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ABSTRACT

The LSF/Grainyhead transcription factor family is
involved in many important biological processes,
including cell cycle, cell growth and development.
In order to investigate the evolutionary conservation
of these biological roles, we have characterized two
new family members in Caenorhabditis elegans and
Xenopus laevis. The C.elegans member, Ce-GRH-1,
groups with the Grainyhead subfamily, while the
X.laevis member, XI-LSF, groups with the LSF sub-
family. Ce-GRH-1 binds DNA in a sequence-specific
manner identical to that of Drosophila melanogaster
Grainyhead. In addition, Ce-GRH-1 binds to sequen-
ces upstream of the C.elegans gene encoding
aromatic L-amino-acid decarboxylase and genes
involved in post-embryonic development, mab-5
and dbl-1. All three C.elegans genes are homologs
of D.melanogaster Grainyhead-regulated genes.
RNA-mediated interference of Ce-grh-1 results in
embryonic lethality in worms, accompanied by
soft, defective cuticles. These phenotypes are
strikingly similar to those observed previously in
D.melanogaster grainyhead mutants, suggesting
conservation of the developmental role of these
family members over the course of evolution. Our
phylogenetic analysis of the expanded LSF/GRH
family (including other previously unrecognized
proteins/ESTs) suggests that the structural and
functional dichotomy of this family dates back
more than 700 million years, i.e. to the time when
the first multicellular organisms are thought to have
arisen.

INTRODUCTION

The LSF/Grainyhead (GRH) transcription factor family
initially included LSF, LBP-1a, LBP-9 and LBP-32 in Homo

DDBJ/EMBL/GenBank accession nos AY323527, AY323528

sapiens, CP2, NF2d9 and CRTR-1 in Mus musculus,
Grainyhead in Drosophila melanogaster and cCP2 in Gallus
gallus (Table 1). While D.melanogaster Grainyhead pre-
dominantly regulates genes involved in various stages of fruit
fly development (1-4), H.sapiens and M.musculus LSF/CP2
members regulate expression of genes involved in a variety of
cell cycle, growth and differentiation processes in non-
developmental contexts (5-7). The precise basis of division
of various functions among different family members is,
however, unclear. The recent discovery and characterization
of two new mammalian members, MGR (mammalian grainy-
head) and BOM (brother of mammalian grainyhead), plus a
new D.melanogaster member, dCP2 (considered to be the fruit
fly ortholog of LSF), has provided initial evidence for the
existence of two distinct divisions in this transcription factor
family (8) (referred to as the LSF and GRH subfamilies in
Table 1 and hereafter). Still, it is unclear if physiological
functions among members within each subfamily are con-
served and, if so, to what extent. The taxonomic spread across
which physiological functions may be conserved, if at all, also
remains to be determined.

We report the sequencing of new members in
Caenorhabditis elegans and Xenopus laevis and investigate
their placement in the family phylogeny. As part of our
analysis, we have constructed protein sequence profiles and
corresponding multi-alignments of the family members to
address two key points: first, assignments of the new
sequences from other species (including some ESTs) to the
suggested family dichotomy; second, an identification of the
distinctive as well as shared features of the two family
divisions. In addition, the profiles provided a basis for
constructing a phylogenetic tree that exploits the positional
sequence variation across the entire family, rather than using
just individual, pairwise similarities. This is the first compre-
hensive comparative analysis of the entire LSF/GRH family,
including proteins/ESTs identified from additional genomes
such as C.elegans, X.laevis, Danio rerio, Anopheles gambiae
and Balanus amphitrite. Our analysis suggests that the family
is ancient and that there is a distinct dichotomy among family
members in the DNA binding structure and the type of DNA
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Table 1. List of the various previously known LSF/GRH family members

Homo sapiens Mus Gallus Drosophila melanogaster
musculus gallus
LSF subfamily members
1 LSF (34,35), CP2 (36), LBP-1c (37) CP2 (36) cCP2 (32) dCP2 (8)
2 LBP-1a (37) NF2d9 (38)
3 LBP-9 (39) CRTR-1 (40)
Grainyhead subfamily members
4 LBP-32 (39), MGR (8) MGR (8) Grainyhead (2), Elf-1 (41), NTF-1 (1)
5 BOM (8) BOM (8)

Orthologs are listed on the same row, along with literature references (in parentheses) and alternative names,

if any.

sequences bound, as well as in the type of physiological
function. To this end, we have systematically characterized
the DNA binding site preference of the C.elegans member,
Ce-GRH-1, in vitro and have shown that it binds to sites
upstream of the following C.elegans homologs of Grainyhead-
regulated genes: mab-5, dbl-1 [both genes involved in post-
embryonic development (9,10)] and the gene encoding
aromatic L-amino acid decarboxylase. Using RNAIi analysis,
we have shown that Ce-grh-I is an essential gene for
embryonic development and cuticle morphogenesis therein
and that this developmental role is conserved across evolution
between C.elegans and D.melanogaster.

MATERIALS AND METHODS

GenBank accession nos of sequences analyzed

Ce-grh-1 mRNA, AY323527; XI-LSF mRNA, AY323528;
A.gambiae CP2, EAA11971; A.gambiae GRH, EAA03941,
B.amphitrite BCS-3, BAA99545; Y48G8AR genomic clone,
AC024797; Y48G8AR.1 (ORF), AAF60703; Xl1-5prime EST,
AW765842; Xl-3prime EST, AW640817; D.rerio EST 1,
AL721647; D.rerio EST 2, AlI794123; X.laevis EST 1,
BJ066002; X.laevis EST 2, BJ060916; G.gallus EST 1,
BU469673, Strongyloides stercoralis EST, BES581124;
Conidiobolus coronatus EST, BQ621910.

