATAR motifs within the elt-2
upstream region initially suggested that elt-2 activation might
dependent on multiple GATA motifs in either a combinatorial or
additive manner. In a combinatorial activation scenario for a fo-
cused promoter, transcription would be dependent upon one or
more clusters of cis-regulatory motifs, and mutation of cluster
motifs should result in failure to activate gene expression. In an
additive scenario, each binding site or cluster of sites would con-
tribute towards the overall rate of transcription, and mutation of

Fig. 4. END-1, END-3, ELT-2, and ELT-7 DNA binding domains all bind in vitro to an
ACTGATAAG motif. (A, B) All EMSAs were performed using 50 bp synthetic oligo-
nucleotide probe corresponding to the sequence �549 bp to �499 bp upstream of
the elt-2 start codon containing an ACTGATAAG motif (WT probe) or a ACTCTGTAG
(mut probe). Probe concentration in all lanes is 70 nM. (A) END-1, END-3, and ELT-7
binding. Non-adjacent lanes from the same gel. (B) END-1 and ELT-2 binding.
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some cluster motifs would lower, but not necessarily eliminate,
elt-2 expression. Partial redundancy within this additive scenario
would mean that more sites would need to be mutated before an
effect would be apparent.

Within the 1879 bp elt-2 upstream element we identified two
clusters of HGATAR motifs hereafter “secondary GATA sites” that
show conservation in both sequence and spacing in the Elegans
supergroup. Between �400 bp and �338 bp there are four HGA-
TAR motifs (the 4G region) that are heavily conserved between C.
elegans and five other members of the Elegans supergroup, in-
cluding C. japonica (Fig. 1C). Between �1679 bp and �1525 bp
upstream of the elt-2 start codon there are seven HGATAR motifs
(the 7G region), with four conserved between C. elegans and six
other members of the Elegans supergroup (Fig. 1C).

To determine whether these HGATAR motif cluster play a role
in elt-2 promoter-driven gene activation, we performed site di-
rected mutagenesis on HGATAR motifs within the 4G and 7G re-
gions while keeping the A-site intact (Fig. 5). Surprisingly, mutat-
ing as many as eleven HGATAR motifs across two clusters had
insignificant impacts on gene expression levels and noise during
embryonic development, despite the heavy conservation of motifs
within these clusters (Supplemental Figs. S6 and S7, Fig. 1C). The
only strain exhibiting statistically significant differences from its
wild-type counterpart was 613:4G, and this was only observed as a
seemingly minor temporary drop in mean expression during the
4E stage (Fig. 5C, Supplemental Fig. S7).

We confirmed that known upstream activators of elt-2 could
bind in vitro to the 4G region by performing an EMSA using a DNA
probe corresponding to an 80 bp region encompassing the 4G
region GATA sites (located �410 to �330 bp upstream of the elt-2
start codon) (Supplemental Fig. S8). We observed distinct band
shifts for ELT-7, END-3, and END-1 binding domains, confirming
that elt-2 activators can bind to regions containing secondary
GATA motifs. Our results also indicate that the END-1, END-3, and
ELT-7 DNA binding domains have distinct binding characteristics
to the 80 bp region probed. At high protein concentrations, we
observed three band shifts for ELT-7, four for END-3, and more
than five for END-1. The band shift pattern for ELT-7 suggests that
the ELT-7 binding domain binds to three out of the four GATA
motifs within the 4G region at the protein concentrations tested.
Interestingly, although five primary band shifts were visible for
END-1, we clearly observed double banding on the three fastest
migrating primary bands similar to the double banding observed
in Fig. 4. These doublets are consistent with multimerization of the
END-1 protein fragment we used on individual DNA motifs, and
suggest that in vitro END-1 behavior seen in Fig. 4 is seen with
GATA motifs in general rather than specific to the A-site motif.

These results indicate that although secondary GATA motif
clusters have a minimal impact on early embryonic gene activation
in vivo, they exhibit similar binding behavior to early embryonic
elt-2 activators in vitro.

3.6. Reporter GFP fluorescence in larval and adult worms reveal
secondary GATA motifs modulate post-embryonic expression

To investigate whether secondary GATA site mutations had
impacts on elt-2 expression later in life, we imaged GFP fluores-
cence in larval and adult worms. The expression of elt-2 persists
though larval stages and adult life via autoregulation (Fukushige
et al., 1999) and positive feedback from elt-2 targets (Zhang et al.,
2013). We found that only strains with an intact A-site, except for
the super minimal promoter strain 61:WT, expressed gut GFP
during larval and adult stages (Table 1). The A-site was indis-
pensable for both early embryonic activation as well as a larval and
adult maintenance of gene expression.

