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The conserved /in-4 microRNA (miRNA) regulates the proper timing of stem cell fate decisions in C. elegans by regu-
lating stemness genes such as lin-14 and /in-28."* While lin-4 is upregulated toward the end of the first larval stage and
functions as an essential developmental timing “switch”, little is known about how lin-4 expression is regulated. Here we
show that in C. elegans hypodermal seam cells, transcription of /in-4 is positively regulated by lin-4 itself. In these cells,
lin-4 activates its own transcription through a conserved lin-4-complementary element (LCE) in its promoter. We further
show that lin-4 is required to recruit RNA polymerase Il to its own promoter, and that lin-4 overexpression is sufficient for
autoactivation. Finally, we show that a protein complex specifically binds the LCE in vitro, and that mutations that abolish
this binding also reduce the in vivo expression of a plin-4:GFP reporter. Thus, we describe the first in vivo evidence of RNA
activation (RNAa) by an endogenous miRNA, and provide new insights into an elegant autoregulatory mechanism that
ensures the proper timing of stem cell fate decisions in development.

Introduction

Small non-coding RNAs, such as small interfering RNAs
(siRNAs) and miRNAs, are well known to silence gene expres-
sion through a variety of mechanisms, a phenomenon referred
to as RNA interference (RNAi).57 Initially thought of as a post-
transcriptional, cytoplasmic process, it has become apparent that
nuclear RNAi pathwaysalso exist, mediating the co-transcriptional
and epigenetic silencing of many genomic loci.®*"° Interestingly, a
number of promoter-targeting small RNAs have also been shown
to activate the expression of the downstream gene.'"'® However,
most RNAa studies have either only been shown in vitro or have
been in the context of exogenous, synthetic RNAs.

In the nematode Caenorhabditis elegans, the timing of stem
cell fate decisions is regulated by heterochronic genes.””?° These
genes, which include the miRNAs /in-4 and let-7 and the stem-
ness factor /in-28, escort the blast cells of the developing nema-
tode through 4 larval stages and into adulthood, ensuring that
tissue and structures, like the hypodermis and vulva, form at the
correct developmental stage. The /in-4 miRNA resides in the
sense orientation in intron 9 of the gene F59G1.4. Detectable
lin-4 expression begins in the late L1 larval stage and is the first
known step in activating post-embryonic blast-cell fate determi-
nation by the heterochronic genes.**' Thus the timing of /in-4
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expression is of critical importance; however, little is known
about the regulation of /in-4 expression. Transcriptional control
of lin-4 can be partially explained by the activity of the FLH-1
and FLH-2 transcription factors, which bind the /in-4 promoter
and repress transcription until the late L1 stage of development,
while /in-4 biogenesis is regulated post-transcriptionally by the
RNA-binding protein RBM-28.% To date, no positive trans-act-
ing factors have been reported to affect transcription at the /in-4
locus. Here we provide evidence that /in-4 is itself a trans-acting
factor necessary for its own expression.

Results

In order to elucidate cis-acting regulatory elements that are
necessary for activating transcription from the /in-4 locus, we
examined sequence homology between 3 different nematode spe-
cies: C. elegans, C. briggsae, and C. remanei (Fig. 1A). Three kilo-
bases (kb) flanking the /in-4 locus were analyzed, with very high
sequence homology found immediately surrounding the /in-4
gene. This homology extends upstream from the /in-4 site about
700 nucleotides® (Fig. 1A). We hypothesized that cis-acting ele-
ments important for regulating /in-4 transcription were most
likely to be contained within the highly homologous sequence
common to the 3 nematode species. In the zals! (plin-4:GFP)
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illustration of the composition of the tran-
scriptional fusion construct used to elu-
cidate cis-acting regulatory elements in
the putative /in-4 promoter.?* A short DNA
sequence shown to rescue the lin-4-mu-
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measured in kilobases (Kb). (B) Schematic _“.-"' "~.,."

