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ARTICLEINFORMATION ABSTRACT
Article Chronology: In vertebrates, adipose tissue stores energy in the form of fat. Fat storage is tightly controlled by
Received 3 February 2009 and dynamically balanced with energy expenditure under physiological settings; the perturbation
Revised version received of fat in either excess (obese) or deficit (lipodystrophy) has devastating pathologic consequences
23 March 2009 in the fueling of homeostasis and organismal fitness. The process by which fat storage is
Accepted 30 April 2009 coordinated through positive and negative feedback signals is still poorly understood. To address
Available online 8 May 2009 potential mechanisms underlying fat storage we study a Caenorhabditis elegans Kriippel-like
transcription factor, Ce-klf-3 and demonstrate that kif-3 is a hitherto unrecognized key regulator of
Keywords: fat metabolism in C. elegans. The Ce-klf-3 is highly expressed during larval development and
C. elegans predominantly present in intestine: the site of fat digestion, absorption, storage, and utilization.
Fatty acids We found a strong positive correlation between kif-3 expression and fat deposition in a worm's
Fat storage intestine. Significantly, a kIf-3 (0k1975) loss-of-function mutation, characterized by the deletion of
Kriippel-like factors a 1658-bp sequence spanning the 3’ end of exon 2 through to the 5’ end of exon 3 of kif-3, enhanced
Klf-3 fat deposition in the intestine and caused severe defects in worm reproduction. Although kif-3
Zinc finger mutants seemed very similar to wild type worms in appearance and life span, 70% of mutants

became semi-sterile, each producing 40-50 viable progenies, and the remaining 30% were
rendered completely sterile toward adulthood. Notably, both mutant types displayed extensive
deposition of fat in the intestine. Our study also demonstrates that kif-3 is critical for maintaining
normal fatty acid composition by regulating genes involved in a fatty acid desaturation pathway.
Strikingly, kif-3 mutant animals with impaired fatty acid -oxidation pathway genes resulted in fat
accumulation in the mutant worm. We present the first clear in vivo evidence supporting essential
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regulatory roles of KLF-3 in fat storage in C. elegans and shed light on the human equivalent in

disease-gene association.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Energy stored in the form of fat is a basic property universal to
animals from Caenorhabditis elegans to humans, allowing organ-
isms to continue life during fasting or starvation [1]. A complex
multi-factorial trait driven by natural selection and food avail-
ability, fat storage is highly regulated by and dynamically balanced
with energy consumption in physiological settings; its perturba-
tion in either excess (obese) or deficit (lipodystrophy) has
devastating pathologic consequences in the homeostasis and
fitness of an organism. In humans, the obese state preconditions
insulin resistance and impairs pancreatic islet 3-cell function [2],
two hallmarks of type 2 diabetes, a chief metabolic disease and a
severe threat to the health of worldwide populations. Obesity also
may result in reproductive deficiency [3] and cardiovascular
disease [4]. Hence, understanding the cellular origins and
regulatory mechanisms of fat storage in model organisms, such
as C. elegans, should help unravel the molecular targets underlying
its signal transduction, gene expression, and pathway coordina-
tion, yielding new approaches to therapeutic applications.

The C. elegans stores fat mainly in cells of its intestine, a
derivative tissue of the developing layer of endoderm [5]. Prior
genome-wide RNAI studies have uncovered a plethora of genes
affecting lipid metabolism [6], which underscores the conserved
nature of molecular mechanisms in fat storage in worms and
mammalians. It was found that the suppression of 305 genes
reduced body fat, while the suppression of 112 genes either
enhanced fat storage or enlarged fat-droplet size [6]. The products
of these genes are metabolic enzymes, transcription factors,
signaling modules, and nutrient transporters, reflecting a wide
range of biochemical identities and pathway activities. However,
the mechanisms by which these factors act either positively or
negatively in the modulation of fat storage remain largely
unexplored. Direct inactivation of those worm genes homologous
to known mammalian lipid metabolism regulatory factors have
demonstrated the existence of molecular players that serve as
master switches at the level of gene transcription and/or signal
transduction. Examples include the transcription factors SREBP
and C/EBP, which cause a lipid-depleted phenotype when mutated
[7]. The C. elegans A9-desaturase fat-5, fat-6, and fat-7 genes are
expressed in the intestine where they undergo strict regulation by
a transcription factor, NHR-80, and maintain an optimum fatty acid
composition in the worm [8]. In contrast to such positive
regulators, little is known about the negative regulators of fat
storage in regards to their mode of action and mechanisms of
regulation. Several reports from mouse and cell culture studies
have suggested that the differentiation of preadipocytes into
adipocytes is regulated by a complex network of transcription
factors which synchronize the expression of many proteins. These
proteins are responsible for determining the shape of a mature fat-
cell. Members of the Kriippel-like factor class, KLFs, form a subset
of a broad class of proteins containing C;H, zinc fingers, the most
abundant motif in transcription factors. Although vertebrate KLF is
involved in many physiological roles, few mammalian KLFs have

been identified as key molecules in controlling adipocyte differ-
entiation or adipogenesis though high levels of RNA or KLF proteins
are found in adipocyte [9-12]. The aim of the present study is to
understand the mechanisms of the kif regulatory network during C.
elegans development.

In this study, we provide new genetic insight into fat storage by
identifying the C. elegans Kriippel-like factor 3, Ce-kIf-3 (mua-1 or
F54H5.4) as a hitherto unrecognized key regulator of fat
metabolism in C. elegans. This was prompted by our recent finding
that kIf-1, a member of the KLF class in the worm, is involved in fat
metabolism and in cell death and phagocytosis [13]. Here we show
that kIf-3 is notably distributed in the intestine conforming to its
spatiotemporal expression during development and implying its
role in intestinal fat metabolism. We demonstrate through detailed
genetic and phenotypic analyses that the two alleles of kif-3
mutant kif-3 (ok1975) and klf-3 (rh160) carry different genomic
deletions, with each exhibiting distinctive loss-of-function pheno-
types. A deletion in kif-3 (rh160) Il mutants caused the majority of
the animals to grow poorly and fail to reach adulthood. A
molecular analysis of the kif-3 (rh160) allele (in this study)
confirmed that the extensive genetic disruption that has occurred
in this mutant worm affects few neighboring genes in addition to
klf-3. Significantly and unexpectedly, the kiIf-3 (0k1975) allele,
characterized by a 1658-bp deletion in the kif-3 gene that spans the
3’ end of exon 2 through the 5’ end of exon 3, manifests not only in
severe reproductive defects but also in increased fat accumulation
in the intestine. Moreover, our studies reveal that the multiple
genetic components that participate in lipid metabolism pathways
are deregulated in the absence of KLF-3 function. Taken together,
the pleiotropic nature of the kIf-3 mutation suggests a key
physiological role of KLF-3 in the regulation of fat metabolism in
C. elegans and sheds light on its human counterpart in disease-
gene association.

Materials and methods
Nematode strains and culture conditions

All C elegans strains used in this study were maintained and
propagated at 20 °C on small petri plates containing nematode
growth medium (NGM) seeded with Escherichia coli OP50 [14]. The
WT strain N2 (Bristol) was used to create transgenic lines. The
homozygous klf-3 (0k1975 and rh160) mutant alleles were
obtained from C. elegans Genetics Center (Minneapolis, MN,
USA), which is funded by the NIH National Center for Research
Resources.

Stage-specific profile of the Ce-kif-3 mRNA transcript

Real-time quantitative RT-PCR (qRT-PCR) was used to profile the
stage-specific expression of kif-3 in embryos, staged larvae, and
adult worms. A synchronous population of all developmental
stages was prepared as previously described [15]. Embryos were
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obtained by treating gravid hermaphrodites with sodium hypo-
chlorite, and then hatched in water overnight to derive L1 larvae.
The arrested L1 larvae were transferred onto nematode growth
media (NGM) plates, and allowed to develop into L2, L3, L4, and
adult worms over 40 h. Total RNA was prepared from those worms
using Trizol™ reagent (Invitrogen, Carlsberg, CA) according to the
manufacturer's protocol. The kif-3 cDNA was prepared from 2 pg of
total RNA in a 50 pl volume reaction with forward 5’-CCACTACAT-
CAAGCGAGC-3’ and reverse 5’-GCGCTTCATGTGAAGACT-3’ primer using
gRT-PCR and QuantiTech™ SYBR Green PCR kit (Qiagen, Valencia,
CA). Another set of primers, forward 5'-GCATTGTCTCACGCGTT-
CAG-3’ and reverse 5'-TTCTTCCTTCTCCGCTGCTC-3’, was used to
amplify internal control, ama-1 transcripts [16]. An ABI Prism 7700
Sequence Detector (Applied Biosystems, Forster City, CA) was
programmed for an initial step of 2 min at 50 °C, 15 min at 95 °C,
followed by 40 cycles of 15 s at 94 °C, 30 s at 58 °C, 45 s at 72 °C. The
specificity of each amplicon was confirmed on agarose gel
electrophoresis and the relative level of each transcript within a
stage-specific cDNA preparation was calculated by the comparative
Ct method (Applied Biosystems). The relative abundance of the
transcript is presented as the ratio between klf-3 and ama-1.

