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wo recent studies by Van Wyns-

berghe et al. and Perales et al. in the
nematode C. elegans have demonstrated a
new function of the Period protein
homolog LIN-42 in negatively regulating
microRNA (miRNA) biogenesis at the
transcriptional level. LIN-42 is a complex
gene with 4 isoforms and multiple func-
tions including the regulation of molting,
developmental timing and entry into
dauer. These recent studies uncover an
additional function of LIN-42 as a nega-
tive regulator of miRNA transcription.
Approximately 95% of miRNAs present
in eggs and 33% of miRNAs present in
L4 stage worms were upregulated in lin-
42 mutant worms relative to wild type
(WT) worms, suggesting that LIN-42
globally regulates miRNA biogenesis.
Expression from both a let-7 miRNA and
a lin-4 miRNA transcriptional reporter
were enhanced in the absence of lin-42.
Additionally, chromatin immunoprecipi-
tation followed by high throughput
sequencing (ChIP-seq) of late larval stage
worms showed that LIN-42 bound the
let-7 promoter, suggesting that LIN-42
affects mature miRNA levels by inhibit-
ing their transcription. In addition to
miRNAs, LIN-42 also predominantly
bound to the promoters of many diverse
protein-coding genes. These findings
support the action of LIN-42 at multiple
points within the heterochronic and
other regulatory pathways to impact a
multitude of functions including devel-
opmental timing.

LIN-42, a Complicated Protein

Proper timing of molecular events is
essential for appropriate development and
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behaviors. In C. elegans, LIN-42 acts as a
linker of developmental timing and circa-
dian rhythmic behaviors through its
homology with period “clock” proteins
and its role in development. The multiple
isoforms, bipartite function and oscil-
latory pattern of LIN-42 expression
throughout development suggest that it is
a complicated protein with many different
functions throughout development.

Mutations in LIN-42 cause a variety of
phenotypes related to development. As
described in more detail below, many cell
types develop precociously in the absence
of LIN-42. In addition to hypodermal
seam cell development, gonad migration,
vulval precursor cell development and sex
myoblast development occurs preco-
ciously in /in-42 mutant worms.' Lin-42
mutant worms are egg laying defective.'
They also have difficulty shedding cuticles
and are thus slightly dumpy; this pheno-
type is exasperated in later stage worms.”
LIN-42 is important for negatively regu-
lating entry into dauer.” By acting in
opposition to the nuclear receptor and
heterochronic gene, daf-12, LIN-42 pro-
motes continuation through the molting
cycle under normal or mild stress condi-
tions.* Like other circadian rhythm behav-
iors, locomoter activity in C. elegans is
entrainable by both light-dark cycles and
low-amplitude temperature cycles.” Since
lin-42 mutant worms display altered loco-
motor activity rhythms,” in addition to
regulating many developmental events,
LIN-42 also regulates circadian rhythmic
behavior in C. elegans.

Multiple isoforms of LIN-42 have been
identified (Fig. 1)."* LIN-42B and LIN-
42C are transcribed from the same pro-
moter, and alternative splicing within
exon 5 determines whether LIN-42B or
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Figure 1. The lin-42 gene has a complex structure. Depiction of the 3 isoforms of LIN-42 as
described by WormBase. These isoforms were previously described as lin-42d, lin-42¢c, and lin-42a,
respectively.! In addition, a fourth isoform (previously described as /in-42b) that overlaps exons 1-7
of LIN-42B and contains a final exon far downstream of exon 9, has also been described.! Exons
and untranslated regions are respectively shaded dark and light gray. Conserved domains and
amino acids are marked above the gene diagrams, while select alleles are marked below the gene

