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Specificity proteins (SPs) and Kriippel-Like Factors (KLFs) are C2H2-type zinc finger transcription factors that
play essential roles in differentiation, development, proliferation and cell death. SP/KLF proteins, similarly to
Wilms tumor protein 1 (WT1), Early Growth Response (EGR), Huckebein, and Klumpfuss, prefer to bind GC-
rich sequences such as GC-box and CACCC-box (GT-box). We searched various genomes and transcriptomes of
metazoans and single-cell holozoans for members of these families. Seven groups of KLFs (KLFA-G) and three
groups of SPs (SPA-C) were identified in the three lineages of Bilateria (Deuterostomia, Ecdysozoa, and
Lophotrochozoa). The last ancestor of jawed vertebrates was inferred to have at least 18 KLFs (group A: KLF1/
2/4/17, group B: KLF3/8/12; group C: KLF5/51; group D: KLF6/7; group E: KLF9/13/16; group F: KLF10/KLF11;
group G: KLF15/151) and 10 SPs (group A: SP1/2/3/4; group B: SP5/51; group C: SP6/7/8/9), since they were
found in both cartilaginous and boned fishes. Placental mammals have added KLF14 (group E) and KLF18
(group A), and lost KLF51 (KLF5-like) and KLF15I (KLF15-like). Multiple KLF members were found in basal meta-
zoans (Ctenophora, Porifera, Placozoa, and Cnidaria). Ctenophora has the least number of KLFs and no SPs, which
could be attributed to its proposed sister group relationship to other metazoans or gene loss. While SP, EGR and
Klumpfuss were only detected in metazoans, KLF, WT1, and Huckebein are present in nonmetazoan holozoans.
Of the seven metazoan KLF groups, only KLFG, represented by KLF15 in human, was found in nonmetazoans.
In addition, two nonmetazoan groups of KLFs are present in Choanoflagellatea and Filasterea. WT1 could be evo-

lutionarily the earliest among these GC/GT-box-binding families due to its sole presence in Ichthyosporea.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Specificity proteins (SPs) and Kriippel-Like Factors (KLFs) constitute
a large family of transcription factors (SP/KLF family) with C2H2-type
(also called Kriippel-type) zinc fingers (Znfs) (Turner and Crossley,
1999; Bieker, 2001; Kaczynski et al., 2003). SP/KLF members have
three conserved Znfs responsible for binding GC-rich DNA motifs such
as GC-box (GGGCGG) and CACCC-box (GT-box). The N-terminal regions
before the Znfs are highly variable among SP/KLF subgroups and contain
short sequence motifs for protein-protein interactions and post-
translational modifications. These motifs are essential for the transcrip-
tional activator/repressor function, sub-cellular localization and protein
degradation. SP1 was the first cloned mammalian transcription factor
with preferences for GC-rich sequences (Kadonaga et al., 1987). The
first mammalian KLF gene, KLF1, was found to be highly expressed in

Abbreviations: DNA, deoxyribonucleic acid; EGR, Early Growth Response protein;
EKLF, Erythroid Kriippel-Like Factor; HGNC, Human Gene Nomenclature Committee;
KLF, Kriippel-Like Factor; LKLF, Lung Kriippel-Like Factor; SP, specificity protein; WT1,
Wilms tumor protein 1; Znf, zinc finger.
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erythroid (red blood) cells and thus named EKLF (Erythroid Kriippel-
Like Factor) (Miller and Bieker 1993). Later discovered mammalian
KLF genes were often initially named based on the abundance of their
expression in certain tissues, such as LKLF (Lung KLF) (Dang et al.,
2000), but the numerical naming of KLF proteins by Human Gene No-
menclature Committee (HGNC) (White et al., 1997) gained popular-
ity and dominancy in literature (e.g., LKLF is named KLF2). Human
has 17 KLF genes (KLF1-17) and nine SP genes (SP1-9) (van Vliet
et al., 2006; Schaeper et al., 2010). Recently a new putative KLF
gene (or pseudogene), KLF18, was discovered in placental mammals
as a chromosomal neighbor, and likely a gene duplication product of
KLF17 (Pei and Grishin, 2013). Compared with KLFs, SPs possess a
unique CxCPxC motif called Buttonhead (BTD) box in the N-terminal re-
gion outside the Znfs (Suske et al., 2005). SP/KLF family proteins are
functionally diverse with key roles in differentiation, development, pro-
liferation and cell death and are involved in diseases such as various
cancers (Black et al., 2001; McConnell and Yang, 2010).

Several other transcription factors also bind GC-box or CACCC-box,
e.g., Wilms tumor protein 1 (WT1) (Call et al., 1990; Gessler et al.,
1990), Early Growth Response proteins (EGRs) (Gomez-Martin et al.,
2010), Huckebein (Weigel et al., 1990), and Klumpfuss (Klein and
Campos-Ortega, 1997; Yang et al., 1997). Like SP/KLF, they also have
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conserved residues in their Znf regions responsible for the similar DNA-
binding preferences. Most experimental studies focused on members
from vertebrate and invertebrate model organisms such as mouse and
fruit fly. While computational surveys of some of these families have
been conducted for certain genomes (Materna et al., 2006; Shimeld,
2008; Chen et al., 2010; Seetharam et al., 2010), the evolutionary history
of the SP/KLF family and other related GC/GT-box-binding Znf families
(WTT, EGR, Huckebein, and Klumpfuss) have not been fully explored
in metazoans and beyond. High-throughput sequencing technology
generated genomes and transcriptomes for a variety of eukaryotes
from diverse lineages. These rich datasets offer a unique opportunity
to investigate the distribution and evolution of SP/KLF and other GC/
GT-box-binding Znf families.