Lee ef al., 1993 Rescuing Fragment

tant phenotype is shown, within which is Rescuing Fragment Promoter (513 bp)::GFP E
contained an FLH-1, -2 binding site (pink

lin-4

box), lin-4 (gray box), and 2 transcriptional | | | | | |
startsites.*?>23 The transcriptional start site 500 400 300 200 100 0 bp
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with calculated P values as indicated (*P
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< n < 73. (D) Images showing GFP expres-
sion in seam cells over 3 larval stages of
development (L1, L2, L4). The DNA con-
struct used to develop the transgenic
lines is depicted at the left. Seam cells
positive for GFP expression are indicated
(yellow arrowheads). White lines indicate
the regions where seam cells are found in
GFP-negative animals.
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the /in-4 promoter (Fig. 1B), and
GFP expression in the stem cell-like
hypodermal seam cells” is detectable beginning in the early L2
stage’® (Fig. 1D), consistent with the timing of the appearance

of mature /in-4, as detected by northern blot.* Further, /in-4

mutants have an obvious, long and “floppy” phenotype, resulting

in part from disruption of fate-determining divisions in the seam

25,26 %

cell lineage,”?¢ indicating a functional role for /in-4 in the seam

cells. Therefore, GFP expression in the seam cells of the zals!
line recapitulates the timing and localization of /in-4 expression.
As such, we chose to use GFP expression as a measure of /in-4
promoter activity in the seam cells, though GFP expression in
the za/sI line is not limited to the seam cells (GFP in this line is
seen in the pharynx, hypodermal cells, the distal tip cell, and the
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Figure 2. A /in-4 complementary element is required
for Plin-4:GFP expression and lin-4 rescue fragment
activity. (A) DT.1 sequence shown, as well as the DT.1a/
b/c regions. The putative LCE is shown in orange.
(B) Top half: predicted lin-4/promoter LCE duplexes
in C. elegans and other nematode species. The dashed
blue box indicates a conserved sequence motif found
in the bulged region across all duplexes. Bottom
half: lin-4/LCE duplexes of experimentally validated
3’ UTR targets in C. elegans. (C) Quantification of the
number of animals positive for seam cell GFP expres-
sion carrying wild-type (4 independent lines) vs. LCE-
deleted Plin-4::GFP constructs (3 independent lines).
(D) Comparison of wild-type (6 independent lines)
and LCE-deleted lin-4 expression constructs (6 inde-
pendent lines) in the ability to rescue the €912 vulva-
less phenotype. In animals rescued by the LCE-deleted
constructs, the proportion of vulvaless animals was
significantly increased (P = 0.0006), indicating a lack of
rescue. Similarly, the proportion of egg-laying animals
was significantly decreased (P = 0.026), again indicat-
ing reduced rescuing activity. Significance was mea-

sured by a 2-tailed, Fischer exact test.
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developing vulva).?* Protein-coding/non-coding
genes are subject to different processing pathways
during biogenesis. Thus, a protein (GFP) and an
miRNA (/in-4), driven by an identical promoter
and expressed at the same time and same place
during development, suggests that the major
element regulating expression in this instance
is the common promoter. Transgenic lines car-
rying DNA constructs containing mutant /in-
4-promoter derivatives driving GFP transcription
were assayed for GFP expression in the seam cells
(Fig. 1C). We found a small, 56-nucleotide (nt)
DNA region (DT.1) located 50 bases upstream of
a recently mapped transcriptional start site for the
lin-4 gene (Fig. 1B)* that was sensitive to deletion
and truncation (Fig. 1C), both of which lead to
a significant loss of GFP expression when com-
pared with GFP expression driven by the wild-
type lin-4 promoter (Fig. 1C and D). Deleting
each half of the DT.1 sequence from the full-
length /in-4-promoter: GFP construct (constructs
DT.1a/b) showed that both halves are necessary
for driving GFP expression (Fig. 1C). We tested
if a cis-acting element might bridge the junction
between both halves of the DT.1 sequence, and
made a corresponding deletion from the wild-
type promoter (DT.1c) (Fig. 1D). GFP expression
from the DT.1c construct was affected similarly
as compared with that of DT.1a/b constructs,
showing that proper expression of GFP depended
on a 34-nucleotide (nt) sequence shared in part by
all these deletions (Fig. 1C).