LIN-42C is ultimately translated.” In the
case of LIN-42B, the truncated exon 5 is
spliced to exons 6 through 9 that are
located approximately 3 kb downstream.'
LIN-42A is transcribed from a second
promoter and overlaps with exons 6
through 9 of LIN-42B." Thus, LIN-42C
and LIN-42A  sequences are mostly
encompassed within LIN-42B sequence
(Fig. 1). Homology to the defining pro-
tein-interaction PAS domain of Period
proteins, which contains a cytoplasmic
localization domain, is found within LIN-
42B and LIN-42C.? In addition, the SYQ
and LT domains (named after their con-
served amino acids) found in LIN-42A
and LIN-42B are also found within Period
proteins.1 The LT domain is predicted to
contain a nuclear localization sequence.’
Because of its homology to the PAS
domain of Period proteins, LIN-42C was
initially thought to encompass the most
important region of LIN-42, however the
importance of the region encompassed by
LIN-42A was later recognized. Tennessen
et al. found that expression of the LIN-
42A region could rescue the precocious
alae phenotype in either lin-42(mg152) or
lin-42(vell) worms that contain muta-
in the LIN-42C and LIN-42A
regions, respectively.' In contrast, expres-
sion of the LIN-42C region of LIN-42
could only rescue this phenotype in /in-42

tions

(mgl52) worms that contain mutations in
the LIN-42C region." Intriguingly, over-
expression of LIN-42C isoform can antag-
phenotypes of  /in-42(0k2385),

which contains a mutation in the LIN-

onize
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42A region.3 Thus in addition to main-
taining some overlap of function, the dif-
ferent LIN-42 isoforms may also regulate
one another to ultimately dictate proper
LIN-42 expression and function.

Period proteins are members of the
core circadian oscillator that regulates cir-
cadian rhythms.® As part of an autoregula-
tory feedback loop that is crucial to the
time-keeping ability of the circadian oscil-
lator, Period levels cycle over an approxi-
mate 24 hour period.G Both lin-42
mRNA and protein levels also cycle.”
Instead of cycling every day, however,
LIN-42 oscillates in accordance with the
molt throughout the larval stages.z'4 This
suggests that LIN-42 plays muldple or
continued roles throughout development.
LIN-42 is enriched in the nuclei relative
to the cytoplasm, but is present in both
locations.” The expression pattern of LIN-
42 varies in different cell types, and the
timing of expression of the different LIN-
42 isoforms also varies.* LIN-42B and C
peak during the intermolt, while LIN-42A
peaks at the molt”™ In fact, LIN-42 is
necessary for proper molting.” Lin-42
(0k2385) worms, which contain a deletion
that eliminates all of LIN-42A and LIN-
42B exons 6-9, molt asynchronously and
spend more time in the lethargic stage
prior to ecdysis.3

In summary, the complicated structure,
diverse temporal and spatial expression
patterns, multiple phenotypes and homol-
ogy to the essential circadian rhythm
Period protein, places LIN-42 in a unique
situation to regulate diverse pathways.
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Such ability suggests that LIN-42 uses a
common mechanism to regulate multiple
genes that ultimately affect C. elegans
development and behavior.

LIN-42 and the Heterochronic
Pathway

A series of highly regulated molecular
interactions ultimately controls C. elegans
development through 4 larval stages into
adulthood. Genes associated with this
pathway have been identified by their het-
erochronic phenotypes that display devel-
opmental events in the correct cell
lineages, but at the wrong developmental
time.” At its core, the heterochronic path-
way is composed of a series of genes whose
timing of expression occurs during specific
larval stages.7 Placement of these genes in
the heterochronic pathway has been estab-
lished through their genetic interactions
with other members of the pathway.
Complicating this analysis, however, is the
fact that the pathway does not act simply
in a linear fashion (Fig. 2). Instead, some
downstream genes repress genes upstream
in the pathway, while other genes have
multiple targets.”®

Heterochronic defects can be analyzed
in any cell lineage that displays specific,
methodical phenotypes throughout devel-
opment. For example, most lateral hypo-
dermal cells, otherwise known as seam
cells, divide before each molt. One daugh-
ter cell fuses with the hypodermis while
the other daughter cell continues to
divide. However, at the beginning of the
L2 stage, both daughter cells undergo an
extra cell division and at the L4-to-adult
molt the seam cells exit the cell cycle, fuse
and secrete a cuticular structure called
Thus  precocious
mutants exhibit alae formation prior to

alae. heterochronic
the adult stage due to skipping of an ear-
lier developmental event, while seam cells
in retarded heterochronic mutants may
never exit the cell cycle. Consequently
depending on the larval stage affected, het-
erochronic mutants may vary in the num-
ber of seam cells and the timing of seam
cell fusion and alae production.®