2. Materials and methods
2.1. Genome and transcriptome analysis

We used BLAST (Altschul et al., 1997) to perform sequence similarity
searches of the SP/KLF, WT1, EGR, Huckebein, and Klumpfuss proteins in
the nr database (queries: human KLF proteins KLF1-KLF17). The BLAST
e-value cutoff was set to 1e-20 (manually selected) so that the majority
of C2H2 zinc fingers that do not belong to these GC/GT-box binding
families (SP/KLF, WT1, EGR, Huckebein, and Klumpfuss) were fil-
tered out. Hits to protein sequences in the following organisms
were selected and manually examined for the DNA-binding se-
quence motifs in these families: placental mammals — human
(Homo sapiens) and mouse (Mus musculus); marsupial — opossum
(Monodelphis domestica); birds — Gallus gallus and Pseudopodoces
humilis; reptiles — lizard (Anolis carolinensis) and turtle (Chrysemys
picta bellii); amphibian — Xenopus tropicalis; boned fishes — coela-
canth (Latimeria chalumnae), spotted gar (Lepisosteus oculatus) and
zebrafish (Danio rerio); cartilaginous fish — elephant shark
(Callorhinchus milii); amphioxus — Branchiostoma floridae; urochor-
date — Ciona intestinalis; hemichordate — Saccoglossus kowalevskii;
echinoderm — Strongylocentrotus purpuratus; lophotrochozoans —
Lottia gigantea and Capitella teleta; ecdysozoans — Daphnia pulex,
Tribolium castaneum, Drosophila melanogaster, Caenorhabditis elegans
and Trichinella spiralis; cnidarians — Nematostella vectensis and Hydra
vulgaris; placozoan — Trichoplax adhaerens; porifera — Amphimedon
queenslandica, ctenophores — Mnemiopsis leidyi and Pleurobrachia
bachei; choanoflagellates — Monosiga brevicollisi, Monosiga ovata, and
Salpingoeca rosetta; Filasterea — Capsaspora owczarzaki. TBLASTN
against NCBI genome and EST databases (hits with e-values worse
than 0.001 were considered as false positives; other options were de-
fault: gap costs: 11 (existence) and 1 (extension); scoring matrix:
BLOSUM62) and BLAT against genome sequences in the UCSC genome
browser (Karolchik et al., 2014) were used to identify potential missing
protein records. The predicted protein set of Oscarella carmela (in the
Porifera group) was obtained from http://www.compagen.org. We
also surveyed assembled transcriptomes of 11 Ctenophores (Moroz
et al,, 2014). De novo assembly of transcriptomes by Trinity (Grabherr
et al., 2011) were performed using data available at the NCBI SRA
(Sequence Read Archive) database (Leinonen et al., 2011) for the fol-
lowing species: Filasterea — Ministeria vibrans; Ichthyosporea —
Abeoforma whisleri, Amoebidium parasiticum, Creolimax fragrantissima,
Pirum gemmata and Sphaeroforma arctica. The SP/KLF, WT1, EGR,
Huckebein, and Klumpfuss proteins in the above organisms are avail-
able in supplementary data.

2.2. Assignment of SP/KLF members and groups

For member assignment of SP/KLFs in vertebrates (KLF1, KLF2, KLF3,
KLF4, KLF5, KLF5-like (KLF51), KLF6, KLF7, KLF8, KLF9, KLF10, KLF11,
KLF12, KLF13, KLF14, KLF15, KLF15-like (KLF151), KLF16, KLF17, KLF18,
SP1, SP2, SP3, SP4, SP5, SP5-like (SP51), SP6, SP7, SP8, and SP9), we

mainly rely on overall sequence similarity in Znf regions. Most of the
orthologous relationships were supported by reciprocal best BLAST hits.
Some SP/KLF members have undergone divergent evolution, and their
membership assignments were made by considering gene synteny,
conservation in key positions in Znf regions, and presence/absence of
short sequence motifs in the N-terminal regions before the Znfs. Gene
synteny has been shown to be helpful in establishment of KLF17s in
nonmammailan vertebrates (van Vliet et al., 2006; Antin et al., 2010).

The seven groups of bilaterian KLFs (KLFA-KLFG) were established
mainly based on sequence similarity to groups of vertebrate KLFs.
For example, top vertebrate BLAST hits of the lancelet KLFA are
KLF1/2/4/17 proteins. The seven groups were also supported by
their universal presence in a number of nonvertebrate bilaterian spe-
cies such as lancelet, sea urchin, acorn worm (three nonvertebrate
deuterostomes), Capitella teleta (a lophotrochozoan), and Daphnia
pulex (an ecdysozoan). Definition of three groups of bilaterian SPs
were based on a previous study (Schaeper et al., 2010).

We assigned SP/KLF proteins in basal metazoans to the seven KLF
groups and three SP groups defined in bilaterians by considering a
number of factors, including their sequence similarities in the Znf re-
gions and full-length proteins to bilaterian SP/KLFs, residue conserva-
tion in key positions in the Znf regions and the presence/absence of
group-specific motifs in the regions N-terminal to the Znfs.

2.3. Phylogenetic analysis

The MOLPHY package (Adachi and Hasegawa, 1996) was used for
phylogenetic reconstruction from the zinc finger regions of these
proteins. First, the ProtML (Maximum Likelihood Inference of Protein
Phylogeny) program of the MOLPHY package was used to derive a dis-
tance matrix for the sequences (-fD option, with “f” denoting the use
of amino acid equilibrium frequencies estimated from input data). The
NJdist (Neighbor Joining Phylogeny from Distance Matrix) program of
the MOLPHY package was applied to build an initial tree based on the
distance matrix. The ProtML program was then used to optimize the to-
pology and branch lengths of the tree by the local rearrangement search
(-R option) with the default JTT amino acid substitution model (Jones
et al., 1992) (-j option) and the use of data-derived amino acid equilib-
rium frequencies (-f option). The local estimates of bootstrap percent-
ages were obtained by the RELL method (-R option in the ProtML
program of MOLPHY) (Hasegawa et al., 1991).