To quantify this expression we looked at L3 larvae 22 h post-

Fig. 5. Mutation of secondary 4G and 7G HGATAR motifs have minimal impact on
embryonic gene expression levels or variability. (A and B) Mutation of 4G and 7G
sites in a 1879 bp promoter fragment does not significantly alter embryonic
expression (Fig. S7). gfp transcript counts shown for 1879:WT (n¼187), 1879:4G
(n¼217), 1879:11G (n¼214). (C) Mutation of 4G sites in a minimal 613 bp
promoter does not significantly alter embryonic expression (Supplemental
Fig. S8). gfp transcript counts shown for 613:WT (n¼459) and 613:4G
(n¼217). The shaded gray area represents timepoints where mean expression
trajectory of 613:WT is significantly different from that of 613:4G (Supplemental
Fig. S7).
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synchronization (later stages introduced gut autofluorescence
complications). We found significant differences in mean gut
fluorescence between wild-type promoter–reporter strains and
strains with mutations in the 4G and 7G regions (Fig. 6 and Sup-
plemental Fig. S9). Mean fluorescence and worm size were
strongly coupled with food concentrations in some strains, in-
dicating that diet has a positive effect on elt-2 promoter driven
gene expression. In 1879:WT, 613:WT, 1879:4G, and 613:4G in-
creasing the concentration of OP50 food from 2.5 mg/ml to 10 mg/
ml significantly increased mean gut fluorescence (Supplemental
Fig. S9). This response is consistent with ELT-2's role as the acti-
vator of genes involved in digestion (McGhee et al., 2009).

Mutating the 4G GATA motifs immediately downstream of the
A-site in both long and short promoter contexts (1879:4G,
613:4G), resulted in significant increases in mean gut fluorescence
and variability across different dietary contexts compared to wild-
type counterparts (Supplemental Fig. S9). These increases de-
monstrate that some or all of the GATA motifs within the 4G re-
gion play a transcriptionally repressive role during post-embryonic
development. The location of these sites immediately downstream
of the A-site and TSS (Supplemental Fig. S3) suggest a steric
mechanism.

We found that the apparent function of 7G region GATA motifs
is dependent on context, and may be related to dietary response.
Strains 1879:11G and 613:4G both lack many GATA motifs and
both exhibit greater variability and less distinction between diet-
ary regimes in post-embryonic reporter expression. In contrast to
all other strains, 1879:11G did not show a statistically significant
difference in mean gut fluorescence between groups raised at

10 mg/ml OP50 and groups raised at 2.5 mg/ml OP50 (p¼0.0451;
αSID¼0.00465). 1879:11G also experiences a slight but significant
drop in mean gut intensity at 10 mg/ml compared to 1879:4G
(p¼1.78E�10; αSID¼0.00465), suggesting 7G region GATA sites
may be activating under certain contexts. 613:WT, however,
maintains a significant dichotomy in dietary response
(p¼2.85E�36; αSID¼0.00465) despite loss of many upstream
GATA motifs. These results indicate that 7G and 4G clusters (up-
stream and downstream of the A-site respectively) may not ne-
cessarily function independently of each other.

Overall, many of the 7G and 4G GATA sites modulate post-
embryonic elt-2 levels in both repressive and activating ways,
dependent upon dietary context. Although many of these GATA
motifs have similar sequence and conservation to the A-site, our
functional dissection reveals that the roles of secondary motifs can
be highly divergent and not necessarily related to activation. In
contrast to the A-site, the secondary GATA motifs we examined
play dispensable yet important roles in setting elt-2 expression
levels in different environmental contexts.

3.7. An ACTGATAAG motif is not sufficient for driving gene expression
to near-wild-type levels

Because mutation of the A-site produced a disproportionate
impact on gene expression levels, we hypothesized that the pre-
sence of an ACTGATAAG motif might be sufficient for driving gene
expression. In the 1879:A mutant strain, we kept a second naturally
occurring ACTGATAAGG motif at �1857 bp intact (Fig. 1C green
arrow). Despite the presence of an intact ACTGATAAG sequence at
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�1857 bp, this construct could not rescue reporter gene expression
to wild-type promoter levels in A-site mutants (Figs. 2 and 3B).