We noticed a putative /in-4-complementary
element (LCE) located precisely at the junction
common to all 3 DT.1 deletions (a—c) (Fig. 2A).
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In C. elegans, this LCE is located ~400 bp upstream of the mature
lin-4 miRNA. Intriguingly, the position of the LCE is precisely
conserved in C. remanei and C. vulgaris. Furthermore, a similar
LCE was found in C. briggsae ~1.4 kb upstream of the mature
lin-4 sequence. The putative duplexes formed between /in-4 and
these LCEs strikingly resemble previous experimentally validated
duplexes formed when /in-4 binds to LCEs located in the mRNAs
of lin-14 and [in-28 (Fig. 2B).?*"*% A deletion of the 17-nt LCE
from the plin-4:GFP construct resulted in a similar decrease in
GFP expression as the earlier, larger deletions (Fig. 2C). Thus,
our results suggest that a conserved LCE is necessary for promot-
ing seam-cell GFP expression under the regulation of the /in-4
promoter.

We tested whether the LCE was required for proper expres-
sion of /in-4 itself. Toward this end, we deleted the 17-nt LCE
in a /in-4 rescue construct.”® We found that the LCE-deleted
construct displayed a significantly reduced ability to rescue the
lin-4(912) phenotype (Fig. 2D). The €912 allele is a partially
characterized deletion that removes the /in-4 locus from the
genome.? In unrescued ¢912 animals, 100% display a vulvaless
phenotype and do not lay eggs (Fig. 2D). Upon injection with
either the full-length or LCE-deleted /in-4 expression construct,
a range of vulval phenotypes was observed. Transgenic animals
bearing an LCE-deleted rescue construct showed a significantly
higher fraction of a vulvaless phenotype (i.e., no rescue) and a
significantly lower fraction of an egg-laying phenotype (i.e., full
rescue) (Fig. 2D). The frequencies of bursting and protruding
vulval phenotypes were similar from injections with either con-
struct (Fig. 2D). Thus, the LCE appears to be a functional cis-
regulatory element of the /in-4 promoter.

Having demonstrated the consequence of loss of the LCE
in positive plin-4 activity, we hypothesized that /in-4 itself may
positively regulate its own expression. To test this, we crossed
the integrated plin-4:GFP fusion line (za/sI) into the /in-4(e912)
mutant strain. In a wild-type background, basal levels of GFP
expression from the plin-4:GFP transgene are first detectable
in the early L2 stage in the seam cells of the worm (Fig. 3A).
Interestingly, 2 distinct bursts of augmented GFP expression are
observed, initiated in the early L2 and early L4 stages of devel-
opment (Fig. 3A). Comparatively, we detected significantly
fewer plin-4:GFP-positive seam cells in both the L2 and L4
in the /in-4 mutants, where no endogenous /in-4 is produced
(Fig. 3A; Fig. S2). Quantitative PCR (qPCR) analysis of total
GFP mRNA from mixed-stage wild-type and mutant animals
confirmed that this observation in the seam cells is also true as a
general trend for GFP expression when assayed from throughout
the animal: 3 times more GFP mRNA is transcribed from the
reporter construct in the wild-type background than in the /in-4
mutant background (Fig. 3B). Thus, /in-4 is required to promote
activity from its own promoter.

To test whether /in-4 was sufficient for autoactivation, we over-
expressed /in-4 in the zalsl line. We scored synchronized early
L3 animals, a stage where we found that za/s/ animals express
relatively low basal levels of GFP. Importantly, transgenic lines
bearing a /in-4 expression construct showed a ~3-fold increase
in the number of GFP-expressing seam cells (Fig. 3C) compared
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with control animals. Together, our results suggest that the /in-4
miRNA is both necessary and sufficient for the activation of its
own promoter.

To determine whether /in-4 was required to recruit RNA
polymerase II (RNAP II) to its own promoter, we performed
chromatin immunoprecipitation followed by semi-quantitative
PCR. Since the €912 strain carries a deletion that also removes
the endogenous /in-4 promoter, we compared the amount of
RNAP II binding in zafsI and zalsI; ¢912 animals, only measur-
ing RNAP II binding to the /in-4 promoter upstream of GFP
(Fig. 3D). Interestingly, we observed an 8-fold decrease in pro-
moter-associated RNAP II in /in-4 mutants (Fig. 3D), suggest-
ing that /in-4 autoactivation indeed involves the recruitment of
RNAP II.