Construction of protein sequence profiles

Bayesian prior-based PIMA profiles (11) of the protein
sequences were constructed for the LSF and GRH subfamilies
using local dynamic programming. Mus musculus and
G.gallus LSF/GRH sequences were excluded from the defin-
ing set of the profile since they were nearly identical to the
corresponding H.sapiens orthologs. Each position in the
profile matrix has an estimated probability of being occupied
by each of the 20 amino acids. The profile can also be
represented as a regular expression pattern of amino acids or
classes of amino acids based on physico-chemical side chain
similarity (12). Profile searches were done using short-in-long
dynamic programming and sequences with z-scores > 10 were
considered significant. Division of the family based on
similarity scores from BLAST analysis (BLASTP of the set
of LSF/GRH proteins used in profile construction, against
itself) yielded the same two subfamilies.

Identification of ESTs corresponding to LSF/GRH
family members

Initial BLAST searches were performed using the H.sapiens
LSF protein sequence as query against the translated dbEST
database (TBLASTN) at the National Center for
Biotechnology Information (NCBI, http://www.ncbi.nlm.nih.
gov/dbEST) with an expectation value cut-off of 110 and all
other parameters as default. Selected ESTs, as indicated, were
used as queries to search all identified LSF/GRH family
protein sequences (BLASTX) using default parameters, in
order to identify the protein with closest similarity.

Amplification of cDNAs by RT-PCR

Caenorhabditis elegans Bristol N2 strain worms were grown
and staged as described previously (13). Five picomoles of the
appropriate primer were annealed to total RNA (2 pg) from
worms (13) or X.laevis oocytes (14) and then extended using
200 U Superscript Reverse Transcriptase II (Life
Technologies) according to the manufacturer’s instructions.
One-tenth of this cDNA was amplified by PCR using 400 nM
forward and reverse primers, 200 uM dNTPs and 2.5 U LA
Taq (Takara-Shuzo) in the presence of 1.5 mM MgCl,, 20 mM
Tris—HCI (pH 8.0), 100 mM KCI, 0.1 mM EDTA, 1 mM
dithiothreitol (DTT), 0.5% Tween 20, 0.5% Nonidet P-40 and
50% glycerol. PCR products were visualized by staining with
ethidium bromide after electrophoresis through a 0.8%
agarose gel. The following primers were used in the RT
reactions: Ce-GRH-1 cDNA, CAGTAGAGTCGGAGCAT-
TTCGTC myosin light chain cDNA-oligo(dT) (Fig. 2A);
TGAGTTGGAATACGAGTTTGGAT (Fig. 2B); GTAAAC-
GGTAAGCCTTGG (Fig. 2C). The following primers were
used in the PCR reactions: Ce-GRH-1 cDNA, forward,
GACAAAGTCCCATTCCACAGG, reverse, GTCAACTTT-
TACGGTGATGCC; myosin light chain cDNA, forward,
CCGCCAAGAAGAAGTCCTCA, reverse, GTGGTAATG-
AGGTGAGCGAAGG (Fig. 2A); forward primer SLI,
GTTTAATTACCCAAGTTTGA; forward primer SL2, GGT-
TTTAACCCAGTTACT; M, 31,5 HindIII primer, gcggaaagctt-
ATGTCATTCCAACTTGACC (bases in lower case are in
addition to the cDNA sequence and contain a HindIII
restriction site); Mjy79s primer, ATGCCATCACCAGTG-
GAT; Mjs primer, ATGCTGGAAAGAAGTAGTG;
reverse Xbal primer, tgctgtctagatcaCGAGTTTGGATTGGT-
GGG (bases in lower case are in addition to the cDNA
sequence and contain an Xbal restriction site) (Fig. 2B);
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forward, ATGAGCGATGTGCTTGCCTTG, reverse, GCC-
ATCAGCAGGACCACAG (Fig. 2C). RT-PCR products
were sequenced by Davis Sequencing (Davis, CA).

Construction of phylogenetic trees

A phylogenetic tree was built using beta version 4.0b10 of
PAUP (15) on the basis of variations in each position (total of
189 variable positions) of the alignable region across all
identified proteins in the family. Protein sequence profiles
(above) were used as the basis for the multi-alignment. These
alignments were refined by hand. Regions that could not be
aligned across all sequences were discarded. Parsimony was
used as the optimality criterion for building the tree. Bootstrap
trees were built for 400 replications and values =60% were
incorporated into the phylogenetic tree. Translated EST
sequences were not directly used for the analysis since they
did not represent the full-length protein and did not extend
over the entire multi-alignment. Rather, their placements in
the tree were deduced from BLAST sequence similarity scores
to other full-length LSF/GRH family proteins.

Cloning and in vitro transcription/translation

Near full-length Ce-GRH-1 cDNA amplified by RT-PCR
using the M31,5 HindIIl and reverse Xbal primers (above)
was cloned into the HindIIl and Xbal sites of pBluescript
(SK-); this plasmid was named CeGRHpBS. Proteins were
synthesized in vitro from 2 ug CeGRHpBS (Ce-GRH-1) or
2 ug pTPStuNTF-1 (GRH) (16) in 25 ul reaction volumes
using the TNT T7 Quick Coupled Transcription/Translation
System (Promega).