To determine whether a more minimal promoter element could
be generated from the A-site, we generated a promoter–reporter
construct consisting of a 61 bp region containing the A-site (Ta-
ble 1 61:WT). This construct failed to produce either embryonic gfp
transcripts as assessed by smFISH or adult gut GFP fluorescence.
This failure to drive even low-level reporter expression demon-
strates that an ACTGATAAG motif alone is not sufficient for driving
gene expression, and that a secondary CRE or some kind of posi-
tional information is still necessary to trigger transcription. Our
results indicate that such a secondary CRE is not one of the GATA
sites mutated in this study, and is unlikely to be a GATA motif.

3.8. 4G region HGATAR motifs play a role in driving low-level ectopic
expression

Having identified the 613 bp elt-2 upstream region as a minimal
promoter fragment, we sought to determine if mutation of 4G re-
gion sites would have a more obvious impact on gene expression in
a minimal promoter context. Mutation of 4G region HGATAR sites in
strain 613:4G resulted in a slightly altered, but near-wild-type
embryonic expression profile (Fig. 5C and Supplemental Fig. S7).

Mutation of the A-site along with 4G HGATAR motifs (Table 1
613:A4G) resulted in total loss of gene expression, effectively
bringing the low-level stochastic expression observed in strain
613:A to zero for all embryos sampled (Fig. 3C). This indicates that
low-level stochastic transcription resulting from mutation of the
A-site was dependent upon one or more of the 4G HGATAR motifs.

4. Discussion

In this study, we performed the first in vivo single-molecule
resolution investigation of the relation between CREs and tran-
scriptional output during C. elegans development. We found that
CREs in close proximity with similar sequences, similar con-
servation, and capable of binding to the same transcription factors
can have wildly different functional roles in development.

Rather than multiple HGATAR sites in the elt-2 promoter ser-
ving as redundant transcriptional activators, a single critically
positioned key motif is necessary for both early END-1/END-3
driven embryonic activation as well as later ELT-2/ELT-7 driven
larval and adult maintenance of gene expression. This key GATA
site is used for earliest activation, later maintenance, and, sur-
prisingly, repression of spatiotemporally ectopic early embryonic
expression. Our results suggest that the critically positioned A-site
acts as a GATA responsive “core” or “proximal” promoter element
distinct from nearby conserved motifs with similar HGATAR
sequences.

In contrast, the majority of GATA motifs mutated in this study
appear to be dispensable for embryonic activation, but important
for tuning postembryonic expression levels. We found that in wild-
type promoter contexts, gene expression levels were dependent
upon dietary food concentrations, with less food leading to less elt-2
promoter activation. Furthermore, despite binding capability to
upstream activators (Supplemental Fig. S8, Tracy and Rifkin, un-
published), mutation of the HGATAR motifs within the 4G region
paradoxically resulted in elevated gene expression levels and
variability in both long and short promoter contexts (1879:4G,
613:4G) compared to wild-type reporters. This implies that some or
all of these GATA sites play repressive roles in postembryonic de-
velopment. One possible explanation for this behavior is the for-
mation of repressive or simply non-activating multimers on 4G
region sites by otherwise activating GATA factors. Mammalian GATA
factors have been reported to form homo- and hetero-oligmers

(Chen et al., 2012), and the conservation of spacing and positioning
of three of the 4G region sites within the Elegans supergroup sug-
gest that orientation is important for this region of the promoter.
Another possibility is that these sites may bind post-embryonically
expressed non-GATA transcription factors (see below).

Although the extended DNA motif sequence of each individual
GATA CRE may contribute to establishing the distinctive roles of
the dominant primary A-site versus secondary auxiliary GATA
CREs, we found that the extended sequence motif does not com-
pletely explain the relative importance of the A-site. The A-site’s
extended sequence is ACTGATAAGA, but mutation of the key A-site
motif at �527 bp could not be rescued to near-wild-type levels by
any of 9 remaining TGATAA or 17 remaining HGATAR motifs pre-
sent in strain 1879:A (Figs. 2, 3, S2, and S4). Furthermore, one of
the alternate TGATAA motifs is a very similar ACTGATAAGG located
at �1857 bp that remains intact in strain 1879:A (Fig. 1C; green
arrow). However, this similar sequence is insufficient to activate
promoter–reporter gene expression. The presence of an A-site is
also not sufficient for driving even low-level expression in a 61 bp
minimal promoter (Table 1 61:WT) context suggesting that more
cis-information may be needed for gene activation. This additional
information could come in the form of a second motif, the local
chromatin context, or even the relative abundance of T-rich se-
quence (Grishkevich et al., 2011).