3. Results and discussion
3.1. Seven groups of KLFs and three groups of SPs are present in Bilateria

Sequence similarity searches against various genomes of deu-
terostomes including vertebrates, Urochordata, Cephalochordata,
Hemichordata and Echinodermata revealed seven groups of KLFs
with corresponding members of KLF1/2/4/17/18, KLF3/8/12, KLF5,
KLF6/7, KLF9/13/14/16, KLF10/11, and KLF15 in the human genome.
We name these groups KLFA, KLFB, KLFC, KLFD, KLFE, KLFF, and KLFG,
respectively. Multiple genes in each group were found in vertebrates
(Table 1, described below). In contrast, a single member in each of
the seven groups was discovered in the three representative ge-
nomes of invertebrate deuterostomes — Branchiostoma floridae (a
cephalochordate) (Putnam et al., 2008), Saccoglossus kowalevskii (a
hemichordate) and Strongylocentrotus purpuratus (an echinoderm)
(Cameron et al., 2009) (Table 2). Ciona intestinalis (a urochordate)
(Satou et al., 2008) has one copy of KLFA/B/C/D/F/G and could have
lost KLFE.

Besides Deuterostomia, members of the seven KLF groups were also
identified in species of the other two major lineages of Bilateria —
Ecdysozoa and Lophotrochozoa (Table 2). The model organism Dro-
sophila melanogaster of the Ecdysozoa group has only five KLF proteins
(KLFB: CG42741, KLFC: dar1, KLFD: luna, KLFF: cabut, and KLFG:
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Table 1
Distribution of KLF, SP, WT1 and EGR in selected jawed vertebrates.
Organism  Kriippel-Like Factor (KLF) groups Specificity protein (SP) groups WT1 EGR
A B C D E F G A B C
1 2 4 17 18 3 8 12 5 5 6 7 9 13 14 16 10 11 15 151 1 2 3 4 5 51 6 7 8 9
Homsap 1 1 1 1 1 1 1 1 1 - 1 1 1 1 1 1 1 1 1 - 1111 1 - 1 1 1 1 1 4
Musmus 1 1 1 1 4 1 1 1 1 - 1 1 1 1 1 1 1 1 1 - 1111 1 - 1 1 1 1 1 4
Mon.del 11 1 - - 1 1 1 12 1 1 1 1 - - 1 1 1 - - 1111 - 1 - 1 1 1 4
Gal.gal -1 1 1 - 1 1 1 11 1 1 1 1 - - 1 1 1 1 11 1 1 1 - - - 1 1 1 4
Psehum - 1 1 1 - 1 1 1 11 1 1 1 1 - - 1 1 1 1 111 1 1 - 1 1 1 1 1 4
Ano.car 11 1 1 - 1 1 1 11 1 1 1 1 - - 1 1 1 1 111 1 1 1 1 1 - - 1 4
Chr.pic -1 1 1 - 1 1 1 11 1 1 1 1 - 1 1 1 1 1 11 1 1 1 1 1 1 1 1 1 4
Xen.tro 11 1 1 - 1 1 1 11 1 1 1 1 - - 1 1 1 1 111 1 1 1 1 1 1 1 1 4
Lat.cha -1 1 1 - 1 1 1 11 1 1 1 1 - 1 1 1 1 1 111 1 1 1 1 1 1 1 1 4
Dan.rer 1 2 1 1 - 1 1 2 2 1 2 2 1 1 - 1 1 2 1 1 1 1 1 1 1 1 11 2 1 2 6
Lep.ocu 11 1 1 - 1 1 1 11 1 1 1 1 - 1 1 1 1 1 11 1 1 1 1 1 1 1 1 1 4
Cal.mil 11 1 1 - 1 1 1 11 1 1 1 1 - 1 1 1 1 1 111 1 1 1 1 1 1 1 1 3

KLF and SP groups are shown as letters A-G and A-C in the header, respectively. The KLF proteins belonging to a group are denoted by numbers, with “I” following the number as abbre-
viation of “~like”, e.g., KLF17 in KLF group A is shown as 17 and KLF5-like (KLF5I) in group C is denoted as 51. The SP proteins are denoted the same way, e.g., SP51in SP group B is denoted as
51. Organism name abbreviations are as follows: Hom.sap — Homo sapiens; Mus.mus — Mus musculus; Mon.dom — Monodelphis domestica; Gal.gal — Gallus gallus; Pse.hum — Pseudopodoces
humilis; Ano.car — Anolis carolinensis; Chr.pic — Chrysemys picta bellii; Xen.tro — Xenopus tropicalis; Lat.cha — Latimeria chalumnae; Dan.rer — Danio rerio; Lep.ocu — Lepisosteus oculatus;

Cal.mil — Callorhinchus milii.

bteb2) and lacks KLFA and KLFE. The other surveyed insect species,
Tribolium castaneum (Tribolium Genome Sequencing et al., 2008),
has six KLFs (KLFB/C/D/E/F/G). The arthropod Daphnia pulex pos-
sesses members of all seven KLF groups and has multiple KLFA cop-
ies (Colbourne et al., 2011). These data suggest that all seven KLF
groups were present in the last common ancestor of ecdysozoans.
The two nematodes Caenorhabditis elegans (Consortium, 1998)
and Trichinella spiralis (Mitreva et al., 2011) of the Ecdysozoa
group have a smaller set of KLFs, missing members from four KLF
groups (KLFD/E/F/G). Analysis of genomes of two lophotrochozoans,

Capitella teleta (Simakov et al., 2013) and Lottia gigantean (Simakov
et al,, 2013), suggests that all seven KLF groups are present in the com-
mon ancestor of lophotrochozoans. The presence of the seven KLF
groups in all three major groups of Bilateria suggests that the last com-
mon ancestor of Bilateria was equipped with all of them.