Determination of C.elegans homologs

Caenorhabditis elegans homologs for Ubx, Ddc, PCNA and
dpp were assigned by BLASTP of proteins corresponding to
these genes against Wormpep 79 (http://www.wormbase.org)
with an e-value cut-off of e, Reciprocal BLASTP of the
most similar Wormpep sequences obtained above against the
D.melanogaster protein database (release 2, http://www.
flybase.org) correctly yielded back proteins corresponding to
Ddc, PCNA and dpp. A one-to-one homolog assignment was
not possible for Ubx owing to the presence of other similar
homeodomain proteins in these genomes. However, phylo-
genetic analyses of various nematode HOX genes suggest that
mab-5, the top-scoring BLAST match to Ubx, is one of the
C.elegans Antp group genes (17), probably an ortholog of fiz
(18). Since both Ubx and ftz in the Antp group are regulated by
Grainyhead (1), we included mab-5 in our analysis.

Assignment of putative promoter regions of C.elegans
genes

cDNAs corresponding to the coding regions of each of the
C.elegans genes (above) were used as queries for TBLASTX
searches against C.elegans ESTs in dbEST with a threshold of
€0, Genomic locations of those ESTs (if any) with sequences
extending 5’ of the translation start site were determined using
SIM4 (19) alignment to C.elegans genomic sequence. ESTs
mapping to genomic locations distinct from that of the cDNA
or mapping to ambiguous genomic locations (less than 85%
identity over less than 85% of the length) were discarded. The
5’-most position thus obtained from among the cDNAs and
ESTs was defined to be the approximate transcription start site

and 1200 bases upstream were chosen for promoter analysis.
Promoter regions were scanned for identity to the core GRH
binding site, C(C/T)(T/G)G.

Electrophoretic mobility shift assays

One hundred femtomoles of radiolabeled DNA and 6.3 ul of
Ce-GRH-1 or 3 pl of GRH protein (quantitated to be
equimolar amounts) from in vitro translation reactions were
added to a buffer containing 5 mM MgCl,, 16 mM KCI,
165 ng/ul bovine serum albumin (BSA), 10% glycerol, 20 mM
HEPES (pH 7.9), 10 mM EDTA and 10 mM DTT along with
13 ng/ul salmon sperm carrier DNA. Non-radiolabeled
competitor DNA (where indicated) was added to the reactions
in 10- or 40-fold molar excess over radiolabeled DNA.
Proteins were incubated with DNA for 25 min at 23-25°C and
electrophoresed through a 5% polyacrylamide gel containing
0.2X TBE at 4°C. Gels were dried and analyzed using a
phosphorimager (Molecular Dynamics) and ImageQuant
software. The following oligonucleotide sequences (annealed
to their respective complementary sequences) were used in
EMSAs (nucleotides in lower case indicate changes in
sequence of the four UbxMt DNAs with respect to the wild-
type Ubx DNA): dpp-DREB, 5-CTTTTACCTGCTCTT-
CCG-3’; Ubx, 5-GATCAAACAATCTGGTTTTGAGCG-
TTA-3"; UbxMtl, 5-GATCAAACAATtaGGTTTTGAGCG-
TTA-3"; UbxMt2, 5-GATCAAACAATCTGGacgTGAGCG-
TTA-3"; UbxMt3, 5-GATCAAACctaCTGGTTTTGAGCG-
TTA-3"; UbxMt4, 5’-GATCAAACAATCTacTTTTGAGCG-
TTA-3"; Ddc (be-2), 5-CTAGAGCGATTGAACCGGTC-
CTGCGGT-3"; PCNA, 5-TGCCAACTGGTTTGATTGTT-
CACACTTTTT-3"; dbl-1 1, 5-TTTCATACTGGTTGCT-
TGA-3"; dbl-1 11, 5’-AAACATCTGGAACATTTT-3"; mab-
5, 5-AAACAAACCTGATATATT-3"; CeDdc (gene encod-
ing aromatic L-amino acid decarboxylase) I, 5-ACT-
TTTCCCTGGGCTAATG-3"; CeDdc II, 5-CCAAGTTCC-
CTGATAAATA-3"; CeDdc 1III, 5-ACCAATACTGGGA-
GTTTGC-3’; CeDdc 1V, 5-TAAACGACTTGAAAAATA-
3’; CeDdc V, 5-GTCTACACACCTGTTTTAACA-3"; pcn-1
I, 5-AAAATCGCTGGTAAATTC-3"; pcn-1 1I, 5-AAA-
TGCCTGGTACGCAAT-3".

RNAI analysis

Ce-GRH-1 sense and antisense RNA were transcribed from
linearized CeGRHpBS plasmid DNA. Transcription reactions
were carried out separately using T3 or T7 RNA polymerase
Ambion MEGAscript™ High Yield Transcription kits accord-
ing to the manufacturer’s instructions. Product purity was
verified by agarose/formaldehyde gel electrophoresis.
Equimolar amounts of sense and antisense RNA were
annealed in injection buffer (2% polyethylene glycol 8000,
20 mM potassium phosphate, 3 mM potassium citrate, pH 7.5)
to yield double-stranded RNA (dsRNA) at a concentration of
2.5 pg/ul. L4 stage larvae (N2 strain) were injected with
dsRNA as described in Fire et al. (20) and were monitored for
a period of 3 days post-injection. Injected parent generation
(Py) animals were transferred to fresh plates every 12 h. The
numbers of live eggs, dead eggs, larvae and adult animals on
all plates that had contained an injected animal (Py) were
determined.
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Figure 1. Bar representation of protein sequence profile-induced multiple alignments of the GRH and LSF subfamilies. (A) GRH profile, including the two
original Wormpep 19 ORFs. (B) LSF profile, including two translated X.laevis ESTs [from the Harland stage 19-23 library and Blackshear/Soares normalized
X.laevis egg library (25)]. Regions of the sequences in red indicate alignment to the profile, those in gray indicate alignment gaps and those in black indicate
non-homologous overhangs. The arrows indicate the location of oligonucleotide primers chosen for RT-PCR analyses shown in Figure 2.