Despite this insufficiency, evidence from a wide array of studies
indicate that the ACTGATAAG sequence can act as a binding site for
multiple gut-associated transcription factors, some of which are
not even GATA factors. Several studies previously demonstrated
that similar or identical sequences are present and functionally
necessary in the promoters of elt-2 regulated gut genes (Egan
et al., 1995; Fukushige et al., 2005; MacMorris et al., 1992,, 1994;
McGhee et al., 2009). Furthermore, previous research into the
FOXO transcription factor DAF-16 revealed that the promoters of
DAF-16 targets are enriched for the sequence TGATAAG (also
known as “Daf-16 associated element” or DAE) and that DAF-16
can bind to the TGATAAG motif in vitro (Murphy et al., 2003; Zhang
et al., 2013). A recent study, Mueller et al. (2014), also showed that
TGATAAG sequences, particularly the specific sequence ACTGA-
TAAGA, are heavily over-represented in the promoters of genes
that are upregulated in response to ultraviolet light exposure, and
downregulated in response to starvation. That study implicated
the GATA factor EGL-27 as the primary effector of UV stress-re-
sponsive gene activation.

These studies combined with our results suggest that in the
worm’s adult life, regulatory signals from different pathways may
converge on and compete for access of a single dominant primary
cis-regulatory motif in the elt-2 promoter, effectively forming a
regulatory information bottleneck. Such a bottleneck can be useful
in setting an upper limit on the level of transcriptional activation
that can occur while simultaneously allowing responsiveness to
signals related to processes such as aging (Zhang et al., 2013),
stress (Schieber and Chandel, 2014), and disease resistance (Head
and Aballay, 2014). Once the primary activation site is saturated
with binding factors, further activation may be impeded.

The wide affinity of GATA-family motifs combined with the
large number of GATA related transcription factors may partially
explain our observations of low-level stochastic ectopic tran-
scription in A-site mutants in both E cells and non-E-cells. The
absence of transcriptional activators such as med-1/2, end-3, or
end-1 in non-E-cells implies that there may be other GATA-binding
transcriptional activators present outside of the nascent endoderm
during early embryogenesis (Budovskaya et al., 2008; Gilleard
et al., 1999; Mueller et al., 2014; Murphy et al., 2003). We found
that in a minimal 613 bp promoter context, secondary auxiliary
HGATAR motif(s) in the 4G region are necessary for producing low-
level stochastic transcription (Table 1 613:A4G; Fig. 3D). Including
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more proximal regions of the elt-2 promoter (�1879 bp to
�613 bp; contains 13 HGATAR motifs) in an A-site mutant back-
ground increases low-level transcription levels even further. Our
analysis of deep sequencing data from Saito et al. (2013) revealed
small numbers of TSS reads overlying proximal promoter regions
including the 7G and 4G regions, suggesting many ectopic tran-
scripts may originate from secondary GATA sites (Supplemental
Fig. S3) (Saito et al., 2013).

These non-specific mini-activation events reveal a layer of
transcriptional regulation not previously observed. For multi-
cellular organisms, off target activation events can result in ectopic
expression that can have negative consequences for cell fate spe-
cification, particularly if the gene being ectopically expressed is an
autoregulatory transcription factor. Here we observe that an intact
A-site plays a role in suppressing this ectopic expression in non-E-
cells. The same site used for activation in the endoderm is used for
repression in non-endoderm fated cells.

5. Conclusions

Our study shows that C. elegans can serve as a powerful model for
single-molecule cell-type-specific cis-regulatory studies. We de-
termined that a single key cis-regulatory site-in the midst of a host of
similarly conserved sites-is used for the earliest activation and post-
embryonic maintenance of the expression of an essential regulatory
gene, and that this same CRE helps repress early stochastic expres-
sion in non-E cells. We identified diverse roles for secondary sites in
tuning postembryonic gene expression. The wildly different roles
served by CREs examined in this study illustrate the diverse func-
tions that similar CREs can take on and reveal a distinction between
early and post-embryonic elt-2 activation and function.
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Supplemental Methods 
 