We next tested by electromobility shift assays (EMSAs)
whether the LCE may be bound by an RNA/protein complex.
The LCE-containing DT.1c sequence forms a proteinase-K and
RNase-sensitive complex in whole-worm extract (protein plus
nucleic acid), but only when the LCE was in single-stranded
form (Fig. S1). In the RNase-containing reactions, we observed
the formation of a secondary complex, larger in molecular weight
than the complex formed under normal reaction conditions.
While we are uncertain about the composition of this complex,
its size roughly correlates with the size of the RNase. Whether
this be the case or not, the complex formed under RNase-positive
conditions differs from that formed under conditions without
RNAase, and these data confirm that the LCE is a binding site
for a ribonuclear protein complex in vitro.

To investigate the specificity of the interaction between the
LCE and the LCE-binding complex, we performed competition
EMSAs. Non-radiolabeled strands of DNA were added to the
EMSA reactions to test their ability to compete with the radio-
labeled probe for protein binding. We found that the unlabeled
LCE was able to compete for protein binding with much greater
efficiency than an unlabeled sequence found downstream and
on the opposing strand of the LCE (Fig. 4A), suggesting that the
LCE complex formation was sequence-specifiC. Furthermore,
we introduced mutations into the LCE probe and tested the abil-
ity of the mutant probe to compete with the wild-type probe
for protein binding (Fig. 4B). While each mutation affected the
ability of the probe to compete for binding, mutation 2 had the
most pronounced effect (Fig. 4B). An LCE with all 3 mutations
likewise failed to compete with the probe for protein association
(Fig. 4B). Consistent with these observations, when we radiola-
beled each of the mutant LCE probes, mutant 2 displayed the
most dramatic reduction in shifting activity. This was somewhat
surprising, as the 2 nucleotide changes in the mutant-2 probe
are situated within the central bulge of the putative /in-4/LCE
duplex. Our data suggests that a protein of interest binds the
LCE directly, potentially at the sequence within the bulge.

To test these results in vivo, we generated a series of trans-
genic lines carrying mutated derivatives of the plin-4:GFP con-
struct, corresponding to the LCE point mutations studied in
vitro (Fig. 4C). Compared with the full-length construct, each
individual point mutant pair resulted in a small decrease in GFP-
expressing seam cells. Although the decrease caused by mutation
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Figure 3. /in-4 is necessary and sufficient for transcriptional autoactivation. (A) GFP expression data in animals carrying the lin-4:GFP integrated trans-
gene in the wild-type (zals1) and the lin-4 (e912) deletion background. Seam cells positive for GFP were counted at each larval stage of development
and in adulthood. Error bars represent the standard error of the mean, and significance was measured using a 2-sample t test; P values are as indicated
(*P <1 x107%); n =50, zalsT; n = 150, zals1;e912. (B) Whole-body GFP mRNA levels collected from mixed-stage animals were measured by qPCR and repre-
sented as the mean + SEM. Expression levels were normalized to pmp-3 mRNA. Significance was measured using a 2-tailed t test (*P < 0.0001). (C) GFP+
seam cell counts in synchronized, early L3 (eL3) animals, represented as the mean + SEM. GFP+ seam cell counts for the lin-4 overexpressor lines (O/E) are
an average from 4 independent transgenic lines. Significance was measured using a 2-tailed t test (*P < 1 x 107'). (D) RNAP Il chromatin immunoprecipi-
tation from zals1 and zals1;e912 mixed-stage populations grown in liquid culture (see methods). Left panel: semi-quantitative PCR detecting a ~500 bp
fragment of the /in-4 promoter upstream of GFP, from 2 technical ChIP replicates. Right panel: ImageJ quantification of band intensities. The data shown
is an average of the 2 replicates from the gel in the left panel and an additional biological replicate (not shown in gel). Significance was measured using
a 2-tailed t test (*P = 0.002). Error bars represent standard deviation of the mean.
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Figure 4C (See opposite page for A and B). Sequence-specific com-
plex formation with the LCE from whole-animal lysate. All probes are
labeled (DT.1¢); arrows indicate expected LCE/protein complexes. (A) In
the top left panel, a competition EMSA performed using cold competi-
tors (concentration ranges depicted in colored triangles; 50-200x probe
concentration). Orange represents the DT.1c sequence (shown below the
left panel, within an orange box; the LCE is highlighted in orange let-
tering), while blue represents the DT.1b complimentary sequence (also
depicted below the left panel). The right panel shows quantification
of the percent of probe bound by protein in the presence of cold com-
petitor. (B) Two EMSA experiments using mutated versions of the DT.1c
sequence to compete with wild-type DT.1c sequence for protein binding
(left EMSA) or to assay the ability of a mutant sequence to be boundin a
complex (right EMSA). Gel lanes are labeled so as to correspond with shift
quantification shown above each EMSA. Competitors were present at a
concentration 200x over that of the probe. At the top right, a schematic
depicts the full DT.1c sequence, with the LCE highlighted in orange. Also
shown are 4 mutant DT.1c sequences, numbered 1-4. The nature of each
mutation is indicated, with mutant 4 including all mutations 1-3. (C) In
vivo effects of mutations 1-3 on seam cell GFP expression; 3, 4, 3, 5, and
6 independent transgenic lines were generated for the wild-type, mt1,
mt2, mt3, and mt4 constructs, respectively. All scoring was blinded; error
bars represent the standard error of the mean. Significance was mea-
sured using a 2-tailed t test.