RESULTS

Identification of new LSF/GRH family members

In order to better understand the evolution and functional
divisions of the LSF/GRH protein family, we undertook a
comparative analysis of known family members. Starting with
the two subfamilies suggested previously (8), we generated
two Bayesian prior-based protein sequence profiles (11)
which are diagnostic of this subfamily division. These
profiles were used to search the database of all annotated
proteins to identify new LSF/GRH homologs. Two predicted
OREFs in C.elegans (one a 167 amino acid predicted protein,
Y48G8AR.a, and the other a 154 amino acid predicted
protein, Y48G8AR.b, in Wormpep 19), two predicted
proteins in A.gambiae (mosquito) and one protein, BCS-3,
in B.amphitrite (barnacle) were identified. BLAST (21)
searches using human LSF as the query against the six
frame translated dbEST database identified ESTs correspond-
ing to the expected H.sapiens, M.musculus, G.gallus,
D.melanogaster and A.gambiae proteins, along with ESTs
from several other species.

The two C.elegans ORFs aligned to adjacent, partially
overlapping regions in the GRH subfamily profile (Fig. 1A) as
well as in the parent genomic clone, Y48G8AR. This
suggested that these ORFs had been incorrectly predicted
and in fact code for a single protein. Further, since the
combined span of the two sequences was only around 300
amino acids, rather than the expected 500 amino acids or
longer in other family members, we re-analyzed the
Y48G8AR genomic clone sequence around these ORFs. The
gene prediction program GenelD (22) predicted somewhat
different exon boundaries compared to those in the
Y48G8AR.a/b sequences and predicted additional N- and
C-terminal coding exons. The extended coding sequence
showed significantly greater similarity to the profile than did
the originally annotated ORFs.

Experimental determination of Ce-grh-1 and XI-LSF
gene structure

We tested our computational prediction of the gene structure
of the C.elegans member (hereafter referred to as Ce-grh-1,
corresponding to the new gene class ‘grh’ as submitted to the
Caenorhabditis Genetics Center) by performing RT-PCR
assays (Fig. 2A) using RNA extracted from N2 strain worms
in different developmental stages. The positions of the primers
are indicated by the arrows in Figure 1A. Sequencing of
purified amplified products yielded exon boundaries similar to
the GenelD predicted gene structure. In order to determine the
translation initiation site, we took advantage of the phenome-
non of trans-splicing (23) that occurs to generate mRNAs of an
estimated 70% (24) of the genes in C.elegans. In these genes,
5" untranslated regions of pre-mRNAs are trans-spliced by
splice leader 1 (SL1) RNA and internal sites upstream of
coding regions in polycistronic transcripts are trans-spliced by
SL2 RNA. RT-PCR analysis of C.elegans total RNA was
performed using sequence complementary either to SLI, to
SL2 or to regions of in-frame methionine codons upstream of
the computationally predicted translation start site in the
putative first exon as a forward primer (Fig. 2B). No major
products were obtained in amplification reactions using the
SL2 primer (data not shown). The RT-PCR product corres-
ponding to the forward primer around M;31,5 (methionine at
position 13125 in Y48G8AR) was approximately the same
size as the largest product amplified using the SL1 primer
(lanes 2-5), suggesting that the Ce-GRH-1 pre-mRNA is
trans-spliced to SL1 near the codon for M;31,5 and that this
codon represents the translation initiation site. We confirmed
that the junction for SL1 trans-splicing is one base upstream of
the codon for M;3,5 by sequencing the indicated products
(Fig. 2B). Therefore, the predicted, full-length Ce-GRH-1
protein is 563 amino acids long, and comprises eight exons.
(The ORFs predicted by Wormpepl9, Y48G8AR.a and
Y48G8AR.b, stand partly corrected in Wormpep 96 as
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Figure 2. Experimental amplification of mRNAs of two newly predicted LSF/GRH family members. (A) RT-PCR of Ce-GRH-1 mRNA using total RNA
extracted from C.elegans N2 strain in five developmental stages: egg (E, lane 2), larval stages L2-L4 (lanes 3-5, respectively) and adult (A, lane 6). Upper
lanes correspond to Ce-GRH-1 primers and lower lanes correspond to myosin light chain primers (positive control). Lane 1 indicates DNA size markers.
(B) RT-PCR analysis of Ce-GRH-1 mRNA to determine the translation initiation site of the coding region mRNA, using total RNA from mixed stage N2
strain worms. Amplifications by PCR were performed in duplicate using forward primers for splice leaders SL1 (lanes 2 and 3) or primers in the region of
three different in-frame methionine codons located upstream of the computationally predicted translation initiation site in the putative first exon (lanes 4 and
S, primer Mi3;,s, i.e. a primer in the region of the methionine codon at position 13125 on the parent genomic clone, Y48G8AR; lanes 6 and 7, primer
Mi270s; lanes 8 and 9, primer M,¢;5). Lane 1 indicates DNA size markers. The asterisk (*) denotes products from lanes 2-5 that were purified and sequenced.
Additional shorter bands observable in lanes 2 and 3 apparently result from other SL1-primed mRNAs containing similarity to the Ce-GRH-1 mRNA in the
region of the gene-specific RT primer. (C) RT-PCR of XI-LSF mRNA using two preparations of total RNA extracted from X.laevis oocytes (lanes 2 and 3).

Lane 1 indicates DNA size markers.

Y48G8AR.1; this predicted ORF has nine exons with a
conceptual translated product of 584 amino acids. It still
differs from our experimentally verified gene structure in
some exon—intron boundaries and in the presence of an
additional exon.) Ce-GRH-1 mRNA is expressed in all five
developmental stages tested, and at apparently comparable
levels.