Three groups of SPs have been identified in metazoans, correspond-
ing to SP1/2/3/4, SP5, SP6/7/8/9 in the human genome (Schaeper et al.,
2010). We name them SPA, SPB, and SPC, respectively. All surveyed
bilaterian organisms contain at least one copy of each of the three SP
groups (Table 2).

Table 2
Distribution of KLF, SP, WT1, EGR, Klumpfuss, and Huckebein in selected nonvertebrate organisms.
Lineage| Organism KLF SP WT1 EGR Klumpfuss Huckebein
A B C D E F G H I A B C

Deuterostomia Cio.int 1 1 1 1 - 1 1 - - 1 1 1 - 1 -
Bra.flo 1 1 1 1 1 1 1 - - 1 1 1 1 1 - 1
Str.pur 1 1 1 1 1 1 1 - - 1 1 1 - 1 - -
Sac.kow 1 1 1 1 1 1 1 - - 1 1 1 - 1 - 1

Lophotrochozoa Cap.tel 1 1 1 1 1 1 1 - - 1 1 3 - 1 1 -
Lot.gig 1 1 1 1 1 - 1 - - 1 1 2 - 1 1 1

Ecdysozoa Dap.pul 6 1 1 1 1 1 1 - - 1 1 1 - 1 1 1
Tri.cas - 1 1 1 1 1 1 - - 1 1 1 - 1 1 1
Dro.mel - 1 1 1 - 1 1 - - 1 1 2 - 1 1 1
Cae.ele 1 1 1 - - - - - - 1 1 1 - 3 2 -
Tri.spi 1 1 1 - - - - - - 1 1 1 - 1 1 -

Cnidaria Nem.vec - 2 1 1 1 1 1 - - 2 1 1 - 1 - 1
Hyd.vul - 2 1 1 1 1 - - - 1 - 1 - 1 -

Placozoa Tri.adh - 1 1 1 1 1 - - - 1 - 1 - 1 - 1

Porifera Amp.que - 1 1 1 1 1 1 - - 2 - - 1 1 - -
Osc.car - 1 1 1 1 1 - - - 2 1 - 2 1 - -

Ctenophora Mne.lei - 1 - 1 1 - - - - - - - 1 1 - 1
Ple.bac - 1 - 1 1 - - - - - - - 1 1 - 1

Choanoflagellatea Mon.bre - - - - - - 1 - - - - - - -
Sal.ros - - - - - - 1 1 - - - - - - - -
Mon.ova - - - - - - 1 2 - - - - - - -

Filasterea Cap.owc - - - - - - 1 - 2 - - - 1 - - 1
Min.vib - - - - - - - - 2 - - - - - - 1

Ichthyosporea Amo.par - - - - - - - - - - - - 3 - - -
Cre.fra - - - - - - - - - - - - 1 - - -
Sph.arc - - - - - - - - - - - - - - - -

Organism name abbreviations are as follows: Cio.int — Ciona intestinalis; Bra.flo — Branchiostoma floridae; Str.pur — Strongylocentrotus purpuratus; Sac.kow — Saccoglossus kowalevskii;
Cap.tel — Capitella teleta; Lot.gig — Lottia gigantea; Dap.pul — Daphnia pulex; Tri.cas — Tribolium castaneum; Dro.mel — Drosophila melanogaster; Cae.ele — Caenorhabditis elegans; Tri.spi —
Trichinella spiralis; Nem.vec — Nematostella vectensis; Hyd.vul — Hydra vulgaris; Triadh — Trichoplax adhaerens; Amp.que — Amphimedon queenslandica; Osc.car — Oscarella carmela;
Mne.lei — Mnemiopsis leidyi; Ple.bac — Pleurobrachia bachei; Mon.bre — Monosiga brevicollisi; Sal.ros — Salpingoeca rosetta; Mon.ova — Monosiga ovata; Cap.owc — Capsaspora owczarzaki;
Min.vib — Ministeria vibrans; Amo.par — Amoebidium parasiticum; Cre.fra — Creolimax fragrantissima; Sph.arc — Sphaeroforma arctica.
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3.2. Lineage-specific gene expansion and loss of KLFs and SPs in jawed
vertebrates

While invertebrate deuterostomes often contain one gene for
each of the seven KLF groups (Table 2), multiple members of each
group are commonly found in jawed vertebrates (Table 1). The last
common ancestor of jawed vertebrates appears to possess at least 18
KLFs, as they are present in both cartilaginous fish (elephant shark
(Callorhinchus milii) (Venkatesh et al., 2014)) and boned fish (such
as zebrafish (Danio rerio) (Howe et al, 2013) and spotted gar
(Lepisosteus oculatus) (Amores et al., 2011)). These 18 KLF members
are KLF1/2/4/17 (group A), KLF3/8/12 (group B), KLF5/51 (group C),
KLF6/7 (group D), KLF9/13/16 (group E), KLF10/11 (group F), and
KLF15/151 (group G). Two other KLF members, KLF14 of group E and
KLF18 of group A (possibly a pseudogene), are only found in placental
mammals and might have originated subsequently in evolution. KLF14
and KLF18 are likely derived from KLF16 (by reverse transcription)
and KLF17 (by local gene duplication), respectively. Although the lack
of expression data suggests that KLF18 could be a pseudogene, several
active genes such as zfp352 and zfp353 in mouse and rat could have
been derived from KLF18 through reverse transcription and represent
recent expansion of the KLF family in the murine lineage (Pei and
Grishin, 2013). KLF51 (KLF5-like) of group C was lost in placental mam-
mals, but is still present in the genome of opossum, a marsupial. KLF15]
(KLF15-like) of group G appears to be lost in all mammals, but is present
in all surveyed nonmammalian species (Table 1). Highly similar KLF
gene pairs in zebrafish should be the result of a recent whole genome
duplication event in the ancestor of teleost fish (Meyer and Schartl,
1999; Howe et al., 2013). In contrast, single copies of the 18 KLF mem-
bers were found in spotted gar, a boned fish that diverged before the tel-
eost genome duplication. KLF1 and KLF16 appear to be more prone to
gene loss compared to other KLF members (Table 1).

