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Abstract

Members of the Sox (Sry-related high mobility group box) family of transcription factors play a
variety of roles during development of both vertebrates and invertebrates. A marked expansion in
gene number occurred during emergence of vertebrates, apparently via gene duplication events
that are thought to have facilitated new functions. By screening a macroarrayed library as well as
the lamprey genome, we have isolated genes of the Sox B, D, E and F subfamilies in the basal
jawless vertebrate, lamprey. The expression patterns of all identified Sox genes were examined
from gastrulation through early organogenesis (embryonic day 4-14), with particular emphasis on
the neural crest, a vertebrate innovation. Coupled with phylogenetic analysis of these Sox genes,
the results provide insight into gene duplication and divergence in paralog deployment occurring
during early vertebrate evolution.
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Introduction

Many transcription factors of the Sox gene family are critical for a number of developmental
processes, most notably sex determination, neural crest development and neurogenesis
(Laudet et al., 1993; Hong et al., 2005; Betancur et al., 2010). This family is comprised of
more than 30 genes that have been classified into eight paralogy groups [SoxA-SoxH;
(Schepers et al., 2002)]. Sox genes are characterized by the presence of a single High
Mobility Group box (HMG box), a 79 amino acid DNA binding domain that has affinity to
the WWCAAW motif (Laudet et al., 1993). These factors are generally expressed in a
dynamic, tissue specific manner, and often interact with other transcription factors (Prior et
al., 1996).

Members of the Sox gene family are found across the animal kingdom, and it has been
suggested that the major Sox groups (i.e. B, C, D and E) were already present in the
common bilaterian ancestor, whereas group A genes are specific to mammals (Jager et al.,
2006). Expansion in the number of vertebrate Sox genes is thought to be due to major gene
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duplication events, initially occurring during early stages of metazoan evolution and later
during the transition between non-vertebrate chordates and vertebrates (Prior et al., 1996;
Dehal et al., 2005). Gnathostomes (jawed vertebrates) have undergone two rounds of whole
genome duplications (Escriva et al., 2002), whereas estimates for the number of rounds of
duplication in agnathans like lamprey range from one to two. It is not yet clear whether
supernumerary copies of lamprey genes arose via whole genome-wide duplication, or via
independent duplication events (Tomsa et al., 1999; McCauley et al., 2006; Neidert et al.,
2001; Zhong et al., 2011).

Classification of Sox genes was first done by Wright et al., 1993, using partial sequences
from mouse SOX genes. This study defined the six paralogous groups (A-F) which are the
basis of the current classification (Wright et al., 1993). Four more groups were subsequently
added to include recently identified paralogs (Bowles et al., 2000). Nevertheless, members
of the same groups do not always have similar roles or expression patterns, indicating that
recent paralogs can adopt new functions with relative ease (Bowles et al., 2000).

In the neural crest, a vertebrate innovation that contributes to the peripheral nervous system
and craniofacial skeleton, the function of Sox genes has been studied at many stages. For
example, gnathostome SoxE family members (Sox8, Sox9, and Sox10) are expressed in
premigratory neural crest progenitors, migrating neural crest cells, as well as at later stages,
in numerous neural crest derivatives (Sauka-Spengler et al., 2008), similar to their lamprey
paralogs (McCaulsey et al., 2006) SoxD family members (Sox5 and Sox6) are found in
cranial ganglia (Morales et al., 2007) and cartilage elements of neural crest origin.
Additionally, gnathostome SoxB family members have been shown to play an essential role
in differentiation of late neural crest derivatives (Wakamatsu et al., 2004).

Given the important function of Sox genes in gnathostomes, we sought to identify and
characterize novel lamprey genes of the SoxD and SoxF subfamilies, as well as additional
members of the SoxB and SoxE groups. As one of the basal-most extant vertebrates,
analysis of the deployment of paralogous genes in lamprey offers the opportunity to examine
events in early emergence of vertebrate specific features. Comparative amino acid analysis
between lamprey and other vertebrate Sox genes provides insight into the evolutionary
history of early vertebrates, as well as duplication events occurring early in the vertebrate
lineage.