Two X.laevis ESTs, when translated, aligned to N- and
C-terminal regions of the LSF subfamily profile (XI-5prime
EST and XI-3prime EST in Fig. 1B). In order to determine if
they indeed represented two regions of the same transcript
and, if so, to determine the full-length protein sequence, we
performed RT-PCR assays using RNA extracted from
X.laevis oocytes (Fig. 2C) and primers positioned as indicated
in Figure 1B. The complete X.laevis member (hereafter
referred to as XI-LSF) sequence was then reconstructed using
the sequence from the purified RT-PCR product plus the
flanking EST sequences. Given the 87% identity over the
alignment between XI-LSF (506 amino acids) and human-LSF
(502 amino acids) and the fact that the 3" X.laevis EST was
generated from poly(A)-selected mRNAs (25), it is likely that
the predicted XI-LSF protein is full length.

Protein sequence profile and phylogenetic analyses of the
expanded LSF/GRH family

The protein sequence profile for each subfamily was expanded
to include the additional members from C.elegans,
X.laevis, B.amphitrite and A.gambiae. Ce-GRH-1, BCS-3
(B.amphitrite) and one of the A.gambiae members (referred to
as A.gambiae GRH) aligned to the GRH profile. XI-LSF and
the other A.gambiae member (referred to as A.gambiae CP2)
aligned to the LSF profile. Profile-induced multi-alignments
based on the expanded LSF and GRH subfamilies show

conservation within, as well as between, subfamilies in the
regions required for DNA binding (26,27) (Fig. 3). However,
the regions required for oligomerization (26,27) are conserved
only within each subfamily (Fig. 3). It is useful to note that the
region required for DNA binding of LSF as mapped by
deletion analysis (26,27) partially overlaps the oligomeriz-
ation-associated region and is consistent with the fact that
tetramerization of LSF is a prerequisite for DNA binding. The
region directly interacting with DNA, although unknown, is
likely to be within the region depicted in Figure 3D.

We then constructed a phylogenetic tree exploiting the
positional amino acid variations across the entire family
(including the new sequences in C.elegans, X.laevis,
A.gambiae and B.amphitrite) using PAUP (15). We restricted
our analysis to regions that could be aligned across all
sequences. The tree has two distinct divisions corresponding
to the two subfamily profiles (Fig. 4). The time scales
estimated in the tree suggest that this division occurred more
than 700 million years ago. It is important to note that in such a
reconstruction, the longer branches are more informative.
Also, the implied variation in the length of terminal branches
suggests some variation in the rates of evolution, particularly
between vertebrates and invertebrates in the GRH subfamily.

Ce-GRH-1 binds DNA sequences upstream of genes
involved in post-embryonic development with binding
site preference identical to that of Grainyhead

The phylogenetic placement of Ce-grh-1 suggests that it is a
member of the GRH subfamily. To test this experimentally
and to characterize the DNA binding characteristics of Ce-
GRH-1 protein, we performed electrophoretic mobility shift
assays using in vitro translated Ce-GRH-1 and four different
known Grainyhead binding sites upstream of the following
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(B)

(C)

PATTERN
human—MGE
humean—BOM
Diresophila-GRH
Celegans-GRH
barnacle-BCE-32
mosquito-GEH
mosquito-GRH

PATTERN
human-IGE
human—BCM
Drosophila-GRH
Celegans-GRH
barnacle-BCE-3
mosquito-GRH
mosguito-GEH

FATTEEM
human—-MGR
human—BOM
Drosophila=GRH
Celegans-GRA
barnacle-BCE-3
maosguito-GEH
mosquito-GRH

FATTEERN
human-MGE
humean—BOM
Drosophila=GRH
Celegans-GRH
barnacle-BC5-3
mosguito-GEH
mosquito-GRH

PATTEREN
human—-IMGE
humean—BOM
Drosophila-GRH
Celegans-GRA
barnacle-BCE-32
mosquito-GRH

PATTERN
human-MGE
human-BOM
Drosophila-GRH
Celegans-GRH
barnacle-BCS-3
mosquito-GRH

FATTEREN
human-MGR
human-BOM
Drosophila-GRH
Celegans-GRH
barnacle-BCS-3
mosquito-GRH

T el

1o FE
ik Y

D EERR
EDKR
\D EERRERIERR
KEQRD EERRERAE RE

PATR a L VEREYs kpads

£T0Z “TT 8UNC U0 [00YdS [221P8 A SHesnydesse A J0 AlsiBAIUN 1 /610°'s euanopio ixo  feuy/:dny wo.j papeoumod


http://nar.oxfordjournals.org/

D.melanogaster  genes:  decapentaplegic  (dpp) (4),
Ultrabithorax (Ubx) (1), dopa decarboxylase (Ddc) (2) and
PCNA (28) (Fig. 5A). Both Ce-GRH-1 and Grainyhead bind
to the Ubx (lanes 4 and 5), Ddc (lanes 7 and 8) and PCNA
(lanes 10 and 11) sites, although Ce-GRH-1 has an apparent
lower binding affinity. Grainyhead only weakly binds the dpp
site (lane 2), where no binding is observable with Ce-GRH-1
(lane 1). This is not surprising given the relative affinities for
binding of the two proteins to the other sites tested. In a
competition binding assay of Ce-GRH-1 with wild-type or
mutant Ubx DNAs (Fig. 5B), 10- and 40-fold molar excess of
non-radiolabeled wild-type or Mt3 DNA competed effectively
for binding (lanes 2 —5), while a 40-fold excess of Mtl, Mt4 or
Mt2 DNA offered little competition (lanes 6-11), demon-
strating the sequence specificity of the central C(A/C/T)(T/
G)G as well as flanking bases in the site required for
DNA binding (Fig. 5D). Similar results were obtained for
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competition assays with Grainyhead (data not shown). Thus,
Ce-GRH-1 binds DNA in a sequence-specific manner
identical to that of Grainyhead.