In vivo site of klf-3 expression

To determine the in vivo expression site of kif-3, we made a kif-3::
gfp translational fusion reporter construct that contained the 5’
putative promoter and the entire coding sequence covering its five
exons. This sequence was PCR-amplified from WT DNA, digested
with restriction enzymes, and cloned into the gfp reporter vector
pPD95.75. The resulting construct pHZ122 (Fig. 1) was sequenced
to confirm the WT sequence and correct fusion of kif-3::gfp. The
pHZ122 plasmid was prepared using the Concert™ rapid plasmid

miniprep system (Invitrogen), and then injected into the gonadal
syncytium of individual adult hermaphrodites [17] at a concentra-
tion of 50 ng/pl. The pRF4 plasmid, which contains the dominant
marker rol-6 (sul006) encoding a mutant collagen, was co-
injected (80 ng/ul) to confer a visible roller phenotype to
transgenic worms. The F3 roller worms were selected for observing
klf-3::gfp expression. At least three independent transgenic lines
were examined for each construct.

Characterization of kiIf-3 (0k1975) and kif-3 (rh160) mutant
alleles

To determine the location and size of mutation in kif-3 (0k1975)
and klf-3 (rh160) mutant alleles, genomic DNA was prepared from
homozygous worms of each strain. A series of primers specific to
either kiIf-3 or its flanking genes were designed to amplify the
above genomic DNA by PCR (primer sequences will be provided
upon request). The PCR products were then cloned into TOPO
cloning vector (Invitrogen) and sequenced to pinpoint the exact
breakpoints of gene deletion. To determine the effect of the
mutation, RT-PCR, cloning, and sequencing were performed to
characterize transcript expression of the affected genes in kif-3
(0k1975) and kif-3 (rh160) genetic backgrounds.

Genetic and phenotypic analyses of kif-3 (0k1975) mutant

To dissect the loss-of-function of klf-3 (0k1975) mutant allele, the
mutant strain was backcrossed three times using WT males
according to a standard protocol [14] and maintained as homo-
zygous. The presence of deletion after each crossing was confirmed
by single-worm PCR and DNA sequencing. Individual homozygous
mutant hermaphrodites were grown on plates at 20+ 1 °C and
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Fig.1 - (A) Amino acid sequence alignments of the C-terminal zinc finger domains of C. elegans KLFs proteins (CeKLF3, CeKLF2, and
CeKLF1) with human KLF proteins (HsKLF1 and HsKLF7). Amino acid identity is marked with black. Asterisks denote the invariant
zinc-chelating residues in the three zinc fingers and black diamonds indicates those DNA-contacting residues. (B) and (C) genomic
organization of C. elegans kif-3a and kif-3b genes. Black boxes indicate exons and grey boxes 5’ and 3'UTR. The exon size in base pair
(bp) is numbered under the box. Promoters and introns are indicated by a solid line above which the size of introns is numerated.
(D) Diagram of the kif-3::gfp fusion construct, pHZ122. The construct contains the 1.0-kb upstream promoter and full-length coding

sequence of klf-3 fused in frame with the gfp reporter.
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Table 1 - List of genes predicted to participate in fatty acid synthesis, desaturation, elongation and B-oxidation pathways.

Genes Primer pair sequences Genes Primer pair sequences

acs-1 tatccaccaccaccagtg/atacatagggtaggggeg pod-2 tcggtcgagtttgeggatg/ tegtccattgagetgttcgg
acs-2 atgtcgctgatgetcatgteg/ cagttccgagacccaacage B0272.3 ccgtetettggtgecttaca/ tcggetageaatcatcatte
acs-3 aaatggcttccaaccgge/ tttcecgtccaacgecttca B0303.3 atcggacatccattcggag/aaggcacgacaaccgceta
acs-11 aactgttggeecggetgta/ctccgacgggactacaattge C17C3.4 ttctcagcagctggteattg/ getccagaagtggettgea
cpt-5 tcccgcaggaagttattgaaa/gettgatttectecgaatcg C48B4.1 aagttgtttatcgcecgtgg/atcacggegaccgagtactg
dhs-25 ctaaatccaccggtaacttce/caaggecggagteatcg FO8A8.1 cgtagacatgaccatcacgg/caagtcatccgtggagttga
ech-1 aaccaagaggcggeaaage/ gttggeatggctcaaattgg FO8AS8.2 agcctgecttctagecatg/ ggattgetattggeggatg
ech-8 tcaattccttgaagcecatec/ gaacgatcaggatgecgte F38H4.8 agcgcgattgeactacgt/tctgaagetcaaggattgee
ech-9 gagcaatcctctcaacggtg/ccggtgtattgaagaaggtgt F44C4.5 ttgcaagtgatctccatccac/acccgacttacaaacgcaac
elo-2 gattctgttcctggttgege/gacatgeccgtaagagtggaa F53A2.7 tacttgacgttgcggeg/ ctgctgtcggttgtgatcee

elo-5 tccaccatcagttgetcaage/ tttgectgatectttgecaa F54C8.1 acgagtagaatccgtcaccag/aggagatgcatcaatgaccg
elo-6 tcaaggttccagcatggattg/ tcttgecaccteecttgatg F59F4.1 cttcgagatggcacgttcg/caaccgcatttggacgceat
fasn-1 tctcatccaatctetecectea/ ttgaaatcaagggtgggeag KO5F1.3 aagttctggaacagtgtgeg/ tcatgattgeggatatgge
fat-1 acggacacgttgcccatca/ gectttgecttctcctcgag RO6F6.9 tgctgcaatcgettggtg/ gcttctgagatgetgttggte
fat-2 attaccaacggtcacgtcge/ gectttgeagectcaactec R07C3.4 tgagttggagttgtcaagcee/ ctcgtageagtcgtegttce
fat-3 accaacatggccacttcgg/ cattcagattgcaacgtgge RO7H5.2 cgattgagccaaccaactc/tcggatcgagaaggtgace
fat-4 tggaggtttcctgetctctca/ tggtaaaccatttgetgetge RO9E10.3 aagcaactggcgtcaagtg/ ttacgttcatggegatatgg
fat-5 acgctacatggtgcatcaac/agecgaacttcttgeactg TO05G5.6 ctcttctcggceaaaageg/ ccatggaggtgtgecttac
fat-6 ctaccagctcatcttcgagge/gatcacgageccattcgatgac TO8B2.7 tcgcgaagatcaagaagaga/ caatgaggegcttctatgte
fat-7 cgatacttctgtttccgee/ ttcttgattcttcacttecg

Primer sequences used in RT-PCR analysis.

their self-progeny used for experimentation. For morphological
comparison between WT and mutants, living animals were
observed under microscope using Nomarski differential interfer-
ence contrast microscopy. To measure fertility, L1/L2 larvae were
individually laid onto NGM plates seeded with E. coli OP50
bacteria, and their growth and development was observed at
room temperature. When these worms began to lay eggs, the
number of embryos produced by each of them was counted.
Individual worms were transferred to fresh NGM plates every 24 h
followed by counting the eggs and larvae for five consecutive days.
If a hermaphrodite worm did not produce any embryos in this
period, it was considered sterile. If a hermaphrodite worm
produced 40 = 10 viable embryos, it was considered semi-sterile.