Materials and Methods

Heterospecific screening of an arrayed lamprey embryonic cDNA library

A high quality directional full-length arrayed cDNA library (Sauka-Spengler et al., 2007)
from embryonic day 2-12 lamprey embryos (an average efficiency of ~0.9 x 108
transformants/pg of cDNA) was used for low-stringency screening. Nine individual
nitrocellulose filters were screened using Sox heterospecific probes, yielding 7 different Sox
genes (SoxB, E, and F family members), whose identity was confirmed by sequencing on
both strands, BLAST searching and phylogenetic analysis (see below).
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RNA-ligated mediated 5’ Rapid Amplification of cDNA ends (RLM-5" RACE)

A SoxD homologue was identified by bioinformatic survey of the lamprey genomic
sequences and cloned using RACE. RACE was also used to obtain full-length sequences of
the Sox genes, where cDNA clones were incomplete. Total RNA was extracted from 6, 8,
10, and 14 day old embryos from Ambion:RNAquous kit. RLM-5" RACE was conducted on
the total mMRNA in accordance with Invitrogen: GeneRacer Kit. Total RNA was
dephosphorylated through Calf Intestinal Phosphatase (CIP) treatment, decapped via
Tobacco Acid Pyrophosphatase (TAP), ligated with the GeneRacer RNA oligo, and finally
reverse transcribed using random hexamer priming to form the cDNA template. Gene
specific primers were:

GeneRacer 5’ Primer CGACTGGAGCACGAGGACACTGA
SoxB1-B: 5 CGACTGGAGCACGAGGACACTGA 3/
SoxD: 5 CGCCTCTCGTCCTTTGCCCAGACY

Touch Down PCR—The touchdown PCR procedure was based off of the Invitrogen
GeneRacer Kit. Samples were prepared in 5% DMSQO, using TAQ polymerase with Roche
Expand Long Template PCR Buffer 1(10x concentrated, 17.5 mM MgCl,). A hot start at
94°C was conducted followed by 5 cycles of 94°C for 30 seconds and 72°C for 3 minutes.
Another cycle of 94°C for 30 seconds and 70°C for 3 minutes was done proceeded by 94°C
for 30 seconds, 68°C for 30 seconds and 72°C for 3 minutes for 36 cycles and a final
extension at 72°C for 10 minutes.

Cloning of the PCR product—Extraction of the PCR product was conducted
corresponding to Qiagen:QIAquick Gel Extraction Kit and cloned with Invitrogen: TOPO
TA Cloning. The clones were selected against the metabolism of X-gal and the production
of p—galactosidase purified following the QlAprep spin miniprep kit and sent for
sequencing. (Davis Sequencing, Davis, CA)

Embryo collection and maintenance

Mature or maturing Petromyzon marinus adults were obtained from Hammond Bay
Biological Station, Millersburg, MI, USA. Mature animals were maintained in our lamprey
facility in 12°C chilled recirculating water and used for spawning. Juveniles were kept at
lower temperatures before the onset of the maturation and then progressively induced to
maturation, by gradually augmenting the water temperature and expanding the daylight
cycle. For in vitro fertilization, eggs are stripped manually from a single gravid female into a
500ml crystallizing dish containing 100-200ml of spring water and milt from a spermiated
male is then expressed directly onto the eggs. After 15 minutes, the fertilized eggs are
washed through several changes of distilled 18°C water and placed in a 4-liter container, in
spring water in the 18°C incubator. After the first division the embryos are transferred to
0.1X MMR (Marc’s Modified Ringers) for long-term culture. The medium from each
culture is replaced with fresh one every day to avoid fungal infection. Embryos were fixed
in MEMFA (4% formaldehyde, 0.1M MOPS (pH 7.4), 1 mM MgSOy, 2 mM EGTA),
dehydrated gradually and stored in 100% methanol at —20°C (Sauka-Spengler et al., 2007).
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In situ hybridization and histology

Whole-mount in situ hybridization of lamprey embryos was performed using digoxigenin-
or RNA probes according to Xu and Wilkinson (Xu et al., 1998), with following
modifications: Prior to Proteinase K step, embryos equilibrated in the bleaching solution
(0.5X SSC, 5% formamide, 10%H,0,), were exposed to direct light using light box for 10—
15 minutes. The concentration and the length of Proteinase K treatment (~20ug/ml, 10
minutes) was the same for embryos of all stages. Hybridization and subsequent washes were
carried out at 70°C in hybridization solution containing 50% formamide; 1.3X SSC; 5mM
EDTA pH8.0; 200 pg/ml yeast tRNA; 100ug/ml heparin; 0.2% Tween-20 and 0.5% Chaps.
The hybridization signal was detected using BM Purple substrate (Roche, Indianapolis, IN)
for early stage embryos (E3—E10) or NBT/BCIP (Roche, Indianapolis, IN) for later stages.
After photographing, embryos were post-fixed in 4% Paraformaldehyde/PBS, rinsed in PBS,
cryo-protected in two subsequent steps: 15%sucrose/PBS and 7.5%gelatin/15% sucrose/
PBS, equilibrated and mounted in 20% gelatin/PBS and frozen in liquid nitrogen. 10um
cryosections were collected on Super Frost Plus slides (Fischer Scientific, Pittsburgh, PA).