To test whether there is functional conservation between the
two proteins, the upstream regions of C.elegans homologs of
the four genes, dpp (C.elegans dbl-1), Ubx (C.elegans mab-5),
Ddc (C.elegans gene encoding aromatic L-amino acid
decarboxylase) and PCNA (C.elegans pcn-1) were scanned
for potential Ce-GRH-1 binding sites. Binding assays of Ce-
GRH-1 and Grainyhead with DNAs containing these sites
were performed (Fig. 5C and data not shown). Both Ce-GRH-
1 and Grainyhead bound to sites upstream of dbl-1 (lanes 1
and 2), mab-5 (lanes 4 and 5) and the gene encoding aromatic
L-amino acid decarboxylase (‘CeDdc’, lanes 7 and 8), again
with Ce-GRH-1 binding with apparently lower affinity. The
various Ce-GRH-1 binding sites (Fig. 5D, upper panel) were
then aligned and compared to an alignment of DNAs that were
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Figure 3. (Above and previous two pages) Protein sequence profile analysis of LSF and GRH subfamilies. (A) Profile-induced multi-alignment of protein
sequences within the LSF subfamily, spanning the regions associated with DNA binding and oligomerization. (B) Profile-induced multi-alignment of protein
sequences within the GRH subfamily in the region associated with DNA binding. (C) Profile-induced multi-alignment of protein sequences within the GRH
subfamily in the region associated with oligomerization. (D) Profile—profile alignment of the two LSF and GRH profiles in the region associated with DNA
binding. Asterisks (*) in the alignment indicate conserved amino acid/amino acid class identities and dashes (-) indicate similarities based on amino acid
classes (below). Profile positions that are identical or similar to each other are indicated in bold. (E) Regions associated with oligomerization that apparently
cannot be aligned between the two profiles. Gaps in the profiles are not shown in (D) and (E). Profiles are represented as regular expressions. Lower case
letters in the regular expression indicate amino acid classes based on physico-chemical properties (a: I, L and V; d: FW and Y; e: F, W, Yand H; f: A, I, L,
V,M,F,W,YandC; h: A,Gand S;i: Sand T; j: G, Nand P; k: Dand E; I: D and N; n: Kand R; o: E and Q; p: D, E, N and Q; q: H, Kand R; r: D, E, N,
Q,H,Kand R; s: D, E, N, Q, H, K, R, S and T; x, any amino acid) (details of the coloring scheme are available at http://bmerc-www.bu.edu/description/
aaclasses.html) (12). DNA binding and oligomerization-associated regions are based on mapping by deletion analysis (26,27).
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X laevis LSF

H. sapiens LSF
D. rerioEST 1
M. musculus CP2

G. gallus CP2
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H. sapiens LBP-1a
M. musculus NF2d9

H. sapiens LBP-9

X. laevis EST 1

M. musculus
CRTR-1

D. melanogaster CP2

A. gambiae CP2
====- . gallus EST 1
H. sapiens MGR
D. rerio EST 2
X. laevis EST 2
M. musculus MGR

LSF/ICP2 97

100 H. sapiens BOM

GRH 100 M. musculus BOM

—————  C. elegans
o4 Ce-GRH-1
————— B. amphitrite
92 BCS-3
D. melanogaster
100  GRH
A. gambiae GRH

175Myrs  Present

750Myrs 450Myrs

Figure 4. Phylogenetic tree based on positional variation within regions of
sequence that aligned across all identified LSF/GRH family members.
Bootstrap values =60% are indicated near the nodes and are based on 400
replications. The scale bar corresponds to 10 substitutions per 100 positions
per unit branch length. Dotted lines indicate estimated placements of
G.gallus, D.rerio and X.laevis translated ESTs based on BLAST sequence
similarity scores. Time scales are based on current estimates of the mamma-
lian radiation at 175 million years and the vertebrate—invertebrate separation
at 450 million years (42). Double-headed arrows indicate the temporal
uncertainty based on apparent spread in extant branch termini.

not bound (Fig. 5D, lower panel), at least under our
experimental conditions. Based on this small data set, we
deduced that at least eight contiguous base positions are
important for Ce-GRH-1 binding. A matrix was generated
with the number of occurrences of each of the four nucleotides
in each of these eight positions (Fig. 5D, middle panels
indicating the matrix and the derived pictogram visualization).
The preference for an adenine immediately upstream and three
thymidines immediately downstream of the central C(A/C/
T)T/G)G is consistent with the lack of binding in DNAs
where these positions exhibit transversions.

Ce-grh-1 RNAi worms are embryonic lethal with
defective cuticles

We examined the function of Ce-GRH-1 in vivo using RNAi
analysis in C.elegans. A 1.6 kb region of double-stranded
RNA corresponding to the full-length Ce-GRH-1 coding
region was prepared and injected into N2 strain C.elegans L4
stage larvae. Upon reaching adulthood, these injected animals
produced apparently normal numbers of embryos, however,
greater than 95% of these embryos failed to hatch. The
remainder hatched and then died as L1 stage larvae. The
embryos arrested development at the three-fold stage with
well differentiated tissues and apparently normal motility

within the egg. However, muscle contractions that would
normally cause the body and cuticle of the animal to bend
smoothly were instead observed to induce constrictions or
puckering in the external cuticle (compare Fig. 6A with B and
C). All of the arrested embryos observed (n > 500) exhibited
this phenotype, suggesting that the cuticles of the Ce-grh-1
(RNAi) embryos are malformed and may lack the rigidity
necessary for normal motility and hatching. However, further
ultrastructural studies will be required to determine what, if
any, specific defects exist in the cuticle architecture. Also
consistent with the idea that a cuticle defect underlies the Ce-
grh-1 phenotype, we found that ~8% of the Ce-grh-1 (RNAi)
embryos exhibit ruptures in their cuticles resulting in the
extrusion of cells from the bodies of the animals (Fig. 6B and
C and data not shown).