Ten members of specificity proteins were found in cartilaginous fish
and boned fish, suggesting that they were present in the last common
ancestor of jawed vertebrates. These SP proteins form three groups —
SP1/2/3/4 (group A), SP5/51 (group B), and SP6/7/8/9 (group C).
Among them, SP51 (SP5-like) appears to have been lost in mammals
and birds (Table 1).

3.3. SP/KLF proteins in basal metazoan groups

Recent genome sequencing efforts have shed light on the evolution
of four basal metazoan groups — Cnidaria, Placozoa, Porifera, and
Ctenophora (Sullivan et al.,, 2006; Srivastava et al., 2008, 2010;
Chapman et al., 2010; Nichols et al., 2012; Ryan et al., 2013; Moroz
et al,, 2014). Our analysis shows that genomes of these groups also con-
tain multiple copies of KLF members (Table 2). Compared with Bilateria,
these basal metazoan groups lack KLFA members, suggesting that KLFA
could be an invention in Bilateria. Each of the two recently sequenced
Ctenophora genomes, Mnemiopsis leidyi (Ryan et al, 2013) and
Pleurobrachia bachei (Moroz et al., 2014), contains three KLF genes
(Table 2). Phylogenetic studies based on both genomes indicate that
Ctenophora is the sister group to all other metazoans (Ryan et al.,
2013; Moroz et al.,, 2014). The repertoire of KLFs and SPs appears to be
consistent with this hypothesis, as Ctenophora contains fewer SP/KLFs
(3 KLF members from groups B, D, E and no SPs) compared to the
other three basal metazoan groups (Table 2). Alternatively, the smaller
set of SP/KLF proteins in Ctenophora could be a result of gene loss. To in-
vestigate this possibility, we searched 11 Ctenophora transcriptomes
(Moroz et al., 2014) and did not find other groups of SP/KLF proteins
with one exception, which is a putative KLFF sequence fragment de-
duced from the transcriptome of Euplokamis dunlapae. Phylogenetic
studies suggested that E. dunlapae may be the basal lineage among
these 11 Ctenophora species (sister group to the other 10 species)
(Moroz et al., 2014). It is thus likely that KLFF is present in the ancestor
of Ctenophora, but is secondarily lost in most of its lineages. The absence

of KLFG in Ctenophora could be attributed to gene loss as well, since
KLFG is present in nonmetazoan lineages such as choanoflagellates
and Filasterea (described below), suggesting its origination before the
appearance of metazoans. KLFG was also not detected in Hydra vulgaris
(acnidarian) (Chapman et al., 2010), Trichoplax adhaerens (a placozoan)
(Srivastava et al., 2008), and Oscarella carmela (a sponge) (Nichols et al.,
2012), but is present in Nematostella vectensis (a cnidarian) (Sullivan
et al., 2006) and Amphimedon queenslandica (a sponge) (Srivastava
etal, 2010).

We assigned SP/KLF members in basal metazoans to the seven KLF
groups and three SP groups defined in bilaterians (see Materials and
methods). KLFs of groups B/C/D/E/F appear to be present in all surveyed
species in Cnidaria, Placozoa, and Porifera (Table 2) according to our
manual assignment. To study the relationship of SP/KLF proteins in
basal metazoans and bilaterians, we conducted a phylogenetic re-
construction using the Znf regions of SP/KLF members in basal meta-
zoan groups and three bilaterians (B. floridae, S. kowalevskii, and
S. purpuratus), with WT1 proteins in these organisms serving as the
outgroup (WT1 proteins are discussed below) (supplementary
Fig. S1). KLFE/F and SPA/B/C appear to form a clade, within which
the SPA/B/C subgroup received high support. Both the KLFG group
and the WT1 outgroup received moderate support. A clade contain-
ing KLFA/B/C/D members received high support (supplementary
Fig. S1). However, KLFB, KLFC, and KLFD individually do not form
monophyletic groups. For example, while KLFDs from Cnidarians
(N. vectensis and H. vulgaris) and the placozoan (T. adhaerens) are
grouped together with bilaterian KLFDs in the phylogenetic recon-
struction, the two Ctenophora KLFDs are placed inside a group with
mainly KLFB proteins (supplementary Fig. S1). Using Ctenophora
KLFDs as queries, the top BLAST hits to bilaterian SP/KLFs are mostly
KLFD and KLFC proteins, instead of KLFB proteins. Ctenophora KLFDs
possess the CxHCDRC motif in the third Znf that is conserved in most
of bilaterian KLFDs, while the H and third C in this motif are not con-
served in KLFBs (Fig. 1(A) and supplementary Fig. S2). Our assign-
ments of Ctenophora KLDs were also based in part on motifs in the
N-terminal regions (data not shown). The inconsistencies between
the tree and our group assignment could be caused by the imprecision
of our assignment or the limitations in tree reconstruction such as the
limited number of positions (less than 100) for tree building and
long-branch attraction artifacts of divergent sequences.

The cnidarian N. vectensis has members of all three SP groups (SPA-
C), while the other surveyed basal metazoan organisms seem to miss SP
members from one or more groups (Table 2). The absence of SPs in
Ctenophora and its presence in the other three basal metazoan lineages
(Porifera, Placozoa, and Cnidaria) and Bilateria suggest that SPs could
have originated after the divergence of Ctenophora from other meta-
zoans, if Ctenophora is indeed a sister group to all other metazoans
(Ryan et al., 2013; Moroz et al., 2014). Alternatively, SPs could be
present in the last common ancestor of all metazoans, but were second-
arily lost in the Ctenophora lineage.