In vitro binding assays detailed methods 
 
For isolating His6 tagged fusion constructs, transformed Rosetta 2(DE3) pLysS 
cells were grown at 37 °C in LB supplemented with 50 ug/ml Kanamycin, 34 
ug/ml Chloramphenicol, and 20 uM ZnCl2 to an OD of 0.5.  Cultures were cooled 
to 18°C and expression was induced with 0.1 mM IPTG at 18°C for 12 hours. 
Cells were pelleted, washed in ice cold 1X PBS, and resuspended in GATA lysis 
buffer (10mM HEPES, 200mM NH4OAc, 300 mM NaCl, 10mM Imidazole, 0.5 uM 
ZnOAc, 10 % Glycerol, 5 mM, β-mercaptoethanol, 1mM PMSF, 1 tablet/10 ml 
EDTA-free protease inhibitor cocktail (Roche 11-836-170-001)) and sonicated. 
Lysates were clarified at 14,000 g for 20 minutes at 4 °C. His6 tagged proteins 
were bound to Talon metal affinity beads (Clontech #635501), washed once in 
GATA lysis buffer, washed a second time in modified GATA lysis buffer (100 mM 
NaCl/20 mM Imidazole), and eluted with modified GATA lysis buffer (100 mM 
NaCl/200 mM Imidazole). Gycerol was adjusted to 20% and purified proteins 
were aliquoted, snap frozen in liquid nitrogen, and stored at -80 °C.  Binding 
assays were done at room temperature for 30 minutes in EMSA buffer (10mM 
HEPES, 200mM NH4 OAc, 30 mM NaCl, 1.5mM MgCl2, 0.5 uM Zn(OAc)2, 0.2 
mg/ml BSA , 1mM DTT, 8% glycerol, pH 7.0). Complexes were run on 8% 29:1 
Acrylamide/Bis-acrylamide 8% glycerol gel in 0.5X TBE and stained with Sybr 
Green Nucleic acid gel stain (Molecular Probes S-7563). 
 
The following DNA binding domains were used for in vitro assays (measured 
from start codon):  
END-1: amino acids 114-221       
END-3: amino acids 156-242         
ELT-7: amino acids 118-198        
ELT-2: amino acids 129-336 
 
For Figure 4, the following probe sequences were used: 
WT probe sequence: 
AGCGACAGAGGTCGGGGCTGAAACTGATAAGAATAGTCGACACTAACGCC 
mutant probe sequence: 
AGCGACAGAGGTCGGGGCTGAAACTCTGTAGAATAGTCGACACTAACGCC 
 
For Supplemental Figure S8, the following probe sequence was used: 
ATTTTCTTTTTGATAAAATCAGCCTATCTATACTTCCCAATCATTTTTAGTCTT
ATCGTTGAACAGCTATCGAGGTGCCA 
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Quantifying Early Embryonic Ectopic Expression Estimates 

 
Due to the physical flattening of samples prior to imaging, the early 

staging of most of our image data, and the absence of cell-specific membrane 
markers, we had to develop a heuristic method to demarcate the limits of E-cells 
and proto-E-cells and quantify ectopic expression. We settled upon a method 
using two-dimensional alpha shapes to roughly outline the limits of aggregate 
end-1 and elt-2 localization, and then counting the number of gfp transcripts that 
fell outside of the generated alpha shape. We adapted a custom MATLAB script 
for generating alpha shapes, (Lundgren 2010) and used a radius parameter of 75 
pixels to produce concavity.  

For statistical analysis of ectopic expression estimates, we binned 
embryos at the 2E stage (14-44 nuclei) and used a permutation test to determine 
if specified datasets were significantly different from each other. 
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Primary 
Strain ID 
 
  

Alternate 
Strain ID 
 
  

Promoter Description Mutation coordinates 
(bp from endogenous 
elt-2 start codon) 

1879:WT ELD005-1 1879 bp wild-type N/A 

1879:4G ELD006-2 1879 bp with 4 HGATAR>HCTTAR 
mutations 

-400, -387, -358, -344 

1879:11G 
 
  

ELD012-1 
 
  

1879 bp with 11 HGATAR>HCTTAR 
mutations 
   

-1679, 1659, -1636, -1620, 
-1570, -1550, -1531,-400, 
-387, -358, -344  

422:WT ELD016-1 422 bp promoter wild-type N/A 

613:WT ELD018-3 613 bp promoter wild-type N/A 

613:A ELD023-1 613 bp promoter w/ 
ACTGATAAG>ACTCTGTAG 
mutation at -527 bp 

-527 

613:A4G ELD024-1 613 bp promoter w/ 
ACTGATAAG>ACTCTGTAG 
mutation at -527 bp and 4 
HGATAR>HCTTAR mutations 