Rescue assays

To rescue the kif-3 (0k1975) mutation by complementation, the
transgenic line expressing kif-3::gfp (pHZ122) translational fusion
construct was used to confirm that the phenotype due to deletion
was only due to the knockdown of the kiIf-3 gene. The procedure to
rescue deletion mutant worms using transgenic strains followed
the procedures described by Janke et al. [18] and Hashmi et al. [19].
In brief: heterozygous mutant males were created by crossing
hermaphrodite kif-3 (0k1975) mutant worms with wild type
males; 15 individual transgenic hermaphrodites expressing the
rescue gene were then crossed, each with 12 heterozygous mutant
males. After 24-36 h of mating, the hermaphrodites were
transferred individually to fresh NGM plates and allowed to
produce progeny. The F1 progeny was screened for males
exhibiting the roller phenotype (rol-6) indicating the presence of
the transgene within the worms and thus successful crossings. In
addition, single-worm PCR was performed on the roller worm to
ensure that these worms contained the rescue gene. Twenty L4
roller hermaphrodites from a successful mating plate were
individually picked and transferred to fresh plates to allow self-
fertilization. For this transgene rescue experiment the individual
worms were of two possible genotypes: kif-3 (0k1975)/+; kif-3

(Ex) or +/+; kIf-3 (Ex): the Ex designates extrachromosomal
array. The worms of both genotypes were screened for the
presence of sterile or non-sterile animals over their reproductive
periods. These worms were also tested for fat accumulation. If the
worms produced ~200 worms during their reproductive periods
(usually 5-6 days of their adulthood) and the presence of fat
granules in their intestine were comparable to wild type they were
considered rescued. The rescue was correlated with the presence
or absence of the expression of kif-3 (kIf-3::gfp construct) as well as
their genotype (the presence and absence of kif-3 deletion) using
single-worm PCR (fertile and nonfertile animals) with the
corresponding gene-specific primers. The progenies of the hetero-
zygous fertile or nonfertile roller worms were self-fertilized to
obtain homozygous. We used single-worm PCR on roller mother to
confirm their genotype and then the progenies of homozygous
worms were tested for fertility or absence of fat accumulation.

Fat staining and microscopic examination of lipid droplets

Fat staining was performed with Sudan black (Sigma, St. Louis,
MO) according to the published protocol [20] with minor
modifications. In brief, mixed population, as well as non-starved
L4 or adult kIf-3 mutant worms were separately fixed in 1%
paraformaldehyde in PBS separately, frozen at —70 °C for 30 min
to overnight, washed, and incubated overnight in 1 ml of Sudan
black solution (0.02% final concentration in propylene glycol).
Then, the samples were washed twice with propylene glycol,
mounted on a slide, and observed under a light microscope
equipped with DIC optics. The control WT worms of similar age
were treated in the same way for comparison. The Sudan black
staining was performed separately on three different batches of
synchronized mutant and wild type worm of similar age. Each
batch containing approximately 300 worms were divided into
three replicates. Electron microscopic examination of worm thin
sections was performed as previously described [21]. For electron
microscopy many cross-sections from approximately 100 WT or
mutant worms of same ages (L4 or young adult) were cut along
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the mid-body covering the mid-portion of intestinal tube and
surface complex of hypodermis and cuticle. Approximately 50
sections each from WT and mutant worms were observed under
microscope.

Analysis for fatty acid composition

A synchronized young adult population of both wild type (N2) and
klf-3 (0k1975) mutant worms were grown on NGM plates seeded
with E. coli OP50. Then the worms were washed off the plates with
water, and rinsed 3 times. The worms were stored at — 80 °C. Fatty
acid extraction and analysis were performed at the Fatty Acid
Analysis Laboratory (University of Florida, Gainesville, FL). Fatty
acids were extracted according to the method described by Sasser
[22], and Brock et al. [8] with several minor modifications. Fatty
acids as fatty acid methyl esters (FAMEs) were detected using an
Agilent 6890 gas chromatograph with an FID. Fatty acids were
identified using the Sherlock Microbial Identification System (MIS)
version 4.5 with the EUKARY peak library and method version 3.71
(MID], Inc., Newark, DE). Peaks are the representative of nine
measurements from three independent samples of mutant and
wild type nematodes. Each sample contained three replicates.

Analysis of genes involved in fatty acid metabolism

Because of the high fat accumulation in kif-3 (0k1975) mutant we
reasoned that kiIf-3 might regulate genes involved in lipid
metabolism. To test this premise, we identified 44 genes (Table
1) in the C. elegans genome predicted to participate in fatty acid
synthesis, desaturation, elongation and (3-oxidation pathways [23;
www.kegg.com]. A synchronized adult population of both kif-3
(0k1975) and N2-Bristol (WT) were grown at room temperature
(2241 °C) on NGM plate seeded with E. coli OP50 bacteria and
collected by washing off plates in PBS, washed 3x in PBS buffer. As
described above, the total RNA was prepared from those worms
using Trizol™ reagent, and then the cDNA was prepared from 2 ng
of total RNA in a 50 pl volume reaction. We used qRT-PCR to
measure the expression level of each of forty genes in wt and kif-3
(0k1975) mutant worms with gene-specific primers designed to
amplify each of the above genes along with control primers to
amplify 18S rRNA, tbb-2 (B-tubulin), and ubc-2 (ubiquitin-
conjugating enzyme, E2). The expression of transcripts in WT vs.
klf-3 (0k1975) mutant is presented as the mRNA abundance of each
gene relative to control genes.

Results

The C. elegans genome contains three Kriippel-like
transcription factors

We identified three Kriippel-like transcription factors (kifs): kif-1
(F56F11.3), kif-2 (F53F8.1) and klf-3 (mua-1 or F54H5.4), in the
worm genome (http://www.wormbase.org), which are genuinely
related as they all contain three highly conserved C-terminal C;H,
zinc fingers: kiIf-1 and kif-3 are both similar to human KLF1 and klf-
2 is very similar to human KLF7 (Fig. 1A), yet they display little
homology in their N-terminal regions (not shown). In C. elegans,
klf-3 occurs in two isoforms differing in the 5’-coding region: kif-3a
has five exons which encode a protein of 309aa, while kif-3b has six

exons which encode a protein of 315aa (Figs. 1B, C). The ATG start
codon of kif-3a begins approximately 1 kb downstream of the kif-
3b ATG start codon. The spliced EST data available on Wormbase
strongly supports that kif-3a and klf-3b use separate promoters.
Our preliminary data on reporter gene expression also indicates
that these two genes show differential gene expression (data not
shown). In genome-wide screens, these worm KLFs did not
demonstrate any role in fat regulation [6]. However, our recent
studies showed that kif-1 is involved in fat metabolism; kif-1 RNAi
caused increased fat accumulation in the intestine of RNAi worm
[13]. This finding prompted us to seek to determine if kif-3
possesses a similar functional role and whether kif-3 is the same
gene mutated and genetically mapped as in mua-1 (muscle
attachment abnormal-1) [24].

The kif-3 gene is expressed in all stages but is particularly
elevated during the larval stages of development

Because the expression of klf-3 has not been well characterized, we
first determined the stage-specific pattern of its expression during
development by measuring its mRNA levels in embryos, larvae,
and adults. Using real-time RT-PCR, we obtained a reproducible
estimate of the relative abundance of kif-3 transcripts in various
developmental stages (Fig. 2). The results presented indicate that
kif-3 is expressed throughout the lifespan of the worm but in
varying abundances. The total amount of kif-3 transcripts was
lower in embryos and higher in developing larvae. The peak
amount was seen in L1 larvae. After L1 growth, the kif-3 level
dropped slightly in the L2, L3, and L4 stages (Fig. 2). Since C. elegans
increases in size from larval to adult stages after the final molting
[25], these results suggest that the expression of klf-3 during larval
development is critical to the functional activity of this gene in
these stages of development.