2 is statistically significant, it is not as dramatic as the reduc-
tion in shifting activity observed in the EMSAs. However, in
transgenic lines carrying the plin-4:GFP construct containing
all 3 LCE mutations, seam-cell GFP expression was dramati-
cally reduced (Fig. 4C). This “triple” LCE mutant would not
be expected to bind the /in-4 miRNA art all; consistent with
this, the degree of reduction in seam cell GFP is almost identical
to that observed when /in-4 expression is lost in zals] animals

(Fig. 3A; Fig. 52).

Discussion

Taken together, our data support the hypothesis that /in-4
functions to activate its own expression, providing the first in
vivo example of miRNA-mediated RNAa. We found a /in-4
complementary element (LCE) in the /in-4 promoter, whose
position—though not the exact sequence—was conserved in 3
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of 4 nematode species examined. We showed that deletion of this
LCE in C. elegans significantly reduced /in-4 promoter activity.
We further demonstrated that the LCE is bound by a yet-to-be-
identified complex in an RNA-, protein-, and structure-specific
manner, and that this binding event was sequence-specifiC. We
showed that a series of point mutations in the LCE abrogated
binding of the complex in vitro, while the same mutations in the
plin-4:GFP construct reduced GFP expression in vivo. Moreover,
we showed that /in-4 itself is both necessary and sufficient to
upregulate plin-4:GFP expression, at least in part by recruiting
RNAP II to its promoter.

In C. elegans, lin-4 resides within the ninth intron of a host
gene (F59G1.4) of unknown function. During development,
lin-4 is specifically upregulated (i.e., independently of host
gene transcription) toward the end of the first larval stage and
is required for the proper timing of subsequent developmental
events.”? We and others have shown that this upregulation is at
the level of transcription and is followed by efficient processing of
the primary transcript into the mature /in-4 miRNA.>** Prior to
late L1, the FLYWCH family of transcription factors FLH-1 and
FLH-2 are known to bind the /in-4 promoter and repress /in-4
expression.”? However, even in these early stages of development,
RNA sequences containing /in-4 have been shown to be present.*
The levels of these transcripts correlate exactly with levels of the
host gene mRNA, suggesting that they are exclusively products
of host gene transcription.

However, beginning in late L1, the number of /in-4 transcripts
have been shown to increase over 4-fold relative to the number
of host gene transcripts,’ suggesting the activation of 1 or more
independent promoters. We propose that the autoregulation of
lin-4 expression shown in our study provides a self-timing mech-
anism for the initiation of /in-4-mediated developmental events
(Fig. 5). In this model, throughout early and mid L1, low levels
of lin-4-containing host gene transcripts may provide the pri-
mary RNA substrates for Drosha and Dicer processing, leading
to the accumulation of a small pool of mature /in-4 (top panel).
By the late L1 stage, the levels of /in-4 may pass a threshold
level required for autoactivation, initiating the positive feedback
loop through direct interaction with sequences in or from the
lin-4 promoter region and resulting in the burst of transcription
observed in early L2.