-527, -400, -387, -358, -
344 

613:4G ELD025-2 613 bp promoter w/ 4 
HGATAR>HCTTAR mutations 

-400, -387, -358, -344 

1879:A ELD026-2 1879 bp promoter w/ 
ACTGATAAG>ACTCTGTAG 
mutation at -527 bp 

-527 

61:WT ELD027-3 61 bp promoter w/ wild-type 
ACTGATAAG site at -527 bp 

N/A (fragment from 
constructed from -539 to -
478) 

 
Supplemental Table 1. Specific strain mutations. 
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Supplemental Figure S1. Strain 1879:WT gfp reporter expression (n=187) 
compared to elt-2 expression pooled from multiple experiments (n=1320). 
A) elt-2 transcript count data collected from strains 613:WT, 1879:A, 613:A, 
613:4G, and show comparable levels to wild-type elt-2 levels observed in 
previous studies. Lines represent mean trajectory of aggregated elt-2 data 
compared to 1879:WT. B) Permutation test. Dark green line: difference in 
the mean trajectories (right axis). The light green region represents the 
envelope of the null distribution with the Dunn-Šidák adjustment (see 
Methods). Trajectories are significantly different at timepoints where the 
green line is outside the light green region. The horizontal, fluctuating line 
tracks the p-value at each timepoint (log10 scale, left axis). There are 
significant differences between trajectories where this line dips below the 
dashed blue line.
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Supplemental Figure S2.  (A) gfp transcript 
counts for wild-type strains 1879:WT (n=187) 
and 613:WT (n=459). (B) Significance test of 
the difference between these strains.
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Supplemental Figure S3. Transcriptional start site (TSS) data from Saito et al. 
2013. Promoter diagram scaled to TSS data. Gray line indicates position of 
ACTGATAAGA A-site motif. Some peaks may represent 5’ ends of degraded 
RNAs or abortive transcripts. Plot generated using IGB (Nicol et al. 2009).
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Supplemental Figure S4. (A) gfp transcript counts for A-site mutants 1879:A 
(n=253) and 613:A (n=217) compared to each other and to wild-type strains 
1879:WT (n=187) and 613:WT(n=459). (B-C) Significance tests of the effect of 
the A-site mutation. D) Significance test of the effect of shortening the promoter 
on transcription in the A-site mutants.
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Supplemental Figure 5. Ectopic expression estimates in A-site mutants. A) Example of 
alpha shape construction. gfp spots outside of the shape are counted as ectopic. B) 
Estimated ectopic 1879:A (n=132) versus estimated ectopic 1879:WT (n=72). C) Esti-
mated ectopic 613:A (n=104) versus estimated ectopic 613:WT (n=105). D) Results of 
one-sided permutation test performed on binned 2E stage ectopic expression data 
(2000 repetitions per test).

gfp
elt-2
end-1

 Šidák corrected alpha (α = 0.05) = 0.0127
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Supplemental Figure 6. Mutation of 4G and 7G HGATAR motifs have 
minimal impact on gene expression levels or variability. (A-B) Compari-
son of gfp transcript counts in strains with wild-type and mutant versions 
of the 1879 bp elt-2 promoter. Lines represent smoothing splines of the 
data. (C-D) There are no significant differences between these strains 
and the wild-type promoter.
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Supplemental Figure S7. (A) gfp transcript counts for wild-type 
strain 613:WT (n=459) versus 613:4G (n=154). Shaded grey area 
represents timepoints where mean expression trajectory of 613:WT 
is significantly different from that of 613:4G.  (B) Significance test of 
the effect of the 4G mutations in the shorter promoter context.
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Supplemental Figure S8. EMSA of 80 bp DNA probe corresponding to 4G region. 
DNA probe concentration in all lanes is 70 nM.



Supplemental Figure S9. Two-sample t-test p-values for selected mean gut fluorescence 
values depicted in Fig.5. Values marked in red are not significant at α=0.05.

Two-sample t-test for mean gut fluorescence data
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Supplemental Figure S10. elt-2 expression is not significantly different between high and 
low gfp expressing strains. A) elt-2 controls in the high gfp expressing 613:WT and the low 
gfp expressing 613:A.

A)

B)

B) Significance test.