The intestine is the major site of kif-3 gene expression
To determine the timing and location of kif-3 expression in vivo, we

established transgenic lines carrying the kif-3::gfp fusion gene,
which was driven by a cognate promoter, a 1.0-kb genomic
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Fig. 2 - (A) Temporal expression pattern of the kif-3 gene as
determined by qRT-PCR. The levels of kiIf-3 mRNA in each
developmental stage were measured, using ama-1 gene as an
internal control. Total RNA samples used for cDNA synthesis
were isolated from mixed-stage embryos, synchronized larvae,
and adult populations, respectively. Note that kif-3 transcript is
low in embryos but increased steadily in the larval stages and
decreased again in adult. Each experimental point was repeated
at least twice.
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Fig. 3 — Images of kIf-3::gfp expression during development. Transgenic lines of C. elegans carrying the pHZ122 construct for klf-3::gfp
fusion gene were generated as described in Materials and methods. As shown, kIf-3::gfp expression is seen in (I) un-hatched larva,
which is still inside the eggshell (solid line); (II) intestinal cells in young adult hermaphrodite (arrows); (IIl) intestinal segments
covering the mid-body and tail region of a young adult worm (solid line), but in gonads (arrows) and vulva (v); (IV) intestine of
egg-laying hermaphrodite (solid line); and (V) intestine of a male worm (solid line). Transgenic worms were observed and
photographed using Axioskop 2 plus fluorescent microscope with appropriate filter sets (400x magnifications). Expression of GFP is

merged with DIC images for clarity.

sequence upstream of the first ATG codon (Fig. 1D). As shown, kif-
3::gfp expression first appeared in the early larvae which were still
enclosed in the eggshell of the embryo (Fig. 3, I). During larval
development, gfp fluorescence was frequently observed in the
intestinal cells of developing larvae, young adults, egg-laying
hermaphrodites, and male worm (Fig. 3, II-V). Gfp fluorescence
was very strong and persisted even in very old adult worms. This
pattern was consistently seen in all three transgenic lines. It
appears that the expression of kif-3 in the intestine during larval
development as well as in adults is genetically programmed,
corroborating the mRNA data. These results indicate that the
activity of kif-3 is primarily in the intestine, given that the intestine
is a major site of fat metabolism, performing many vital functions
in C. elegans such as food digestion, nutrient absorption, and
energy storage [5-8].

Two alleles of kIf-3 mutant exhibit different deletions
and phenotypes

Before the phenotypic characterization of kif-3 (0k1975) and kif-3
(rh160) mutant alleles, we first determined their genomic
abnormalities and expression of transcripts. We confirmed in the
klf-3 (0k1975) allele a 1658-bp deletion spanning the 3’ end of
exon 2 through to the 5’ end of exon 3 of kif-3, establishing that kif-
3 is the only gene mutated in this strain (Fig. 4). In contrast, we
identified a 2.5-kb deletion in the kif-3 (rh160) allele, which covers
three genes from exon 3 in kif-3, to F54H5.3 and, the 5’ end of an
uncharacterized F54H5.5 gene (Fig. 4) suggesting that an
extensive genetic disruption in this mutant worm has occurred
that affects other neighboring genes in addition to kif-3. The C.
elegans wormbase (http://www.wormbase.org) indicates that
F54H5.3 encodes a VAMP-associated protein; its RNAi causes a
reduction in fat content and abnormal lipid metabolism [6].
Although both kif-3 (0k1975) and kif-3 (rh160) alleles are loss-of-

function mutants, the phenotype of the kif-3 (0k1975) allele is not
as severe as the kif-3 (rh160) allele in terms of survival, growth,
development and movement. This is consistent with the finding
that the latter carries a multi-gene deletion. Since the kif-3 (rh160)
mutant phenotype is the result of multiple deletions, its detailed
analysis will be reported elsewhere. Here, we focused on the
functional and phenotypic alterations in the kif-3 (1975) mutant
because the deletion there affects the kif-3 gene only and provides
an advantage for genetic and phenotypic analyses by establishing
the baseline of loss-of-function through a single gene alteration.

The kIf-3 mutant worms manifest abnormal morphology
and severe reproductive defects

To determine the morphology and phenotype of kif-3 (0k1975)
mutant worms, we observed the growth and development of L1
larvae by growing them individually on NGM plates. We found that
these L1 worms continued to develop to adulthood without
obvious defects in pharyngeal pumping, intestinal contraction, and
gross morphology. In a batch of 40 worms, 12 (30%) developed into
sterile adults. In the adult stage, these sterile worms moved slowly
and their intestines appeared very dark, despite an apparently
normal lifespan. The remaining 28 mutant adult hermaphrodites
(70%) each produced 40410 (mean+ standard error) viable
offspring over 5 days before becoming sterile (progeny was scored
every other day by transferring the hermaphrodite to a new plate).
In comparison a WT hermaphrodite produced 262+ 12 viable
embryos in the same period. Based on the two distinctive
phenotypes, we classified those 12 and 28 worms as sterile (no
progeny) and semi-sterile (reducing progenies), respectively.
After 5 days of observing their reproductive behaviors, both
types of mutant hermaphrodites were transferred to a slide for
further microscopic examination. Besides reproductive defects, we
found various structural changes in live mutant worms. To
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kif-3a (F54H5.42)

ATG ATG

0k1975, 1658 bp deletion

vapa (F54H5.3)

(F54H5.5) 0.5kb

rh160, 2522 bp deletion

Fig. 4 - Characterization of kIf-3 mutant worms. (A) Diagram of genomic deletion identified in 0k1975 and rh160 mutant alleles. The
deletion is denoted with a shaded bar and its size is shown in bp. (B) kIf-3 (0k1975) worms show distinctive phenotype: (I) WT gonad
has normal spermatheca (arrowhead), oocytes (small arrows), embryos (solid line), and germ cells (arrows); (II) on the 3rd day of
adulthood, the semi-sterile mutant hermaphrodites show egg-laying defects with uterus containing many degenerated embryos
(arrows); (III) in sterile worms, DAPI staining (in white) reveals the absence of normal morphology in the germline and oocyte area
of the gonad, and the disorganized clump of cells is found scattered in the gonad (arrows) and around vulva opening (v); (IV) the
oocyte region of the gonad arm of the sterile worm is filled up with small morphologically abnormal oocytes (arrows), and is
associated with gonad degeneration; (V) some older egg-laying worms show muscle detachment near vulval (v) opening (arrows);
all photographs were taken using Nomarski optics (400x magnifications).

visualize the nuclei of germ cells or developing oocytes, worms
were fixed and stained with DAPI. The typical patterns were seen
in the germline and oocyte areas of normal worms but not in sterile
mutants, where morphologically abnormal oocytes and disorga-
nized gonads were evident (Fig. 4, Il). In addition, few cells showed
DAPI staining around the vulva (Fig. 4, IIl). The acridine orange
(AO) staining [13] was negative in the germline area indicating
that the morphologically abnormal cells were not apoptotic (data
not shown). The oocyte region of the gonad arm was filled with
small morphologically abnormal oocytes. The worms were fat in
appearance with darkened intestines and degenerated gonads. In
L4 and early adult semi-sterile worms, germ cells and oocytes
appeared normal. The semi-sterile worms also appeared normal in
fertilization and egg-laying, but their oogenesis became impaired
after 40-50 oocyte-sperm fusion events. The degeneration of
embryos began with the appearance of disorganized clumps of
dead cells in the uterus (Fig. 4, IV). In some older egg-laying
worms, gonadal muscle was also detached (Fig. 4, V). The gradual
appearance of egg-laying defects in the semi-sterile mutant worms
could be due to the gradual deterioration of certain kif-3 related
activities.

Mutant rescue

In order to validate that the reproductive defects and fat
accumulation observed in kIf-3 (0k1975) mutant worms is due to
the deletion of the kif-3 gene, we tested the kif-3::gfp (pHZ122)
fusion genes bearing full KLF-3 protein-coding segments for the
rescue of different aspects of the kif-3 (0k1975) mutant phenotype.
There are three phenotypes of kif-3 (0k1975) mutant; complete
sterility (o progeny), semi-sterility (~50 progenies) and excessive
fat accumulation. We found that pHZ 122 construct can direct

expression of KLF-3 proteins to rescue major aspects of kif-3 loss-
of-function mutant phenotype. We found that 36 (n=47) kif-3
(0k1975); kif-3::gfpEx transgenic animals were able to rescue the
semi-sterile phenotype. The rescued worms were fertile and
produced on average 196 viable progenies during their reproduc-
tive period (4-5 days of adulthood) (Table 2) and were positive for
KklIf-3 (Ex) as indicated by gfp expression. Whereas 9 (n=47) kif-3
(0k1975); kif-3::gfpEx transgenic animals remained completely
sterile (0 progeny) during their reproductive period (Table 2). As
expected, the kif-3 (0k1975); pRF4 (roller) Ex transgenic animals
were sterile or semi-sterile. Although the expression levels of kif-
3::gfp fusion genes, were high in multiple transgenic lines tested,
this expression level may not be sufficient to rescue the complete

Table 2 - KIf-3 gene rescue the reproductive and fact

accumulation defects of KIf-3 (0k1975 mutant.