DISCUSSION

We have undertaken the first comprehensive comparative
genome analysis of the LSF/GRH transcription factor family,
members of which play an important role in the cell cycle,
growth, differentiation and development. We have sequenced
two new family members, Ce-GRH-1 and XI-LSF, and
identified several other previously unrecognized members.
mRNA of Ce-GRH-1, the novel C.elegans member, is
expressed in at least five developmental stages and its
mRNA is SL1 trans-spliced one base upstream of the codon
representing the translation initiation site. Our protein
sequence profile and phylogenetic analysis both reflect the
dichotomy in the LSF/GRH family (8). The DNA binding site
preference of Ce-GRH-1 is consistent with its phylogenetic
placement in the Grainyhead subfamily. Our findings are that
(i) Ce-GRH-1 binds to the promoters of three genes involved
in post-embryonic development that are homologous to
Grainyhead-regulated genes and (ii) inhibition of Ce-grh-1I
by RNAi results in embryonic lethality. These strongly
support the hypothesis that the GRH subfamily members are
involved in development.

Our computational analysis of the expanded LSF/GRH
family, together with the results of Wilanowski et al., suggest
that the phylogenetic division into two subfamilies reflects
significant differences in structure and function between them.
Functionally, Grainyhead, the best studied protein in its
subfamily, is mainly a regulator of developmental control
genes in D.melanogaster, such as Ultrabithorax (1), dopa
decarboxylase (2), tailless (3) and decapentaplegic (4). Fruit
flies carrying grainyhead mutations display an embryonic
lethal phenotype (2). Similarly, H.sapiens MGR (presumably
the H.sapiens ortholog of grainyhead) binds to and can
activate the promoter of engrailed, a gene involved in
development (8). Ce-GRH-1, the putative C.elegans ortholog,
binds the promoters of the gene encoding aromatic L-amino
acid decarboxylase and genes involved in post-embryonic
development, mab-5 and dbl-1 (9,10) (Fig. 5C). These genes
are all homologs of D.melanogaster Grainyhead-regulated
genes. It remains to be seen if Ce-GRH-1 regulates the
transcription of these genes in vivo. Ce-grh-I phenotypic
knockout worms generated by our RNAi analysis are late
embryonic lethal and have cuticles apparently defective in
rigidity (Fig. 6). The observed cuticle rupturing in these RNAi
worms suggests that their cuticles are too weak to maintain
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Figure 5. Ce-GRH-1 and Grainyhead have identical DNA binding site preferences. (A) Ce-GRH-1 and Grainyhead have identical binding preferences to
known D.melanogaster Grainyhead DNA binding sites. Binding reactions of Ce-GRH-1 and Grainyhead with D.melanogaster DNA binding sites upstream of
the following genes: dpp (lanes 1 and 2), Ubx (lanes 4 and 5), Ddc (lanes 7 and 8) and PCNA (lanes 10 and 11) are shown. Lanes 3, 6, 9 and 12 display bind-
ing reactions of mock-translated rabbit reticulocyte lysate (negative control). Lanes 1-3 are scanned at higher exposure for ease of visualization. (B) Ce-
GRH-1 binds the Grainyhead Ubx site in a sequence-specific manner. Competition assays were performed with 10- or 40-fold molar excess of non-
radiolabeled wild-type (lanes 2 and 3) or mutant (4—11) Ubx DNAs and were compared to binding of radiolabeled wild-type Ubx DNA alone (lane 1). Lane
12 displays the binding of D.melanogaster Grainyhead to the Ubx binding site and lane 13 displays the reaction with mock-translated rabbit reticulocyte
lysate. (C) Ce-GRH-1 and Grainyhead have identical binding preferences to C.elegans sequences upstream of genes homologous to Grainyhead-regulated
genes. Binding reactions of Ce-GRH-1 and Grainyhead with C.elegans sequences upstream of the following genes: dbi-1 (lanes 1 and 2), mab-5 (lanes 4 and
5), the gene encoding aromatic L-amino acid decarboxylase (abbreviated CeDdc, lanes 7 and 8) and pcn-1 (lanes 10 and 11) are shown. Lanes 3, 6, 9 and 12
display binding reactions of mock-translated rabbit reticulocyte lysate (negative control). Lanes 7-9 are scanned at higher exposure for ease of visualization.
EMSAs were performed with in vitro translated proteins. FD indicates free DNA and NS indicates the non-specific protein-DNA complex formed by proteins
in the rabbit reticulocyte lysate. (D) (Upper) Alignment of sequences bound by Ce-GRH-1. (Middle) Count matrix of the number of occurrences of the four
nucleotides in each of the positions deduced to be important for interaction with Ce-GRH-1 and a Pictogram (http://genes.mit.edu/pictogram.html) visualiz-
ation of these nucleotide frequencies. (Lower) Alignment of sequences not bound by Ce-GRH-1 (under our binding conditions). Positions deduced to be
important for binding are shaded in gray.