The ler-7 miRNA has also recently been shown to positively
regulate its own expression through a complementary element
in its primary transcript.’* While our ChIP experiments sug-
gest that /in-4 autoactivation may be at the transcriptional level,
similar autoregulatory modules are likely not unique to these 2
well-characterized miRNAs. The conservation of the LCE in
other nematode species suggests that /in-4 autoactivation may
be a common strategy to ensure the proper expression of /in-4,
and thus the proper progression of larval development. Moreover,
our in vivo findings add to a small but growing body of reports
describing gene-activating functions for small non-coding RNAs.

RNA activation (RNAa) is a poorly understood phenomenon
whereby small RNA duplexes targeting promoter regions have
been shown to mediate the specific activation of the downstream
gene'll,lz,li,lﬁ,

3133 To our knowledge, RNAa by an endogenous
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Figure 5. Model for /in-4 autoregulation by RNA activation. The full intron in which lin-4 is located is depicted from its genomic locus within host gene
F59G1.4. Exons are depicted as boxes, introns as lines. The LCE in the lin-4 promoter is shown in orange, while /in-4 is shown in green. FLH proteins,
orthologs of D. melanogaster FLYWCH transcription factors, are represented by a blue oval. Transcriptional start sites are shown as active (bold and
black arrows) or inactive (gray arrows). The model illustrates both initiation of /in-4 expression by host-gene transcription at early larval stages, as well
as activation of /in-4 transcription via an intronic, host-gene independent /in-4 promoter at later developmental stages. Beginning in the embryo and
continuing into the L1 stage, transcription of F59G1.4 progresses through the lin-4 locus, while FLH proteins inhibit transcription from the intronic lin-4
promoter. By the late L1, early L2 stages, FLH proteins release the lin-4 locus, and lin-4 generated by host-gene-mediated transcription binds to the LCE
in the lin-4 promoter to activate transcription. /in-4 generated by activated transcription from the lin-4 locus then becomes available to further activate
lin-4 transcription during later larval stages and into adulthood, forming a positive autoregulatory loop.

miRNA has never been directly shown in vivo; furthermore,
the activated gene has always been protein-coding, and never
the non-coding RNA itself. Our finding that the /n-4 miRNA
activates its own transcription in vivo suggests, perhaps unsur-
prisingly, that RNA-mediated gene activation is not limited to
typical protein-coding genes, and may apply to the thousands
of non-coding RNAs throughout the genome. /in-4 has played
a major role as a model for studying the general principles and
mechanisms of miRNA pathways, and we suspect that our work
will prime further research into other non-canonical functions of
miRNAs and other small RNAs.

Experimental Procedures

Lines and crosses

N2 is the wild-type strain; zalsI carries an integrated trans-
gene containing the /in-4 promoter driving GFP followed by the
unc-54 3'UTR (plin-4:GFP:UNC-54).*

Genetic crosses were performed as follows: N2 males were
allowed to mate with zals/ hermaphrodites. GFP-expressing
males from this cross were then used to mate with the /in-4(¢912)/
mnCI hermaphrodites. Two hundred GFP-expressing hermaph-
rodites from this cross were individually plated and allowed to
self-fertilize. All plates with less than 100% GFP expression in
the progeny (indicating GFP heterozygosity) were discarded.
Those that remained were screened for the /in-4 homozygous
phenotype (long, floppy, uncoordinated animals; no egg laying).
Animals homozygous for both GFP and /in-4 were assayed for
GFP expression in the seam cells.

plin-4:GFP  transgenic lines were developed through
microinjection.

DNA for injection was prepared as follows: PCR amplicons
made from cloned plin-4:GFP:UNC-54 constructs were puri-
fied in 0.8% agarose gels. Excised gel fragments were loaded
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into 0.45 micron Spin-X Centrifuge Tube Filters (Costar) and
centrifuged at 16000 x g for 10 min. Eluted DNA was phenol
extracted and ethanol precipitated. Injection mixes were com-
prised of PCR-amplified and gel-purified promoter: GFP fusion
DNA (25 ng/ul), injection marker myo-2:dsRED (5 ng/ul),
EcoRI-digested 1 kb ladder (NEB) (25 ng/ul).