Genotype Sterile Semi- Fertile  Progeny?
sterile
KIf-3 (0k1975); 9 0 36 196 (173-210)
Kkif-3::gfpEx (N=47)
KIf-3::gfpEx (N=52) 0 0 52 170 (153-198)
KkIf-3 (0k1975); 16 21 0 35 (26-48)

roller (pRF4)Ex (N=37)

¢ Average number of progenies produced by each worm over 4 days at
20 °C+£1 °C. The numbers of a worm (N) are the combined total of two
separate rescue assays. The kif-3::gfpEx rescued the semi-sterile
phenotype but did not rescue the sterile phenotype of the kif-3
(0k1975) mutant. The kif-3::gfpEx also rescued the fat accumulation
phenotype of kif-3 (0k1975) mutant. kif-3::gfpEx as well as kif-3 (0k1975);
roller (pRF4)Ex transgenes served as controls. The Ex designates
extrachromosomal array. Rescue assays were performed twice.
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sterility of the kif-3 mutant. Alternatively, there are other factors
involved that cause the complete sterility in the mutant worm.
Further quantitative analyses of different kif-3::gfp constructs with
varying promoter lengths will resolve these issues. We also
observed the fat accumulation in 25-30 kif-3 (0k1975); kif-3::
gfpEx transgenic animals by Sudan black staining. We found that
these worms displayed significantly low fat content than kif-3
(0k1975) mutant. The results clearly indicate that reproductive
defect and excessive fat build up in the kif-3 (0k1975) mutant
worm was the result of a disruption in the normal function of kif-3.

The kIf-3 mutant worms accumulate abnormally high
fat contents

Given the intestinal expression of kif-3 and the appearance of fat in
kif-3 (0k1975) mutants, we ask whether the kif-3 deletion caused
the fat accumulation phenotype. We examined the accumulation
of fat in mutant worms through Sudan black staining and
observation under light microscope. While normal control
worms showed the typical low fat content (Fig. 5A, I), we found
extensive buildup of fat deposits in the intestines of all mutant
worms. Although fat accumulation was seen in young larvae, the
buildup of fat was particularly pronounced in the L4 and adult
stages (Fig. 5A, II, Ill). This finding suggests that the effect of the kif-
3 deletion on fat content is incremental with the growth of mutant
worms to adulthood. We further examined many sections of the
similar regions of both WT and the mutant worms under electron

microscope. Again, we found that in all samples normal WT worms
had relatively small and few lipid droplets in their intestinal walls
(Fig. 5B, panel I) whereas all the sections from kif-3 (0k1975)
mutant worms displayed extensive accumulation of large lipid
droplets in both the hypodermis and the intestinal wall (Fig. 5B, II,
III) as is evidenced by Hall [21] and Petriv and Rachubinski [26].
Thus, we conclude that ablating the function of kif-3 gene results in
severe reproductive defects and extensive fat deposition. Fig. 5B is
the representative of at least 60 cross-sections of WT or mutant
worm.

Fatty acid composition is altered in kif-3 (0k1975) mutants

The kif-3 (0k1975) mutant accumulates a large amount of fat in its
intestine. We anticipated that the accumulation of abnormally high
fat contents resulted from the alteration of fatty acid (FA)
composition in mutant worms. We utilized GC analysis of the
total lipids to measure the FA composition of both mutant kif-3
(0k1975) and wild type (N2) worms grown under standard culture
conditions and feeding on E. coli OP50 bacteria. Our analysis
revealed that an alteration in the long chain fatty acid composition
had occurred in the mutant worms along with an increase in
stearic acid (C18:0) and linoleic acid (C18:2wé6c) (Fig. 6). We also
noticed a slight increase in unusual fatty acids, C20:2w6c in the
mutant worms (Fig. 6). In addition, a reduction in palmitic acid
(C16:0) was noticed in the mutant when compared to the wild
type worm. In C. elegans, the pathway for unsaturated fatty acid

Fig. 5 - (A) Fat storage and morphological appearance of klf-3 (0k1975) mutant worms. (I) Low fat content in WT L4; (II) extensive fat
accumulation in kif-3 (0k1975) larvae; and (III) enhanced Sudan black staining in kif-3 (0k1975) adult hermaphrodite. All

photographs were taken using Nomarski optics (400x magnifications). (B) Electron micrographs of thin sections of mutant and WT
worms. (I) Few small lipid droplets (star) are present in the WT worm:; (II) the mutant worm bearing large lipid droplets (star); and
(IIT) another section of mutant worm showing large lipid droplets. Hy, denotes hypodermis and Int, intestine. The horizontal scale

bar is 2 pm.
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Fig. 6 - Fatty acid composition in kif-3 (0k1975) mutant is
compared to C. elegans (N2) wild type strain. Gas
Chromatography (GC) profiles: retention time at X-axis;
intensity of signal is shown at Y-axis. The arrows point to the
peaks corresponding to stearic acid (C:18.0) and linoleic acid
(C18:2w6c) in both wild type and kIf-3 (0k1975) mutant. Note
that these peaks are higher in kif-3 mutant than wild type
worm. Arrowhead indicates a slightly lower peak of palmitic
acid (C:16.0) in kIf-3 mutant. GC analysis were performed on 9
samples, each of kIf-3 (0k1975) mutant and adult population of
wild type (N2) strain collected in 3 different dates.

synthesis begins with C16:0, which can be elongated to C18:0.
Then C18:0 is subjected to desaturation to oleic acid (18:1A9)
and further desaturation and elongation of oleic acid results in
the formation of polyunsaturated fatty acids (PUFAs) [27]. As
discussed later, the results presented here indicate that the
changes in C:18:0 and C18:2w6c or C20:2w6c in the kif-3 mutant
worms influence desaturation and elongation and may have
affected the FA metabolism pathway in its entirety. Furthermore,
alterations in FA composition were associated with fat accumula-
tion and other reproductive defects in the mutant worms,
indicating the critical role of individual FAs in the physiological
performance of an organism.

kIf-3 regulates genes involved in fatty acid
metabolism pathway

The fat phenotype of kif-3 (0k1975) mutants suggests that kif-3
plays a key role in fat regulation and that its deletion may
interfere with fatty acid synthesis, composition or metabolism
related signal transduction [28; www.kegg.com]. To test this
hypothesis, we used qRT-PCR to asses the expression of a panel of
genes (Table 1) involved in lipid metabolism pathways in kif-3
(0k1975) mutants and compared their expression to wild type
worms. We found that a substantial deletion in the kif-3 coding
sequence produced a dramatic effect on multiple genes involved
in the fatty acid p-oxidation (mitochondrial p-oxidation and

peroxisomal [3-oxidation) pathway. In addition, a mutation in kif-3
also resulted in dramatic changes in essential genes involved in
fatty acid desaturation metabolic pathways [28] (Fig. 7). Upon
detailed examination of the RT-PCR data we observed that the 7
known genes predicted to function in mitochondrial or peroxiso-
mal B-oxidation pathways: acs-1, acs-2, ech-6 (T05G5.6), ech-9,
FO8AS8.1, FO8AS8.2 and TO8B2.7, altered expression in klf-3 (0k1975)
mutants. Fatty acids in the form of Acyl-CoA molecules are broken
down in mitochondria and/or peroxisomes to generate acetyl-CoA.
The observed alteration in the expression of the genes that facilitate
this breakdown could interrupt the process of (-oxidation,
ultimately leading to the accumulation of fat in kIf-3 mutants.