£T0Z “TT SUNC UO [00UdS [BIIPS N STiesnydesse Al Jo AlSBAIUN e /610 jeulnopiojxo" leu//:dny Woy papeo jumod


http://nar.oxfordjournals.org/

4314 Nucleic Acids Research, 2003, Vol. 31, No. 15

(A)

(B)

Figure 6. Nomarski images of three-fold stage C.elegans embryos.
(A) Wild-type animal. (B and C) Ce-GRH-1 RNAi embryos. The embryos
in (B) and (C) exhibit abnormal puckering in the cuticle (white arrows) and
extruded cells (black arrows).

structural integrity. These phenotypes are strikingly similar to
the phenotypes of grainyhead mutant fruit flies, which also die
at the end of embryogenesis, have granular head skeletal
structures and misshapen, weak cuticles that manifest dis-
tended bulges and rupture easily (2). In addition, Ce-GRH-1

binds to the promoter of the gene encoding aromatic L-amino
acid decarboxylase (Fig. 5C), the D.melanogaster homolog of
which is involved in cuticle hardening and is regulated by
Grainyhead (2). These findings suggest that Grainyhead and
Ce-GRH-1 regulate genes in the embryonic epidermis
involved in cuticular morphogenesis pathways and that these
developmental pathways have been conserved during the
course of evolution. Such conservation of developmental gene
regulatory networks across evolution has been found pre-
viously (29). Specifically, there is phylogenetic evidence for
the existence of a monophyletic clade (Ecdysozoa) of
moulting animals including arthropods and nematodes (30),
suggesting that the moulting process arose once and that
related molecular mechanisms are common to these species.

Homo sapiens and M.musculus LSF/CP2, on the other hand,
bind to promoters of genes such as DNA polymerase B (31),
thymidylate synthase (7), c-fos (R.Misra, H.-C.Huang,
M.Greenberg and U.Hansen, unpublished data), ornithine
decarboxylase (J.Volker, A.P.Butler and U.Hansen, unpub-
lished data), a-globin (5) and IL-4 (6), involved in a wide
variety of processes, including the cell cycle, growth and
differentiation.

Although the protein sequence profiles representing the two
family divisions show conservation in the DNA binding-
associated region as mapped by deletion analysis, they show
no commonality in the oligomerization-associated region
(Fig. 3). Further, there is no protein—protein interaction
observed between proteins belonging to different subfamilies
(8,26). Structurally, Grainyhead binds to a ‘single’ DNA site
as a dimer while LSF binds two direct repeat DNA sites as a
tetramer (16,27,32). Taken together, these observations sug-
gest fundamental differences in the quaternary DNA binding
protein structure between the two subfamilies.

Our analysis of Ce-grh-1 is consistent with this family
dichotomy, based both on phylogenetic and experimental data.
We have demonstrated that the binding site preference for Ce-
GRH-1 is identical to that of Grainyhead, although our data set
is statistically small. In addition to competition analyses using
mutated DNA binding sites, comparison of sequences of
DNAs that bound Ce-GRH-1 versus those that did not (at least
under our binding conditions) indicated contiguous base
positions important for interaction with Ce-GRH-1; these
agree with the base preferences estimated in the DNA binding
site count matrix.

Among the known full-length proteins in the family, the
H.sapiens, M.musculus, D.melanogaster and A.gambiae
genomes have evolved members in both the GRH and LSF
subfamilies (Fig. 4). Although there is only a single identified
member each in X.laevis and G.gallus (both in the LSF
subfamily), the dbEST database contains additional X.laevis
EST sequences with greater than 85% identity over their entire
length to LBP-9 in the LSF subfamily and MGR in the GRH
subfamily and a similar G.gallus EST corresponding to MGR
(dotted lines in tree, Fig. 4). There is also EST evidence for the
existence of genes similar to LSF and MGR in D.rerio
(zebrafish) (dotted lines in tree, Fig. 4), reflecting a similar
gene duplication event. The B.amphitrite BCS-3 protein
groups with the GRH subfamily in the tree, and its cDNA is
selectively expressed in the larval stage (33). Given its
phylogenetic placement, we anticipate that there is at least one
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additional member belonging to the LSF subfamily in this
genome.

Finally, the C.elegans genome apparently has a single
member, which clusters with the GRH subfamily. Similarly,
there is evidence for GRH subfamily members in other
nematodes such as Caenorhabditis briggsae (contig FPC2032
from assembly cb25.agp8, derived from BLAST analysis of
C.briggsae genomic contigs) and S.stercoralis (BLAST
analysis of dbEST). However, there is no evidence for a
nematode protein in the LSF subfamily in terms of additional
products in our RT-PCR assays performed across C.elegans
developmental stages (Fig. 2A), sequence similarities to
nematode ESTs or sequence similarities to either the complete
genome sequence of C.elegans or the available genome
sequence of C.briggsae. Thus, the nematodes alone appear to
have a representative from only one of these two subfamilies.
The function of the other gene(s) may have been lost through
the course of evolution in these genomes. There is precedent
for gene loss in nematodes in the case of other gene families,
including the HOX gene cluster (18). An alternative hypo-
thesis is that the LSF subfamily functions may have been
subsumed by the GRH member in nematodes.

Our phylogenetic analysis, along with the known functions
and quaternary structures of the LSF/GRH family members,
suggests that the family underwent a major gene duplication
event more than 700 million years ago (Fig. 4), when the first
multicellular organisms are thought to have evolved.
(Consistent with this estimated time line, the only EST from
fungi with even weak sequence similarity to proteins in the
LSF/GRH family is an EST from C.coronatus, a multicellular
fungus.) This gene duplication event may have resulted in a
distinct functional and structural division among its members.
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