Central to the heterochronic pathway
are the first discovered microRNAs (miR-
NAs), lin-4 and let-7. miRNAs act
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post-transcriptionally to inhibit gene
expression by imperfectly binding to tar-
get gene mRNA and, in association with
the RNA induced silencing complex
(RISC), causing mRNA degradation and/
or translation inhibition.” Though miR-
NAs function as ~22 nt RNAs they are
encoded in the genome and transcribed by
RNA polymerase II into primary miRNAs
(pri-miRNA) that can be several kilobases
in length.'® Each pri-miRNA is capped
and polyadenylated before being processed
by the Drosha/Pasha complex into the
~70 nt  precursor ~ miRNA  (pre-
miRNA)."” The pre-miRNA is exported
to the cytoplasm before being further
processed by Dicer into the mature
miRNA."" Each of these steps in miRNA
biogenesis is highly regulated to ensure
the correct amount of miRNA is produced
in the right cells at the right time.'°
Accordingly, improper amounts of miR-
NAs have been associated with multiple
human cancers, various diseases and devel-
opmental defects.! 12 Though some regu-
lators of miRNA biogenesis have been
identified, many more likely remain to be
uncovered.'®

LIN-42 was identified as a member of
the heterochronic pathway in C. elegans
since loss of function mutations in
lin-42 cause precocious alae production.’
However, precise placement of LIN-42
in the heterochronic pathway has been
hindered by the numerous genetic
interactions  exhibited by = /in-42
mutants (Table 1).%® LIN-42 functions
upstream of /in-29 in the heterochronic
pathway, since mutations in /in-42 have
no effect on the retarded phenotype of
lin-29 mutants.”'®> However, mutations
in /in-42 suppress the retarded phenotypes
found in /in-14 gain-of-function mutants
or lin-4, let-7 or alg-1 loss-of-function
mutants, and mutations in the latter also
suppress the precocious phenotypes of /in-
42 mutants.”'?""® LIN-42 acts synergisti-
cally with hbl-1, miR-48 or lin-41, since
mutations in /77-42 and any of these genes
causes enhanced precocious pheno-
types.'>' Lin-42 and daf-12 mutations
mutually suppress each other." In contrast,
mutations in /n-46 have no effect on /in-
42 precocious phenotypes.'

Though a /in-42 mutation suppresses
the vulvaless phenotype of lin-4(mal61)
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Figure 2. LIN-42 and the heterochronic pathway. A simplified depiction of the heterochronic path-
way in C. elegans. miRNAs that act in the pathway are boxed. The 3'UTR of LIN-42C has a potential
let-7 miRNA binding site, suggesting that LIN-42 could be regulated by let-7 or its sisters (miR-48,
miR-84 and miR-241)."” Recent work shows that LIN-42 directly inhibits primary lin-4 and let-7 tran-
scription.’'® In addition, LIN-42 antagonizes the ligand-free form of DAF-12 to inhibit entry into

worms or the bursting phenotype of
let-7(n2853) worms, these phenotypes are
not suppressed in lin-4(¢912) or let-7
(mn112) worms (Table 2)."*'® The for-
mer alleles reduce, but do not eliminate
lin-4 or let-7 expression while the latter
alleles are both null. Thus, at a minimum,
LIN-42 functions through lin-4 and let-7
miRNAs to impact the heterochronic
pathway (Fig. 2). Intriguingly, since the
3'untranslated region (UTR) of /in-42 has
a putative let-7 binding site,'’” LIN-42
may also be subject to regulation by miR-
NAs like let-7 or the let-7 sisters (m7R-48,
miR-84, and miR-241).

The mechanism by which LIN-42
affects these miRNAs is beginning to
become clear based on 2 recent papers.
Both Van Wynsberghe et al. and Perales
et al. found that levels of mature lin-4 and
let-7 are
worms at multiple stages throughout
development.ls’16 This effect of LIN-42
on miRNAs extended far beyond the het-
erochronic pathway however, as 95% of
miRNAs in eggs and ~33% of miRNAs
in L4 stage worms were upregulated in the
absence of /in-42."> This increase in

increased in /in-42 mutant

mature miRNA levels was accompanied
by an increase in pri-let-7 and pri-lin-4
levels."” Surprisingly, the natural oscil-
latory patterns of primary let-7 and lin-4
levels were not affected by LIN-42.'>'%1?
These results suggested that LIN-42 regu-
lates the transcription of miRNAs, but not
the timing or oscillatory nature of primary
miRNA expression. This was further veri-
fied by the use of transcriptional reporters

for let-7 and lin-4.">'® GFP mRNA and
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protein levels expressed from these report-
ers was increased in the absence of /in-
421516