Through further analysis we identified the increased expression
of 7 fatty acid desaturases: fat-1, fat-3, fat-4, fat-5, and fat-6, (Fig. 7),
and the decreased expression of desaturase, fat-7, and elongase, elo-
2, in the mutant worm. The C. elegans fat-5, fat-6, and fat-7 genes
encode A9-desaturases that catalyze the biosynthesis of mono-
unsaturated C16:1 and C18:1 fatty acids from saturated C16:0
(palmitic acid) and C18:0 (stearic acid) fatty acids [27]. The fat-5
encodes a palmitoyl-CoA desaturase, which specifically acts on
palmitic acid (C16:0), while fat-6 and fat-7 genes encode stearoyl-
CoA desaturases (SCD), which preferentially desaturate stearic acid
(C18:0) (Fig. 8). The fat-3 encodes a A6-desaturases and is required
for synthesis of C20 fatty acids. In kif-3 (0k1975) worms we saw a
significant increase in fat-3 expression (Fig. 7) and, marginal
increase in the amount of C20:w6c (Fig. 6). With the exception of
fat-2, the altered expression of the fat genes in our RT-PCR screen is
consistent with data from lipid analysis which indicates a change in
C18 and C20 fatty acid composition in kif-3 mutant worms (Fig. 6).
Conceivably, increased expression of enzymes will increase con-
sumption of their substrates, possibly leading to the formation of
unsaturated fatty acids. Deletions in the kif-3 gene also affected two
important enzymes, acetyl-CoA carboxylase (ACC; pod-2) and fatty
acid synthase (FAS; fasn-1) which are involved in fatty acid
synthesis pathways (Figs. 7 and 8). Acetyl-CoA carboxylase
catalyses the irreversible carboxylation of acetyl-CoA to produce
malonyl-CoA, while FAS catalyzes a series of multi-step chemical
reactions through which FAS uses one acetyl-coenzyme A (CoA)
and seven malonyl-CoA molecules to synthesize a 16-carbon
palmitic acid. Overall, our results suggest the possible involvement
of KLF-3 in the control of fatty acid metabolism pathways. It is
possible that KLF-3 selectively acts on 3-oxidation and on fatty acid
desaturation pathway components to regulate their activity and
integrate their crosstalk into a fat metabolism network.

Discussion

Here we present a detailed characterization of the worm kif-3 gene
whose molecular properties and biological functions have not been
understood prior to this study. We showed that klf-3, together with
kif-1 and kiIf-2, form a small gene family that falls into the
superfamily of Kriippel-like transcription factors which is highly
conserved and broadly expressed across metazoan lineages [29,30]
including humans [23,31]. These KLFs bind to CACCC elements and
GC-rich regions of DNA and mediate the activation or repression of
transcription, performing diverse roles in proliferation, differentia-
tion, and development. The KLF-3 protein, like its two cousins,
contains a high amino acid sequence identity in the C-terminal
DNA binding C;H; zinc finger domains typical of all KLF members.
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Fig. 7 - Deregulation of genes for lipid metabolism in the kiIf-3 (0k1975) mutant. The level of expression of multiple genes
(designated at bottom) on the kif-3 mutant background was measured by real-time PCR. Lines at top of each bar represent standard
error of the measurement. Abundance of individual gene is expressed as relative to WT at scale “1”. The bars above 1 represent
up-regulated, while the bars below “1” represent down-regulated genes.

This molecular signature connects worm KLFs to a core set of
transcriptional regulators and, has thus led us to several basic
questions concerning the function of kif-3 gene. Is kif-3 expressed
specifically in the intestine and does it function in intestinal fat
metabolism? If so, what is the mode of action of kif-3 in this
regulatory function and how important is this molecular mechan-
ism to the worm in the context of organismal physiology? Our
genetic and phenotypic analyses of both WT and mutant kif-3

genes have provided several lines of evidence suggesting that KLF-
3 acts as a negative regulator and plays an essential role in the fat
metabolic network of C. elegans.

Fat storage has a pivotal role in the natural selection and
evolution of metazoans. It offsets food shortage, a constant threat
to animal survival (except humans of recent evolution) [32], and is
most likely to have arisen first in the gut, the most ancient organ
[6,7]. The intestine-specificity of KLF-3 and its identification as a

Acetyl-CoA
pod-2
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Cl6:0 — Cl16:1A9
elo-2 l
C18:1A11
C18:0 — CI18:1A9 —» 18:2| 18:2wé6e — (83
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C20 PUFAs
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Fig. 8 - Schematic presentation of the FA desaturation in C. elegans. The genes involved in FA desaturase steps are taken from Van
Gilst et al. [28]. The red box represents genes that are up-regulated while the green box represents genes that are down-regulated in
kif-3 (0k1975) mutant as detected by qRT-PCR. The expression of fat-2 (grey box) remained unchanged. Black box represents fatty
acids altered in kif-3 (0k1975) mutant and was easily detectable by GC.
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key factor in fat regulation reinforces the early origin and
adaptation of this genetic mechanism in lipid metabolism and
energy homeostasis. This notion is also corroborated by the
presence and function of its cousin KLF-1 in the intestine, albeit
KLF-1 is more widely expressed with roles in fat metabolism as
well as in other cellular processes in C. elegans [13]. Given the still
incompletely defined and multi-factorial nature of fat storage [1], it
is not surprising that both KLF-3 and KLF-1 have escaped RNAi
screenings of fat regulation factors [6]. Accordingly, our studies
define KLF-3 as the first of the KLF members now known to directly
result in excessive fat deposition and big fat-droplet formation
upon genetic mutation. The results support the stipulation that
KLF-3 has a significant role in modulating the activity of key
metabolic and signaling pathways, which collectively manifest in a
negative regulatory mechanism for fat storage and lipid
metabolism.

Regulation of fat storage involves a complex array of signaling
pathways which govern food intake, nutrient transport, and
metabolite flow in a highly concerted manner in both worms
and humans [20,33]. In worms as in mammals, SCDs play key roles
in keeping a proper level and ratio of saturated to unsaturated fatty
acids [34,35], acting in the intestine and under the strict control of
the transcription factor NHR-80. A fat-5/fat-6/fat-7 triple mutant
produces sterile adults with imbalanced fatty acid composition,
reduced movement, and early death, while an NHR-80 mutation
down-regulates all of them [8]. Although desaturases have no
linkage to the lifespans of worms [8] or mammals [35], a change in
the ratio of saturated to monounsaturated fatty acids contributes
to shortened lifespan in worms [28]. We found that in spite of
greatly reduced fertility in kif-3 mutant worms, they lived nearly as
long as wild type worms [36]. Thus, alterations in fat regulation or
fatty acid composition do not reduce life span as has been reported
in an earlier study [36].

Our quantitative RT-PCR analysis showed that the expression of
genes devoted to the regulation of fatty acid desaturation and fatty
acid p-oxidation pathways [28] were changed in kif-3 (0k1975)
mutants. We observed substantial increases in fat-1, fat-3, fat-4, fat-
5, and fat-6 expression but a significant decrease in the expression
of fat-7 suggesting kif-3 could differentially regulate these fat genes
in the maintenance of proper enzymatic activities via balancing
actions. Whether kif-3 and NHR-80 function cooperatively to form
a negative-positive feedback loop in the same pathway or
independently in different pathways needs further investigation.
KIf-3 maintains the balance of saturated and monounsaturated
fatty acids by regulating the expression of fatty acid A9-desaturase
genes, fat-1, fat-3, fat-4, fat-5, and fat-6 and fat-7, which in turn
catalyze the biosynthesis of monounsaturated C16:1 and C18:1
fatty acids from saturated C16:0 and C18:0 fatty acids [27]. An
imbalance in fatty acid saturation has been linked to numerous
pathological conditions [21]. Thus, it is possible that the sterile or
semi-sterile phenotype that we observed in kif-3 (0k1975) animals
results from the improper ratio of saturated and monounsaturated
fats. In support of the above hypothesis, our lipid analysis data
indicates an alteration in the relative abundance of C16:0, C18:0,
and C18:2w6c in kif-3 (0k1975) mutants. Deletion in the kif-3 gene
also results in a several fold increase in fat-3 expression. As fat-3 is
required for C20 synthesis we anticipated a change in the amount
of C20 fatty acids. In fact, we observed a reduction in C20:2w6c
fatty acids in the kif-3 mutant worms. This suggests that a change
in C20 occurs because the elevated expression of fat-3 results in a

noticeable effect on C20 synthesis easily detectable in total fatty
acids from GC analysis. Our analysis thus far suggests that kif-3 is
involved in the breakdown of fatty acids by affecting the genes
hypothesized to participate in the 3-oxidation pathway. Previously,
it was suggested that a mutation in nhr-49 (nr2041) results in
increased fat and reduced expression of 3-oxidation genes [28].
We speculate that klf-3 might influence fat storage through a
mechanism similar to nhr-49, but different from the latter in the
regulatory mode and metabolic gene targets. Consequently, we
suggest a plausible model whereby KLF-3 selectively acts on key
signaling modules to mediate pathway activities and integrate
their crosstalk into a fat regulation network. This hypothesis
deserves our attention in our future experimental investigations.