3.4. Sequence signatures of SP/KLF and the related EGR, WT1, Huckebein,
and Klumpfuss families

C2H2-type Znfs have a consensus sequence of [FY]XCX; sCX3[FY]Xs
WX,HX55[CH] (Xmn: m to n residues; W: a hydrophobic residue)
(Klug, 2010). Most of SP/KLF family members have three highly con-
served C2H2-type Znfs that follow a cysteine-histidine pattern of
“CX4CX1,HX3HX,CX4CX 1, HX3HX,CX,CX 1, HX3H” (Xn: Sepafatiofl ofn
residues; C and H in this pattern are zinc-binding residues). The number
of Znfs (three) coupled with the conserved residue separation numbers
between zinc-coordinating cysteines and histidines appear to be a
unique feature of mammalian SP/KLF members (Pei and Grishin,
2013). The sequence logos of individual SP/KLF groups are shown in
Fig. 1(A) (Crooks et al., 2004).
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Fig. 1. Sequence logos and DNA-binding preferences of Znfs of SP/KLF, WT1, EGR, Huckebein, and Klumpfuss. (A) Sequence logos of SP/KLF groups, WT1, EGR, Huckebein and Klumpfuss.
Znf regions are marked by red brackets on top. Up to eight positions before the first Znf were also shown as they provide some discrimination power among KLF and SP groups. Three key
DNA-binding specificity-determining positions are marked by -1, +3 and + 6 under the brackets. Zinc-binding positions with conserved cysteines and histidines are marked by stars (*).
The last Znf of WT1, EGR, and Klumpfuss is aligned to the second Znf of SP/KLF and WTT1. The coloring of amino acids is as follows: C — orange; R, K, H — blue; D, E —red; W, F, Y, M, L, I, V,
A —black; G, P, S, T,N, Q— green. The linker region between the first Znf and the second Znf of Klumpfuss is replaced with “//”, as it does not conform to the TGE[RK]P consensus in terms of
length and amino acid composition. These sequence logos were obtained by using the WebLogo 3 server (Crooks et al., 2004). (B) Predicted DNA-binding preferences of SP/KLF, WT1, EGR,
Huckebein and Klumpfuss. The motifs harboring key DNA recognition positions are shown for Znfs of each family. The preferred DNA sequences are shown in italic letters under the motifs
with the direction marked by 5’ and 3’ at the ends. Each base was under its corresponding interaction position in the protein motif. The core GC/GT-box sequences are underlined. The
letter Z in the second Znf motif of WT1 denotes E or Q. Metazoan and nonmetazoan WT1s have Q and E in this position, respectively.
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Each Znf has two conserved cysteines and two conserved histidines
functioning as zinc-coordinating ligands (marked by * in Fig. 1(A)). For
all metazoan SP/KLF groups, several positions between the second zinc-
coordinating cysteine and the first zinc-coordinating histidine of each
Znf exhibit high sequence conservation, forming motifs of YXKxSHXXA,
FXRSDExxR, FXRSDHxxx (from the fourth position after the second
zinc-binding cysteine to the position before the first zinc-coordinating
histidine) in Znfs 1-3, respectively (Fig. 1(B)). Each C2H2-type Znf
mainly interacts with three consecutive DNA base pairs, and the third,
sixth, and ninth positions in these motifs are key contributors to the
binding specificity of the 3’ base, the middle base, and 5’ base of the pri-
mary interaction DNA strand, respectively (Turner and Crossley, 1999;
Wolfe et al.,, 2000; Klug, 2010). These specificity-determining positions
have been numbered as — 1, + 3, and + 6 positions relative to the start
of the helix in a C2H2-type Znf (Wolfe et al., 2000; Klug, 2010) (marked
on top of Fig. 1(A)). For example, the N-terminal arginine, the gluta-
mate, and the C-terminal arginine in FXRSDEXxR of the second Znf of
SP/KLF determine the preferences for G, C/T, and G, respectively
(Fig. 1(B)). The arginine in FXRSDHxxx of the third Znf of SP/KLF has
preference for G (Fig. 1(B)). Noticeably, the + 3 positions of the first
Znf and the third Znf contain conserved histidines in motifs of KxSH
and RSDH, respectively (Fig. 1(A)). These two conserved histidines
serve as DNA-binding determinants with preference for G (Fig. 1(B))
and play different functional roles than the zinc-coordinating histidines.

The sequence logos of SP/KLF groups revealed group(s)-specific con-
servation in some positions that could be used to support the SP/KLF
grouping system and the relationships among the groups (supplementary
Fig. S2). For example, KLFA has a conserved arginine in the TGxRP linker
between the second and third Znfs, while in all other KLF and SP groups,
this linker has the consensus of TGXKP (Fig. 1(A) and supplementary
Fig. S2). As a key difference from the KLF groups, the three SP groups con-
tain the BTD box (CxCPxC) N-terminally to the Znfs (supplementary
Fig. S2). SP groups also share several positions with sequence conserva-
tion that differs from KLF groups (supplementary Fig. S2). The three SP
groups can be differentiated by varying compositional preferences in
some positions before and after the BTD boxes (supplementary Fig. S2).
SP groups appear to be more closely related to KLFE and KLFF, reflected
by several positions with common conservation in these groups but not
in other KLF groups (supplementary Fig. S2). Such an observation is con-
sistent with the results of phylogenetic reconstruction in this work (sup-
plementary Fig. S1) and previous studies (Shimeld, 2008; Pei and Grishin,
2013).