Phylogenetic Analysis

The amino acid alignments and Neighbor Joining (NJ) tree were constructed using ClustalX.
The Maximum Pasimony likelihood tree was build using Mega. The trees were visualized
using Tree View v. 0.5.0. Protein sequences from the HMG boxes of Sox family genes were
used to build the alignments. Sequences form other species were retrieved from GenBank,
and carry the following nomenclature abbreviations: Dr, Danio rerio; Gg, Gallus gallus;
Mm, Mus musculus; Pm, Petromyzon marinus; XI, Xenopus laevis.

Results and Discussion

Phylogenetic Analysis

The screening of a full-length cDNA library (Sauka-Spengler et al., 2007) coupled with
BLAST searches of the lamprey genome, allowed identification of four new lamprey Sox
orthologs, from Sox families B, D E and F. We also included in our analysis the three SoxE
orthologs previously described in McCauley et al., 2006.

Three SoxB genes were identified in this study — SoxB1b, SoxB2 and a putative SoxBla
gene. The lamprey SoxB2 groups with the Sox 21/14 in our phylogenetic analysis, while
SoxB1-A clusters with the Sox1/2/3 paralogy group. The presence of orthologs of SoxB1
and SoxBz2 in the lamprey is expected since the duplication that gave rise to these genes is
though to be ancient having occurred before the deuterostome/protostome split (Mckimmie
et al., 2005; Zhong et al., 2011). The putative SoxB1la gene we have cloned seems to be an
ortholog of the Sox2 gene due to the similarity of the 5’ fragment of the transcript. This gene
lacks a HMG box, which precludes a more detailed analysis of its phylogenetic position.
However, the expression data obtained for this gene (see bellow) suggests that it is likely
related to the other SoxB genes analyzed.

We identified only a single SoxD family in lamprey that is apparently quite divergent from
the other vertebrate SoxDs and more similar to Sox6 group. However, this may be an artifact
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due to the large number of amino acid substitutions observed in this ortholog (Figure 1, S1).
The lamprey SoxF, on the other hand, clusters in the base of the Sox7/18/17 branch. Thus,
our data suggest that there is one lamprey ortholog for half of the major Sox families (D, F,
B2), suggesting that the duplication events that led to the expansion of paralogs in such
families took place after the Cyclostome/Gnathostome split.

Expression pattern of SoxB family members

The SoxB family is known to play a major role in neural induction and differentiation. In
zebrafish, SoxBs are expressed in an early stage starting at the anterior neural plate and
throughout the CNS (Rauch et al., 2003; Thisse et al, 2005). Whole mount in situ
hybridization of the SoxB family revealed that SoxBla, SoxB1b, and SoxB2 are all
expressed in the neural plate at embryonic day (E) 4, (Figure 2: A, B & C). Similarly at E5,
SoxBla and SoxB1b have expression patterns in the neural tube with the exception of its
anterior-dorsal aspect (Figure 2: A & B), whereas SoxB2 is expressed continuously
throughout the dorsal neural tube (Figure 2: C). At E6.5, by which time neural crest cells are
within the dorsal aspect of the neural tube preparing to emigrate, SoxBla and SoxB2 are
expressed on the dorsal aspect of the neural tube (Figure 2: A & C) while SoxB1b is absent
from the anterior-dorsal region (Figure 2: B). At E8, SoxB genes are expressed in the neural
tube as well as in the forming branchial arches. Analysis of sectioned embryos reveals that
SoxB2 is expressed mainly in the neural tube, the cranial ganglia, trigeminal ganglia, and in
cardiac tissue.

Finally between E10-E14, the SoxBs are expressed in the neural tube and in the brachial
arches. At E14, SoxBla and SoxB1b are expressed in the branchial arches. Similarly SoxB2
is expressed in both neural tissue and mesoderm-derived portions of the branchial arches.
SoxB2 is also expressed in cardiac and other non-neural crest derived tissue. These data
suggest that the SoxB genes are expressed in similar domains but in a distinct temporal
sequence, first with SoxB2, followed by SoxB1la and then SoxB1h. Despite their staggered
temporal expression, all SoxBs are present in migrating neural crest cells as well as neural
crest derivatives such as cranial ganglia and branchial arches. SoxB2 is present in both
premigratory and migrating neural crest cells.