Thus LIN-42 regulates a multitude of
miRNAs by inhibiting primary miRNA
transcription. Such regulation is likely
carefully spatially and temporally con-
trolled, however, as LIN-42 is expressed
in multiple cell types throughout develop-
ment. Indeed, this regulation has clear
effects on cell functions beyond seam cells
and the heterochronic pathway. For exam-
ple, mutations in /in-42 suppress lsy-6
miRNA neuronal cell fate specification
phenotypes,'® likely by increasing lsy-6
levels above a required threshold. Addi-
tionally, the finding that LIN-42 also reg-
ulates primary miRNA transcription in
embryos suggests that LIN-42 also has

functions larval

15

important
development.

prior to

Gene Regulation by Period
Proteins

Period proteins of diverse organisms
use varying mechanisms to inhibit gene
expression and thus influence the circa-
dian clock. In Drosophila, the period pro-
tein acts indirectly to regulate circadian
thythms. Drosophila Period binds Clock
to inhibit dimerization of the transcrip-
tional activator of Clock-Cycle, which
once activated binds to enhancer sequen-
ces associated with the Period and Time-
less genes, thereby completing the core
circadian feedback clock loop.”**" How-
ever, in mammalian systems the period
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Table 1. Genetic interactions of /in-42 in the heterochronic pathway

Worm Strain Alae Phenotype References
lin-42(If) precocious 11416
lin-4(e912) retarded 11316,
lin-4(e912);1in-42(1f) wt 113,16
lin-14(gf) retarded 3
lin-14(gf);lin-42(If) wt 13
lin-46(ma174) wt !
lin-46(ma174);lin-42(If) precocious !
mir-48(ve33) precocious 3
mir-48(ve33);lin-42(If) enhanced precocious 13
hbl-1(mg285) precocious 14
hbl-1(mg285);lin-42(If) enhanced precocious 14
daf-12(1f) wt !
daf-12(1f;lin-42(If) precocious !
let-7(n2853) retarded 31416
let-7(n2853);lin-42(1f) wt 31416
lin-41(ma104) precocious 14
lin-41(ma104);lin-42(If) enhanced precocious “
1in-29(n546) retarded 113
lin-29(n546);lin-42(1f) retarded 3
alg-1(ma192) retarded 16
alg-1(ma192);lin-42(If) wt 16

gf - gain of function; If - loss of function refers to one or more alleles or RNAi experiments.

protein binds to the Clock-Cycle homo-
logs CLOCK-BMALI1 while bound to the
enhancer regions (E-boxes) of their target
genes.G An alternative mechanism by
which Period could regulate target genes is
to directly bind to target gene regulatory
sequences. Binding to target gene
enhancer sequences could inhibit tran-
scription by blocking activator binding,
while binding to rtarget gene silencer
sequences could recruit a transcriptional
repressor. Though all of these potential
mechanisms result in inhibition of gene
transcription, the Drosophila mechanism
does not involve target gene binding while
the remaining mechanisms do. Recent

Table 2. Vulva phenotypes in lin-42 mutant worms

work by Perales et al. shows that LIN-42
targets can be isolated by chromatin
immunoprecipitation (ChIP).'®  Thus,
LIN-42 must bind target genes either
directly or through interactions with a
bound transcription factor, as in mamma-
lian systems.

In addition to associating with non-
protein-coding genes like miRNAs, LIN-
42 also interacted with many protein-cod-
ing genes.16 Chromatin immunoprecipita-
tion followed by high throughput
sequencing (ChIP-seq) analysis showed
that though LIN-42 bound intronic and
exonic sequences of protein-coding genes,
LIN-42 predominantly associated with

Category Worm Strain Phenotype References

Vulva Development lin-42(If) Wt 16
lin-4(e912) Vulvaless 16
lin-4(e912);lin-42(If) Vulvaless 16
lin-4(ma161) Vulvaless 16
lin-4(ma161);lin-42(If) Wt 16