Several other C2H2-type Znf families possess similar motifs and DNA-
binding preferences (Fig. 1). The Wilms tumor proteins (Wilm tumor 1, or
WTT1) have four Znfs with corresponding motifs of YXKxSHxx¥ (W: a hy-
drophobic residue), FXRSDZxxR (Z: Q or E), FXRSDHXXT, and FXRSDExxR.
The first three Znfs of WT1 proteins bear strong similarity to the three
Znfs of SP/KLF proteins. The last Znf of WT1 exhibits the strongest similar-
ity to the second Znf of WT1 and SP/KLF (Fig. 1). The other related family
of proteins, Early Growth Response proteins (EGRS), contain three Znfs
with motifs of FXRSDEXxR, FXRSDHxXT, and FXRSDExxR that are most
similar to the last three Znfs of WT1 (Fig. 1).

Two more related families, Huckebein and Klumpfuss, have similar
DNA-binding motifs (Fig. 1). Two Znfs of Huckebein proteins have
FXRNEExxR and FXRKDHxx[KQ] motifs that contribute to the binding of
GC/GT-boxes (Fig. 1). Regarding DNA-binding residues, these two motifs
of Huckebein exhibit the most similarity to the motifs of second and third
Znfs of SP/KLF and WTT1 proteins (Fig. 1(B)). The Klumpfuss proteins often
have four Znfs. The last three Znfs have motifs of FXRSDd®xxR, FXRSDHXXT,
FxRRDdxxR that show corresponding similarity to the three Znfs of EGRs
and the last three Znfs of WT1s (Fig. 1). However, the first Znf of
Klumpfuss does not bear strong similarity to the Znfs of SP/KLF, EGR or
WTT1 proteins (Fig. 1). In addition, the linker regions between the first
and the second Znfs of Klumpfuss proteins are not conserved in length,
in contrast to the highly conserved linker regions (five amino acids with
a consensus of TGE[RK]P (Klug, 2010)) between consecutive Znfs of SP/

KLF, EGR, and WTT1 proteins and many other C2H2-type Znfs. These obser-
vations suggest that the first Znf of Klumpfuss could have originated from
a separate source by gene fusion. A recent large scale characterization of
C2H2-type zinc finger proteins using a bacterial one-hybrid system in-
deed showed similar DNA-binding specificities of SP/KLF, EGR,
Huckebein, and Klumpfuss from D. melanogaster (Enuameh et al., 2013).

3.5. Distribution of SP/KLF, EGR, WT1, Huckebein, and Klumpfuss proteins in
Metazoa

Within Metazoa, these GC/GT-box-binding families exhibit different
taxonomic distributions. KLFs and EGRs are present in all major groups
of metazoans (Ctenophora, Porifera, Placozoa, Cnidaria, Ecdysozoa,
Lophotrochozoa, and Deuterostomia) (Table 2). SPs were found in all
major metazoan groups except Ctenophora. WT1 appears to be missing
in many metazoan lineages as it is only found in Ctenophora, Porifera,
and some deuterostomes such as B. floridae and vertebrates. Huckebein
proteins are present in three basal metazoan lineages — Cnidaria,
Placozoa, and Ctenophora, while missing in Porifera. Huckebein
was also identified in all three groups of Bilateria — Ecdysozoa,
Lophotrochozoa, and Deuterostomia. However, Huckebein is more
prone to gene loss compared to SP/KLF and EGR, as it appears to be
missing in C. elegans and T. spiralis (nematodes), L. gigantea (a
lophotrochozoan), sea urchin, C. intestinalis (a tunicate), and all ver-
tebrates (Table 2). Klumpfuss proteins were only identified in
Ecdysozoa and Lophotrochozoa, two protostomian groups. Such a re-
stricted distribution and the similarity of Klumpfuss' Znf motifs (Fig. 1)
to EGR and WT1 suggest that Klumpfuss could be a product of gene du-
plication of EGR or WTT.

Among these proteins, SP, EGR and Klumpfuss are not found outside
Metazoa (Table 2). Previous phylogenetic studies suggest that SPs form
a clade together with KLF group E (such as vertebrate KLF9/13/14/16)
and group F (such as vertebrate KLF10/11) (Pei and Grishin, 2013), im-
plying that SPs could have been derived from KLFs after the advent of
metazoans, and possibly after the divergence of Ctenophora from
other metazoans (Fig. 2 and Table 2). The ubiquitous presence of EGR
in all metazoans is consistent with its origin in the last ancestor of
Metazoa, while the restricted distribution of Klumpfuss suggests its or-
igin in the last ancestor of protostomes (Fig. 2).

3.6. Distribution of KLF, WT1 and Huckebein beyond Metazoa

KLF, WTT1, and Huckebein are found outside Metazoa in some single-
cell holozoans (Table 2 and Fig. 2). Therefore, these proteins originated
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Fig. 2. The distribution of KLF, SP, WT1, EGR, Huckebein and Klumpfuss in major groups of
Holozoa. The phylogenetic dendrogram assumes that Ctenophore is sister to other meta-
zoans, and both Filozoa and Protostomia (Ecdysozoa + Lophotrochozoa) are monophylet-
ic. Presence of WT1, KLF, Huckebein, EGR, SP, and Klumpfuss in a group is denoted by
black, red, green, blue, magenta, and orange squares to the right of the group name, re-
spectively. The inferred origins of these proteins were represented by vertical segments
on the dendrogram and their names under the segments with corresponding colors.
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before the advent of metazoans. Nonmetazoan lineages of Holozoa in-
clude Ichthyosporea (also called Mesomycetozoa), Filasterea, and
Choanoflagellatea (Shalchian-Tabrizi et al., 2008). Members of these
families appear to be absent in lineages outside Holozoa such as Fungi.