In Xenopus, SoxBs play a role in neural plate formation and also have later roles throughout
CNS formation (Cunningham et al., 2008; Kishi et al., 2000, Rodgers et al., 2008). In chick,
SoxBs are also expressed on the neural plate and along the neural tube. In Mice, SoxBs are
all expressed in the primitive streak ectoderm. Sox1 is expressed early on in the neural folds.
Sox 2 and 3 are found in the forming neural plate onward (Wood et al., 1999).

Expression pattern of SoxD family members

SoxDs are expressed widely in vertebrate neural tissues, forebrain, in fast muscles, somites,
mytome, and cardiac precursors (Wang et al., 2011; Von Hofsten et al., 2008; Kudoh et al.,
2001). SoxDs are necessary for formation of the notochord and chondrogenesis. They are
also found in glial cells and other early NC linages (Smits & Lefebvre, 2003; Lefebvre et al.,
1998; Perez-Alcala et al., 2004). In lamprey, SoxD is expressed at high levels on the neural
plate border and along the neural folds at E4 (Figure 3: A). At later stages, SoxD is not
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expressed in the premigratory crest but is expressed along the neural tube (Figure 3: B). At
ES8, it is observed in the optic vesicle (Figure 3: D & D’). Beginning at E10, SoxD is
expressed in the endoderm- and mesoderm-derived portions of the branchial arches (Figure
3:E, E/, & E”). From E12-E16, the mesenchymal portions of the branchial arches condense
to form the branchial cartilage (Figure 3: F-H & F”-H’). Interestingly, at E14, SoxD is
heavily expressed in the heart but not at prior or subsequent stages.

Expression pattern of SoxE family members

The SoxE family has three subgroups denoted SoxE1, E2, and E3 (McCauley and Bronner-
Fraser, 2006). At E4, SoxE1 and SoxE2 both display low levels of expression in the neural
plate (Figure 4: A & H) whereas SoxE3 is not yet expressed (Figure 4:0). By E5, all SoxEs
exhibit expression in the neural tube as well as distinct domains in the embryo. At E5-E7,
SoxE1 is observed in two regions of the anterior-dorsal aspect of the neural tube (Figure 4:
B-D). At later stages, it is expressed in the neural tube, cranial ganglia (Figure: 4 D & D’)
dorsal root ganglia (Figure 4: F &F’) and in mesoderm and neural crest derived portions of
the branchial arches cartilage (Figure 4: G &G’). SoxE2 is expressed similarly but with
higher intensity (Figure 4: 1-K). At older stages, SOoXE2 is expressed in the neural tube,
cranial ganglia (Figure 4: K-K”), optic (Figure 4:L & L"), otic vesicles (Figure 4: M & M),
and branchial arches (Figure 4: N-N"). SoxE3 exhibits a strong signal starting at E5 in the
optic vesicle (Figure 4: P). It is strongly expressed during neural crest migration. From E6—
E14, SoxE3 is very prominently expressed in the otic vesicles (Figure 4: Q-S, & S'), cranial
ganglia (Figure 4: S), neural tube, and branchial arches (Figure 4: S-U & S"-U”).

Expression pattern of SoxF family member

Conclusion

In vertebrates, SoxFs are involved with vascular development and cardiogenesis, are
expressed in structures such as the aortic arch, circulatory system, and pharyngeal arches in
addition to parts of the CNS (Zhang et al., 2005; Kyuno et al., 2008). We isolated a single
SoxF gene. At gastrula stages, SoxF is expressed in involuting cells in the dorsal lip of the
blastopore (Figure 5: A & B). At the neurula stage (E4.5), SoxF is found in the neural plate
(Figure 5:C). Expression in precursor cells to the thyroid gland begins at E7, whereas by E8,
SoxF is observed in tissues surrounding the notochord (Figure 5: D, E and L). Low levels of
SoxF are observed in cardiac precursors at E10 (Figure 5: I). At E12, SoxF is more strongly
expressed in the anterior branchial arches, similar to that noted for SoxD (Figure 5: J).