Although we do not have sufficient evidence in support of our
claim, our results suggest a link between fat accumulation and
reproductive deficiency given the observation that the disruption of
fat regulation in kiIf-3 mutants contributes to defects in germ cell
differentiation and oocyte development. This deregulation is
particularly interesting, considering that germ cells proliferate
and develop during early larval development in C. elegans [37].
Although kif-3 is found in neither germ cells nor oocytes, its
transcript is constantly and highly expressed during larval devel-
opment, suggesting that its function and regulation in larvae is
required for later stage-specific cell proliferation. In support of this
notion, young larvae carrying the kif-3 deletion displayed grossly
normal phenotypes, whereas L4 or young adult mutant worms
manifested morphological and functional abnormalities in multiple
and varied ways. Most likely, both the extensive fat deposition and
severe reproductive sterility associated with kif-3 mutant results
from damage that takes place in the course of larval development
and gradually accumulates. We speculate that reproductive defects
could be secondary to the buildup of fat storage, given that the loss-
of-function of KLF-3 would primarily affect the functions of the
intestine. The intestines of worms are major endocrine systems and
tissues engaged in nutrient sensing and energy metabolism [38]
positioned close to sexual organs. Upon klf-3 mutation, increasing
fat deposition could compromise these functions, ultimately
exerting a negative impact on reproduction.

The KLF family plays vital transcriptional roles in diverse
cellular processes in both mice and humans [39-46]. Several KLFs
are implicated in association with diabetes due to their residence
activities in adipose tissue, pancreas, liver, or muscle; furthermore
they regulate adipocyte differentiation (9-12), promote lipogen-
esis [47], or tune glucose/lipid homeostasis [48,49]. As KLF are less
in worms yet often regulate multiple metabolic processes as in
mammals (e.g., KLF5 and KLF15), further studies are needed to
determine whether kif-3 plays other roles in relating the other
phenotypes to changes in amino acid and/or glucose utilization.
When compared to their mammalian counterparts, the observa-
tions made concerning the expression and actions of worm KLF-3
provide insight into the regulation of fat storage and adiposity in
several ways. First, they link KLF to an essential negative regulatory
mechanism of fat storage in the intestine as the major site of early
origin [6,7]. This makes the worm intestine a useful model in future
studies to address the positive and negative impact of neuroendo-
crine signals on lipogenesis and fat deposition as in mammals [50].
Second, they connect KLF-3 expression to larval development and
reveal the significant pathogenic effects of fat storage on germ cell
function and worm reproduction. This causal link presents an
example when looking into parallel conditions in humans, namely,



EXPERIMENTAL CELL RESEARCH 315 (2009) 2568-2580

2579

obesity-associated reproductive deficiency [3] and gestational
diabetes [51]. Third, they relate the regulatory function of KLF-3
to the desaturases and R-oxidation signaling pathway that control
fatty acid metabolism. Given the universal nature of these three
genetic modules in animals, the newly uncovered aspects of fat
regulation may identify conserved organismal features and direct
research avenues to therapeutic applications.

Acknowledgments

We extend our gratitude to Dr. Mohandas Narla for his encourage-
ment and support, Sanya Hashmi for critical reading of the
manuscript. We thank C. elegans Genetics Center, University of
Minnesota, Minneapolis, MN, for providing rh160 and 0k1975
mutant alleles. We appreciate the Nucleic Acid Analysis Laboratory
of New York Blood Center for DNA sequencing.

REFERENCES

[1] S. Gesta, Y.H. Tseng, C.R. Kahn, Developmental origin of fat:
tracking obesity to its source, Cell 131 (2007) 242-256.

[2] D.M. Muoio, C.B. Newgard, Mechanisms of disease: molecular and
metabolic mechanisms of insulin resistance and beta-cell failure
in type 2 diabetes, Nat. Rev., Mol. Cell Biol. 9 (2008) 193-205.

[3] G.A. Bray, Obesity and reproduction, Hum. Reprod. 12 (suppl 1)
(1997) 26-32.

[4] L.E. Van Gaal, L.L. Mertens, C.E. De Block, Mechanisms linking
obesity with cardiovascular disease, Nature 444 (2006) 875-880.

[5] W.B. Wood, Embryology, in: W.B. Wood (Ed.), The Nematode,
Caenorhabditis elegans, Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, New York, 1998, pp. 215-241.

[6] K. Ashrafi, EY. Chang, J.L. Watts, A.G. Fraser, R.S. Kamath, .
Ahringer, G. Ruvkun, Genome-wide RNAI analysis of Caenorhab-
ditis elegans fat regulatory genes, Nature 421 (2003) 268-272.

[7] R.IM. McKay, J.P. McKay, L. Avery, ].M. Graff, C. elegans: a model for
exploring the genetics of fat storage, Dev. Cell 4 (2003) 131-142.

[8] T.J. Brock, J. Browse, J.L. Watts, Genetic regulation of unsaturated
fatty acid composition in C. elegans, PLoS Genet. 2 (2006)
997-1005.

[9] S.S. Banerjee, M.W. Feinberg, M. Watanabe, S. Gray, R.L. Haspel,
D.J. Denkinger, R. Kawahara, H. Hauner, M.K. Jain,

The Kriippel-like factor KLF 2 inhibits peroxisome
proliferator-activated receptor-y expression and adipogenesis,
J. Biol. Chem. 278 (2003) 2581-2584.

[10] J. Wu, S.V. Srinivasan, ].C. Neumann, J.B. Lingrel, The KLF2
transcription factor does not affect the formation of preadipocytes
but inhibits their differentiation into adipocytes, Biochemistry 44
(2005) 11098-11105.

[11] Y. Oishi, I. Manabe, K. Tobe, K. Tsushima, T. Shindo, G. Fujiu
Nishimura, K. Maemura, T. Yamauchi, N. Kubota, N. Suzuki, T.
Kitamura, S. Akira, T. Kadowaki, R. Nagai, Kriippel-like transcrip-
tion factor KLF5 is a key regulator of adipocyte differentiation, Cell
Metab. 1 (2005) 27-39.

[12] D.Li,S. Yea, S. Li, Z. Chen, G. Narla, M. Banck, J. Laborda, S. Tan, .M.
Friedman, S.L. Friedman, M.J. Walsh, Kriippel-like factor-6
promotes preadipocyte differentiation through histone
deacetylase 3-dependent repression of DLK1, J. Biol. Chem. 280
(2005) 26941-26952.

[13] S. Hashmi, Q. Ji, J. Zhang, R.S. Parhar, CH. Huang, C. Brey, R.
Gaugler, A Kriippel-like factor in Caenorhabditis elegans with
essential roles in fat regulation, cell death and phagocytosis, DNA
Cell Biol. 27 (2008) 545-551.

[14] S. Brenner, The genetics of Caenorhabditis elegans, Genetics 77
(1974) 71-94.

[15] J. Sulston, J. Hodgkin, Methods, in: W.B. Wood (Ed.), The
Nematode Ceanorhabditis elegans, Cold Spring Harbor Laboratory,
Cold Spring Harbor, 1998, pp. 587-606.

[16] LL. Johnstone, ].D. Barry, Temporal reiteration of a precise gene
expression pattern during nematode development, EMBO ]. 15
(1996) 3633-3639.

[17] C.C. Mello, J.M. Kramer, D. Stinchcomb, V. Ambros, Efficient gene
transfer in C. elegans: extrachromosomal maintenance and
integration of transforming sequences, EMBO ]. 10 (1991)
3959-3970.

[18] D.L. Janke, J.E. Schein, T. Ha, N.W. Franz, N.J. O'Neil, G.P. Vatcher,
H.I. Stewart, L.M. Kuervers, D.L. Baillie, A.M. Rose, Interpreting
a sequenced genomic: towards a cosmid transgenic
library of Caenorhabditis elegans, Genome Res. 7 (1997)
974-985.

[19] S. Hashmi, J. Zhang, Y. Oksov, S. Lustigman, The Caenorhabditis
elegans CPI-2a cystatins-like inhibitor has an essential regulatory
role during oogenesis and fertilization, . Biol. Chem. 281 (2006)
28415-28429.

[20] K.D. Kimura, H.A. Tissenbaum, L. Yanxia, G. Ruvkun, Daf-2, an
insulin receptor-like gene that regulates longevity and diapause
in Caenorhabditis elegans, Science 277 (1997) 942-946.

[21] D.H. Hall, Electron microscopy and three-dimensional image
reconstruction, in: H. Epstein, D. Shakes (Eds.), Modern Biological
Analysis on an Organism, the Nematode Caenorhabditis elegans,
Academic Press, San Diego, CA, 1998, pp. 395-436.