Several KLF proteins were discovered in a few single-cell eukaryotes of
the Choanoflagellatea and Filasterea groups (Table 2). Choanoflagellatea
is likely the group closest to metazoans (Shalchian-Tabrizi et al., 2008).
Both choanoflagellates with whole genome sequences, Monosiga
brevicollis and Salpingoeca rosetta, contain a putative KLFG ortholog.
S. rosetta also possesses an additional KLF protein. We searched EST se-
quences of another choanoflagellate, Monosiga ovata, and identified tran-
scripts of three KLF proteins, including a putative KLFG ortholog.
Capsaspora owczarzaki of the Filasterea group has three KLF proteins,
one of which is a putative KLFG ortholog, as suggested by sequence sim-
ilarity and phylogenetic analysis (Fig. 3, described below). The other or-
ganism in the Filasterea group, Ministeria vibrans, has at least two KLF
proteins according to transcripts from transcriptome assembly. KLFs ap-
pear to be absent in Ichthyosporea, another Holozoa lineage aside from
Choanoflagellatea, Filasterea, and Metazoa (Fig. 2). For example, KLFs
were not detected in the whole genome sequences of the Ichthyosporea
species Sphaeroforma arctica. We also did not find any KLF transcripts in
the assembled transcriptomes of five species in the Ichthyosporea group
(see Materials and methods). The presence of KLFs in all three lineages
of Filozoa (Filasterea+Choanoflagellatea+Metazoa) (Shalchian-Tabrizi
et al.,, 2008) suggests that they can be traced back to the ancestor of
Filozoa (Fig. 2).

In addition to its presence in C. owczarzaki of the Filasterea group,
WT1 was also found in two Ichthyosporea species (Amoebidium

parasiticum and Creolimax fragrantissima) according to RNA-Seq-
derived transcriptome data, suggesting its origin in the ancestor of
Holozoa (Fig. 2). In comparison, KLFs are present in Filozoa
(Filasterea+Choanoflagellatea+Metazoa) but not in Ichthyosporea.
As Ichthyosporea has been indicated to be the sister group of Filozoa
(Shalchian-Tabrizi et al., 2008), it is likely that WT1 proteins ap-
peared earlier in evolution than KLFs, and KLFs were derived from
WTT1 proteins. Alternatively, KLFs could be present in the ancestor
of Holozoa (Filozoa+Ichthyosporea), and WT1 proteins could have
evolved from KLF proteins by adding a C-terminal fourth Znf. In this sce-
nario, the lack of KLF proteins in Ichthyosporea should be due to gene
loss. Huckebein was discovered in Filasterea, but not in Ichthyosporea,
indicating an origin in the ancestor of Filozoa (Fig. 2). Additional ge-
nome and transcriptome data could be helpful in clarifying the origins
of these families.

To investigate the relationship of KLFs in metazoan and
nonmetazoan organisms, we constructed a phylogenetic tree using
KLFs in nonmetazoans and three invertebrate deuterostomes
(S. kowalevskii, S. purpuratus, and B. floridae), with WT1 proteins in
these organisms serving as an outgroup (Fig. 3). The tree suggests
that KLFG originated before the last common ancestor of metazoans.
Nonmetazoan KLFG has Filozoa members from all three surveyed
choanoflagellates (M. brevicollis, S. rosetta, and M. ovata) as well as
C. owczarzaki of the Filasterea group. Two KLF groups formed by
nonmetazoan members have moderate supports and are named
KLFH and KLFI. KLFH and KLFI members are from choanoflagellates
and Filasterea (two members each in C. owczarzaki and M. vibrans),
respectively (Fig. 3 and Table 2).
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Fig. 3. A phylogenetic tree of KLF and WT1 proteins in nonmetazoan organisms and three deuterostomes. Each protein is denoted by species name abbreviation and protein name. Species
name abbreviations are as follows: bf — Branchiostoma floridae; sk — Saccoglossus kowalevskii; sp — Strongylocentrotus purpuratus; mb — Monosiga brevicollisi; mo — Monosiga ovate; st —
Salpingoeca rosetta; co — Capsaspora owczarzaki; mv — Ministeria vibrans; ap — Amoebidium parasiticum; cf — Creolimax fragrantissima. Proteins of Metazoa (bf, sk, and sp),
Choanoflagellatea (mb, mo, and sr), Filasterea (co and mv), and Ichthyosporea (ap and cf) are colored in black, blue, green, and red, respectively.
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3.7. Variation of Znf numbers in SP/KLF, Huckebein, and Klumpfuss families

The number of Znfs is usually well conserved in the SP/KLF, WT1,
EGR, and Klumpfuss families. However, a few exceptions were observed
in divergent members. For example, SPC of the nematode C. elegans
(encoded by the SPTF-1 gene) has lost two C-terminal Znfs. C. elegans
contains two Klumpfuss proteins: one with four Znfs (GenBank acces-
sion: NP_493611) like Klumpfuss proteins in other organisms and a sec-
ond, divergent Klumpfuss protein (GenBank accession: NP_491843)
that appears to have lost the first Znf. D. melanogaster possesses a diver-
gent SPC member (CG3065) with two additional Znfs in the C-terminus.
These two additional Znfs have motifs FKRQDD and FVRSDH that are
most similar to the second and third Znfs of the SP/KLF family, respec-
tively, suggesting that they were derived from gene duplication and
fusion. This divergent SP sequence also lacks the Btd box (CxCPxC
N-terminally to Znfs) that is present in other SP proteins, but not in
KLF proteins.

Huckebein proteins show varying number of Znfs in different line-
ages. Four Znfs were found in Huckebein proteins from the cnidarian
N. vectensis, the hemichordate S. kowalevskii, the arthropod Stegodyphus
mimosarum and two nonmetazoan species from the Filasteria group
(Capsaspora owczarzaki and Ministeria vibrans). On the other hand,
Huckebein proteins from the amphioxus B. floridae, three ecdysozoan
species T. castaneum, D. pulex, and D. melanogaster, and the placozoan
T. adhaerens appear to have lost the last Znf and only possess three
Znfs. Moreover, Huckebeins of the two Ctenophora organisms M. leidyi
and P. bachei appear to have lost the first and the last Znfs and only pos-
sess two Znfs.
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