Taken collectively, our phylogenetic and expression data provide interesting insights into
the evolution of Sox genes in vertebrates. Surprisingly, we were only able to find one
ortholog for half of the major Sox families (D, F, B2). This suggests that either these
families expanded after emergence of jawed vertebrates, or that there was extensive loss of
these Sox genes in lamprey. For the remaining families, the Sox genes appear to have
undergone independent duplications though there may be some bias toward particular
paralogs. For example, SoxE1 is most similar to Sox9 and SoxE2 to Sox8. Based on the
positions of various genes, we speculate that the SoxB2 gene (Sox14) and SoxD genes either
diverged earlier than their gnathostome orthologs or that paralogs were lost, as seen by
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Sox14 and Sox 5a or 6. SoxF is very similar to all variance of SoxF in jawed vertebrates,
suggesting it may be an ancestral gene that was independently duplicated by jawed
vertebrates.

Our expression data further support the idea that lamprey genes underwent independent gene
duplications, separate from the two rounds of gene duplication observed in other vertebrates.
For example, in those Sox families in which we identified multiple members, we find that
the lamprey genes often have overlapping expression patterns, the sum of which reflects the
overall expression pattern of that Sox family in other vertebrates. Generally, each family has
a high degree of overlapping expression. However, no unique ortholog was found with a
pattern that is similar only to a single gnathostome Sox gene, except when we found only a
single member of that family in lamprey. Sequencing of additional cyclostome genomes will
provide clarity as to when such independent duplications may have occurred.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Phylogenetic Analysis of lamprey Sox genes

Unrooted phylogenetic tree of Sox genes obtained from a neighbor joining analysis
performed on ClustalX. The HMG box protein sequences were used in the construction of
the tree. Boxes highlight the families of Sox genes. Abbreviations are Dr, Danio rerio; Gg,
Gallus gallus; Mm, Mus musculus, Pm, Petromyzon marinus; Xl, Xenopus laevis.
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Figure 2. Expression pattern of SoxB genes
The SoxB genes are expressed within the neural plate, neural tube and branchial arches.

SoxBla, 4-14 days (A): SoxB1la is not expressed in pre-migratory neural crest at E5, with
expression initiating at E6 at the onset of neural crest emigration. SoxB1b: 4-14 day (B)
SoxB1b is not expressed at E5 or E6 in pre-migratory neural crest. SoxB2; 4-14 day, (C)
and sections (D-H) from 6.5 day, 8 day, 10 day, and 14 day, is expressed throughout the
neural tube at E5 and E6. Sections reveal SoxB2’s presence at later stages in the neural tube,
cranial ganglia, and ectoderm derived portions of the branchial arches. NP: neural plate,
PNC: Pre-migratory neural crest, NT: neural tube, BA: branchial arch
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Figure 3. SoxD Expression
SoxD is expressed from 4 — 16 day (A-H), sections (B’~H’) beginning on the boarder of the

neural plate (A) and progressing to various neural crest derivatives, optic vesicle (D & D’),
branchial arches (E, E’ & E”), and branchial arch cartilage (F-H & F’-H’). Beginning E8
(D) SoxD is expressed in forming branchial arch progenitors, optic vesicle and mandibular
arch. From E10-E16 (E-H), expression in the forebrain and heart are down decreased over
time while expression of SoxD is consistent with branchial arch cartilage condensation. Np:
neural plate, Op: optic vesicle, BA: branchial arch. MA: mandibular arch
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Figure 4. SoxE Expression

The SoxE family show low level of early expression with SoxE1 and E2 expression in the
neural plate at E4 (A & H). SoxE1 (A-G) begins showing expression in the pre-migratory
neural crest (C & C’) then cranial ganglia (D, D/, E, E/, & E”), dorsal root ganglia (F & F/),
and the branchial cartilage at late stages (G & G’). SoxE2(H-N) is also expressed heavily in
the premigratory neural crest (I & I’) and ultimately in the optic (K, K’, L, L” and N’), otic
vesicles (M&M’), and branchial arches (N-N"). SoxE3(0-U) is expressed early in the otic
vesicle (Q & Q). It is later expressed heavily in the otic vesicle (S & S), other crancial
ganglia (S-U), neural tube, branchial arches (S-U). Op: optic vesicle, Ot: otic vesicle, BA:
branchial arch
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Figure 5. SoxF Expression
SoxF is expressed early within the blastopore [(A & B) ventral view; E4.5] and the neural

plate (C dorsal view). Beginning from E7 to E14, SoxF is expressed surrounding the
notochord and in precursors to the thyroid, heart, and branchial arches (E-M). Beginning at
E7, SoxF begins to express in the forming thyroid (L). Ventral view of E8.5 displaying the
forming thyroid (G). In addition, SoxF is temporarily expressed in the first and second
branchial arch at E14 and 16 (J and K). Bp: blastopore, NP: neural plate Th: thryroid
precursors BA: Branchial Arch
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