A [in-4 expression construct was microinjected at 16 ng/ul
into the za/s!I line to generate /in-4 overexpressor lines. For assay-
ing rescue of the ¢912 phenotype, the MT3316 (lin-4[e912]/
mnCl; dpy-10[e128] unc-52[e444] 1I) balanced strain was also
microinjected with 16 ng/ul of either wild-type or LCE-deleted
lin-4 expression constructs. Only independent transgenic lines
determined to be ¢912/¢912 were scored, allowing for an accurate
measure of /in-4 production solely from the transgenic arrays.
As above, injection mixes consisted of PCR amplified expression
constructs, with 5 ng/ul of the myo0-2:dsRED injection marker
and 25 ng/ul EcoRI-digested 1-kb ladder (NEB).

Constructs

Generation of the /in-4:GFP fusion construct cloned into
vector pPD95.70 was previously described, here called RF.
Truncated promoter derivatives of the RF construct, p450 and
p450T.1, were created by PCR using primer pairs 19/17 and
138/17, respectively (Table S1). Promoter derivatives containing
deletions, pDT.1, pDT.1a/b/c, were created using fusion PCR. In
short, each deletion construct was generated using PCR to fuse
together the 5" and 3’ DNA sequence that flanked the region of
deletion. 5 and 3’ sequences were generated by PCR as follows:
the DT.1:GFP construct was made using primer pairs, 32/143
for the 5" sequence, and 138/17 for the 3’ sequence (Table S1).
Likewise, 5" sequences for constructs DT.1a/b/c were generated
using primer pairs 32/142, 32, 166, 32/164, and 3’ sequences
were generated with primer pairs 141/17, 138/17, 165,17, respec-
tively. The above fusion PCR products were cloned into vector
PCR2.1 (Invitrogen) and sequenced. Specific LCE deletions in
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the Plin-4:GFP and /in-4 expression constructs were made by the
3-fragment Gateway Cloning system.

GFP analysis

Transgenic (non-integrated) lines were screened for GFP
expression in the seam cells, as noted in Figure 1C, using an
upright Zeiss Axioplan microscope. Because of mosaic effects
often seen in transgenic animals, nematodes showing any GFP
expression in the seam cells were scored as positive, even if GFP
was seen in only 1/16 seam cells. For each transgenic construct,
3—4 lines were established and then examined for GFP expres-
sion in the seam cells over the first 3 larval stages of development.
One representative line from each transgenic construct was cho-
sen (the line that represented the average GFP expression levels
seen when comparing all generated lines), and GFP expression
in the seam cells was compared with that of the za/ls/-integrated
strain (Fig. 1C). Statistical significance was measured by per-
forming a z test on the standard error of the proportion (shown
by error bars) of animals expressing GFP in the seam cells of each
line, as noted in the figure caption.

For homozygous mutant strains (lin-4[e912];zalsl), GFP
in the seam cells was assayed by counting the number of GFP-
expressing seam cells on the near side of the animal (the side closest
to the microscope lens). We noticed differences in GFP expres-
sion penetrance, though GFP was integrated into the genome,
and thus counted a “positive” seam cell as one that had discern-
able GFP expression above noise level (za/s nematodes express
GFP throughout the nematode at low levels), as determined visu-
ally. We counted the number of seam cells “positive” for GFP as
a total (Fig. 2) and as a fraction of total seam cells (Fig. S2A).
For the mutant strains, the data from 3 independently derived
mutant lines were pooled together into 1 sample. For both the
wild-type and mutant lines, the standard error of the mean was
calculated using the total number of seam cells counted as “n”,
which ranged from 490 to 1500 cells. Significance was calculated
as described in the figure captions. Data was shown in 2 formats
due to complications with measuring fractions of GFP-positive
seam cells in the L2 stage. In wild-type nematodes, the V seam
cells undergo a double division during the L2 stage, increasing
the total number of seam cells from 10 to 16. Thus, early L2
nematodes have 10 seam cells, and late L2 have 16 seam cells.
lin-4 mutants only have 10 seam cells throughout development.
All L2 nematodes were pooled together in these analyses. In
Figure S2A, proportions shown were calculated on the premise
that all wild-type L2 nematodes had 10 seam cells. As some of
these L2s contained 16 seam cells, the actual proportion of GFP-
expressing seam cells is lower than indicated here.