Vulva Bursting lin-42(1f) None 1516
let-7(mn112) Burst 16
let-7(mn112);lin-42(1If) Burst 16

let-7(n2853) Burst 1416

let-7(n2853);lin-42(If) None a6

If - loss of function refers to one or more alleles or RNAi experiments.
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both protein-coding and non-protein-
coding target genes at either the transcrip-
tion start site (TSS) or approximately 750
base pairs upstream of the TSS.'® LIN-42
target genes fit into multiple different cat-
egories including those related to trans-
port,  signal
locomotion, cell cycle, and stress
response.m Corroborating the finding that
LIN-42 regulates almost all miRNAs in
eggs, many L4 stage LIN-42 target genes
are involved in reproduction and embryo
development.">'® Thus throughout devel-
opment, LIN-42 associates with rtarget
genes to regulate their transcription and

transduction,  growth,

thus influence muldple developmental
and behavioral phenotypes.

Conclusions

Altogether these new findings further
confirm the complicated nature of the
period protein homolog LIN-42, while
illuminating some mechanisms by which
LIN-42 carries out diverse functions
throughout the course of development.
Period proteins are known to inhibit gene
regulation by acting as inhibitors of target
gene transcription.®?® The finding that
LIN-42 also performs this function fur-
ther supports its identity as a Period pro-
tein homolog. Period proteins are thought
to predominantly control circadian
rhythms by acting on protein-coding gene
targets, though circadian clocks have been
shown to impact miRNA biogenesis path-
ways at multiple steps and miRNAs have
been found to post-transcriptionally
regulate core circadian clock feedback
loops.?*** Studies have also found that
miRNAs can be influenced by core circa-
dian oscillator components in Drosophila
and mammals.** For example, miR-279
has recently been shown to impact JAK/
STAT signaling and thus rest/activity cir-
cadian rthythms in Drosophila,”® and
miR-219-1 was found to be a direct tran-
scriptional target of the oscillator protein
CLOCK.** The new findings by Van
Wynsberghe et al. and Perales et al. nicely
show that the effects of the circadian oscil-
lator on miRNA expression encompass
more than just a few miRNAs, but instead
transcriptionally regulate a large group of
miRNAs and other mRNAs to ultimately
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Figure 3. The role of LIN-42 in regulating target gene transcription. LIN-42 inhibits transcription of multiple primary miRNAs and physically associates
with target miRNAs and mRNAs at the transcription start site (TSS) and ~750 bp upstream of the TSS.'>'® Based on the mechanism by which Period
inhibits target gene transcription in mammalian cells® itis likely that LIN-42 (A & B) bind a transcriptional activator (TF) to inhibit gene expression. LIN-42
targets a diverse set of genes including those involved in forming anatomical structures, metabolism, transport, signal transduction, reproduction and
other functions. By inhibiting expression of these targets, LIN-42 ultimately impacts developmental timing, entrance into dauer, behaviors including loco-

affect developmental timing and circadian
thythms (Fig. 3). Thus miRNAs may be
used more than previously thought by
core circadian proteins to impact circadian
rhythmic behavior.

Once again, the regions of LIN-42
that lack Period PAS
domain are particularly important for
this function.">'® But, numerous ques-

the notorious

tions remain regarding the roles, intra-
relationships and clear expression pat-
terns of the different LIN-42 isoforms.
Though much attention has been paid
to the requirement of
LIN-42 for larval stage functions, little
has been done to understand its func-
tion in embryo stage worms. The new
findings that LIN-42 regulates ~95 per-
cent of miRNAs at this stage and that
LIN-42 targets in L4
include those involved in embryo devel-
opment suggest that LIN-42 also func-
this

15,16

stage worms

tions  at early tme in
development. Additionally, litde is
known about how LIN-42 is regulated
to cause its oscillatory expression pat-
tern throughout development. Period
proteins are subject to phosphorylation-
associated degradation pathways,® and
homologs of Period kinases are present
in C. elegans.'™*' Thus similar mecha-
nisms may be at work in C. elegans.
The 3'UTR of /in-42 also has putative
let-7 binding sites,'” suggesting that
miRNAs might also post-transcription-
ally regulate LIN-42. Future work will

www.landesbioscience.com

continue to address these and other
questions to determine how a single
protein can impact so many different
pathways throughout development.
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