[22] M. Sasser, Bacterial Identification by Gas Chromographic Analysis
of Fatty Acid Methyl Esters (GC-FAME). Technical Note #101.
(2006) MIDI, Inc, Newark, DE 19713, USA. http://www.midi-inc.
com/media/pdfs/Fatty_Acid_Profiling.pdf.

[23] G. Suske, E. Bruford, S. Philipsen, Mammalian SP/KLF
transcription factors: bring in the family, Genomics 85 (2005)
551-556.

[24] ].D. Plenefisch, X. Zhu, E. Hedgecock, Fragile skeletal muscle
attachments in dystrophic mutants of Caenorhabditis elegans:
isolation and characterization of the mua genes, Development 127
(2000) 1197-1207.

[25] L. Byerly, R.C. Cassada, R.L. Russell, The life cycle of the nematode
Caenorhabditis elegans. 1. Wild type growth and reproduction,
Dev. Biol. 51 (1976) 23-33.

[26] O.IL Petriv, R.A. Rachubinski, Lack of peroxisomal catalase causes a
progeric phenotype in Caenorhabditis elegans, J. Biol. Chem. 279
(2004) 19996-20001.

[27] J.L. Watts, J. Browse, A palmitoyl-CoA-specific A9 fatty acid
desaturase from Caenorhabditis elegans, Biochem. Biophys. Res.
Commun. 272 (2000) 263-269.

[28] M.R. Van Gilst, H. Hadjivassiliou, A. Jolly, K.R. Yamamoto, Nuclear
hormone receptor NHR-49 controls fat consumption and fatty
acid composition in C. elegans, PLoS Biol. 3 (2005)

301-312.

[29] J. Turner, M. Crossley, Mammalian Kriippel-like transcription
factors: more than just a pretty finger, Trends Biochem. Sci. 24
(1999) 236-240.

[30] J. Kaczynski, T. Cook, R. Urrutia, Sp1- and Kriippel-like
transcription factors, Genome Biol. 4 (2003) 206-214.

[31] J. van Vliet, L.A. Crofts, K.G. Quinlan, R. Czolij, A.C. Perkins, M.
Crossley, Human KLF17 is a new member of the Sp/KLF family of
transcription factors, Genomics 87 (2006) 474-482.

[32] R. Stoger, The thrifty epigenotype: an acquired and heritable
predisposition for obesity and diabetes? BioEssays 30 (2008)
156-166.

[33] M.W. Schwartz, S.C. Woods, D. Porte, R). Seeley, D.G. Baskin,
Central nervous system control of food intake, Nature 404 (2000)
661-671.

[34] J.L. Watts, ]. Browse, Genetic dissection of polyunsaturated fatty
acid synthesis in Caenorhabditis elegans, Proc. Natl. Acad. Sci.

U. S. A. 99 (2002) 5854-5859.

[35] J.M. Ntambi, M. Miyazaki, A. Dobrzyn, Regulation of stearoyl-CoA

desaturase expression, Lipids 39 (2004) 1061-1065.


http://www.midi-inc.com/media/pdfs/Fatty_Acid_Profiling.pdf
http://www.midi-inc.com/media/pdfs/Fatty_Acid_Profiling.pdf

2580

EXPERIMENTAL CELL RESEARCH 315 (2009) 2568-2580

[36] J. Apfeld, C. Kenyon, Cell non autonomy of C. elegans daf-2 function
in the regulation of diapause and life span, Cell 95 (1998)
199-210.

[37] J.E.Kimble, J.G. White, On the control of germ cell development in
Caenorhabditis elegans, Dev. Biol. 81 (1981) 208-219.

[38] J. White, The anatomy, in: W.B. Wood (Ed.), The Nematode
Ceanorhabditis elegans, Cold Spring Harbor Laboratory, Cold
Spring Harbor, 1988, pp. 81-122.

[39] B. Nuez, D. Michalovich, A. Bygrave, R. Ploemacher, F. Grosveld,
Defective haematopoiesis in fetal liver resulting from inactivation
of the EKLF gene, Nature 375 (1995) 316-318.

[40] C.Perry, H. Soreq, Defective haematopoiesis in fetal liver resulting
from inactivation of the EKLF gene, Eur. . Biochem. 269 (2002)
3607-3618.

[41] A.R. Black, ].D. Black, J. Azizkhan-Clifford, Sp1 and Kriippel-like
factor family of transcription factors in cell growth regulation and
cancer, J. Cell. Physiol. 188 (2001) 143-160.

[42] S.Fisch, S. Gray, S. Heymans, S.M. Haldar, B. Wang, O. Pfister, L. Cui,
A. Kumar, Z. Lin, S. Sen-Banerjee, H. Das, C.A. Petersen, U. Mende,
B.A. Burleigh, Y. Zhu, Y.M. Pinto, R. Liao, M.K. Jain, Kriippel-like
factor 15 is a regulator of cardiomyocyte hypertrophy, Proc. Natl.
Acad. Sci. U. S. A. 104 (2007) 7074-7079.

[43] G.B. Atkins, M.K. Jain, Role of Kriippel -like transcription
factors in endothelial biology, Circ. Res. 100 (2007)

1686-1695.

[44] D.Wei, M. Kanai, S. Huang, K. Xie, Emerging role of KLF4 in human
gastrointestinal cancer, Carcinogenesis 27 (2006) 23-31.

[45] B.D. Rowland, R. Bernards, D.S. Peeper, The KLF4 tumor
suppressor is a transcriptional repressor of p53 that acts as a
context-dependent oncogene, Nat. Cell Biol. 7 (2005) 1074-1082.

[46] M.W. Feinberg, Z. Cao, A.K. Wara, M.A. Lebedeva, S. Senbanerjee,
M.K. Jain, Kriippel-like factor 4 is a mediator of proinflamma-
tory signaling in macrophages, J. Biol. Chem. 280 (2005)
38247-38258.

[47] T. Mori, H. Sakaue, H. Iguchi, H. Gomi, Y. Okada, Y. Takashima, K.
Nakamura, T. Nakamura, T. Yamauchi, N. Kubota, T. Kadowaki, Y.
Matsuki, W. Ogawa, R. Hiramatsu, M. Kasuga, Role of Kriippel-like
transcription factor 15 (KLF15) in transcriptional regulation of
adipogenesis, J. Biol. Chem. 280 (2005) 12867-12875.

[48] K. Birsoy, Z. Chen, ]J. Friedman, Transcriptional regulation of
adipogenesis by KLF4, Cell Metab. 7 (2008) 339-347.

[49] S. Gray, M.W. Feinber, S. Hull, C.T. Kuo, M. Watanabe, S.S. Banerjee,
A. DePina, R. Haspel, M.K. Jain, The Kriippel-like factor KLF15
regulates the insulin-sensitive glucose transporter GLUT4, ]. Biol.
Chem. 277 (2002) 34322-34328.

[50] K.G. Murphy, S.R. Bloom, Gut hormones and the regulation of
energy homeostasis, Nature 444 (2006) 854-859.

[51] J. Robitaille, A.M. Grant, The genetics of gestational diabetes
mellitus: evidence for relationship with type 2 diabetes mellitus,
Genet. Med. 10 (2008) 240-250.



	Mutation in Caenorhabditis elegans Krüppel-like factor, �KLF-3 results in fat accumulation and .....
	Introduction
	Materials and methods
	Nematode strains and culture conditions
	Stage-specific profile of the Ce-klf-3 mRNA transcript
	In vivo site of klf-3 expression
	Characterization of klf-3 (ok1975) and klf-3 (rh160) mutant alleles
	Genetic and phenotypic analyses of klf-3 (ok1975) mutant
	Rescue assays
	Fat staining and microscopic examination of lipid droplets
	Analysis for fatty acid composition
	Analysis of genes involved in fatty acid metabolism

	Results
	The C. elegans genome contains three Krüppel-like �transcription factors
	The klf-3 gene is expressed in all stages but is particularly elevated during the larval stages.....
	The intestine is the major site of klf-3 gene expression
	Two alleles of klf-3 mutant exhibit different deletions �and phenotypes
	The klf-3 mutant worms manifest abnormal morphology and severe reproductive defects
	Mutant rescue
	The klf-3 mutant worms accumulate abnormally high �fat contents
	Fatty acid composition is altered in klf-3 (ok1975) mutants
	klf-3 regulates genes involved in fatty acid �metabolism pathway

	Discussion
	Acknowledgments
	References