RNA extraction and quantitative PCR

RNA from mixed-stage animals was extracted following a
standard Trizol (Invitrogen) protocol. cDNA synthesis was per-
formed using Superscript III (Invitrogen) and random hexamers.
Quantitative real-time PCR was performed using SYBR Green
(Applied Biosystems) on a Roche LightCycler 480. GFP expres-
sion levels were normalized to pmp-3 mRNA.

Chromatin immunoprecipitation

Mixed-stage animals were grown in 500 mL liquid culture
as described.** Samples were cross-linked in 37% formaldehyde
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for 30 min, and flash-frozen in liquid nitrogen. Extract prep and
immunoprecipitation was performed as previously described,*
with the following modifications. After sonification, 10 pL
of 8WG16 mouse monoclonal IgG (Santa Cruz Biotech) was
added to -2 mg of protein without the addition of sarkosyl solu-
tion. Immunocomplexes were collected with 25 pL of protein
G-conjugated sepharose beads (GE healthcare). Eluted samples
were treated with 3 wL of 6 mg/mL proteinase K, and incubated
at 65 °C for ~16 h to reverse crosslinks. DNA was purified with
the Qiaquick PCR Purification Kit (Qiagen) and interrogated by
semi-quantitative PCR, with primers 32 and 255 to detect the
lin-4 promoter. PCR products were run on a 1.5% agarose gel
and quantified by Image].

Electro-mobility shift assay (EMSA)

Probes for EMSA experiments (Table S1) were generated
as follows: single-stranded oligonucleotides were incubated
at 95 °C for 5 min, and then placed on ice. Labeling reac-
tions were performed using T4 PNK (NEB) and gamma-ATP
(NEN), according to the manufacturer’s protocols. Labeled
oligonucleotides were purified through G-25 spin columns
(Roche), according to recommended protocol. All EMSA exper-
iments, unless otherwise indicated, were performed under the
following conditions: 2.5 fmol radio-labeled probe, 15-30 pg
total protein from whole-animal extract, 50 ng/ul poly dI-dC
(Sigma), 1x Buffer D (20 mM HEPES-KOH, ph7.9; 20%
glycerol; 0.2 mM EDTA; 20 mM KCI; 1 mM DTT, Complete
Protease Inhibitor [Roche]), 1 wuM DTT (Sigma), 50 ng/ul BSA
(NEB). All reagents, except whole-animal extract, were mixed
on ice. Extract was then added to a final reaction volume of
10 pl. Reactions were incubated on ice for 20 min and then
loaded onto pre-run 5% native polyacrylamide gels and run
at 4 °C. Gels were dried and analyzed using phospho-image
screens. Quantification of radioactive bands was performed
using Imagequant 5.1 software.

EMSA reactions performed using RNase or protease were
performed as above, except whole-animal extracts were incu-
bated with enzymes for 20 min on ice before adding them to
the EMSA reaction. Competition assays were also prepared as
described above, except cold competitors (at indicated concentra-
tions) were mixed with other EMSA reagents before addition of
whole-animal extract to the reactions.

Extract prep and purification

Animals were grown to the desired developmental stage using
liquid culture, as described®® and flash frozen in liquid nitrogen.
To produce protein extracts, animals were thawed in lysis buf-
fer using a buffer:animal volume ratio of 2:3. Resulting slurries
were placed over 1.0 mm Zirconia Beads (Biospec Products) and
subjected to 4 rounds of homogenization (full-speed for 20 s) and
chilling (ice for 1 min). Homogenization was performed using a
Fastprep-24 (MP Biomedicals). Resulting extracts were centri-
fuged at 16000 x g at 4 °C. Supernatant was taken and centri-
fuged at 100 K x g at 4 °C for 20 min. Supernatants were then
flash frozen in liquid nitrogen and stored at -80 °C.
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