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ABSTRACT  

 

NKp30 is a Natural Cytotoxicity Receptor (NCR) expressed by Natural Killer (NK) cells 

and other lymphocytes. NKp30 is the only evolutionarily conserved NCR found in all 

jawed vertebrates and it coevolves with its ligand B7-H6. Using sharks as a model, we 

found NKp30 gene expression in subsets of mature and immature T cells, suggesting that 

T cells and NK cells share common features in these primitive vertebrates. To understand 

NKp30’s evolutionary origin, we examined genomic regions containing NKp30 and its 

homologs in vertebrates in different Classes. We observed that loci in paralogous regions 

containing NKp30 homologs are well conserved, suggesting the presence of NKp30 

ancestors and other linked immune genes before the emergence of vertebrates 550 million 

years ago. Indeed, the corresponding region is also present in invertebrates. We 

hypothesize that this genomic region encompassed the “Primordial Immune Complex,”  

containing genes playing roles in immunity at the origin of vertebrates. 
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Introduction 

Background 

The immune system provides two different types of defense against pathogens: the innate 

response, which is an instantaneous and early reaction, and the adaptive response, which 

is delayed but shows specificity and memory generally not found in innate immunity. 

These two arms of immunity respond differently to invasive pathogens or other foreign 

substances. The innate immune system provides a general, nonspecific response and is 

found in all living organisms. The basic molecules and mechanisms of innate immunity 

are conserved through evolution.1  Innate immunity is found in all of the Kingdoms of 

life.1 

Innate immune responses are also required to initiate the adaptive immune response in 

the vertebrates, as well as the removal of targets of the adaptive immune system effector 

mechanisms, e.g. enhanced phagocytosis of microbes bound by antibodies 1,2 The 

adaptive immune response is responsible for destroying invading pathogens that are not 

eliminated by the innate immune system.1 The adaptive immune system is a “learned” 

response that can provide long-lasting (sometimes lifelong, as in the case of measles) 

protection to the body, and is the basis for vaccination.1 In contrast to the innate immune 

system, the adaptive immune system found in humans emerged some 500 million years 

ago and is present only in jawed vertebrates.1,3 All gnathostomes (jawed vertebrates) 

share the same cardinal elements of the adaptive immune system, which are described 

below.3  
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NKp30 is a Natural Cytotoxicity Receptor (NCR) or Natural Killer Cell Receptor (NKR) 

that is expressed on NK cells and other types of lymphocytes. These NKRs act in defense 

against cells that do not express MHC class I molecules on the cell surface and are 

normally highly divergent among different vertebrate taxa.4 NK cells can destroy both 

tumor cells and virally infected cells by releasing cytotoxic molecules that form pores 

and induce apoptosis in the target cell.4 In contrast, NKp30 has been found in the oldest 

living jawed vertebrates, the cartilaginous fish, which includes sharks, rays, and 

chimeras.5 NKp30, therefore, is the oldest and only evolutionarily conserved NKR.5 

NKp30 has a single extracellular domain of the so-called VJ-type immunoglobulin 

superfamily (V-IgSF) that resembles antigen receptors known as immunoglobulins (Igs), 

antibodies or B cell receptors (BCR), and T cell receptors (TCR).6,7 Each BCR and TCR 

polypeptide chain consists of two functionally distinct IgSF domains, constant (C) and 

variable (V). The BCR is composed of four polypeptide chains, two identical heavy 

chains, and two identical light chains, with each four-chain molecule having two identical 

binding sites for antigen. BCRs are expressed on the cell surface. After B cells recognize 

antigens, they differentiate into plasma cells and the BCRs are secreted at high levels as 

antibodies into the blood for recognition of antigens throughout the body. TCRs are 

found on the surface of T cells and are made up of two polypeptide chains, either 

alpha/beta or gamma/delta pairs, with the alpha/beta TCR being more conventional, i.e. 

expressed by the majority of T cells.2 Unlike BCRs, TCRs do not bind to free antigens, 

but instead recognize “processed” peptides presented by major histocompatibility 

complex (MHC) class I and II molecules on the cell surface.2 MHC class I molecules 
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present antigens to CD8-positive cytotoxic T cells, while MHC class II molecules present 

antigens to CD4-positive helper T cells to orchestrate immune responses.8  

The antigen receptors expressed on a single lymphocyte are all identical, i.e., they are 

expressed in a clonal fashion.2 However, each lymphocyte expresses a distinct antigen 

receptor with a unique specificity compared to receptors expressed by other lymphocytes. 

The antigen-binding sites found on the variable domain (i.e., V-IgSF) are generated by 

somatic gene rearrangement of several gene segments (V-J or V-D-J) during lymphocyte 

development in the thymus (T cell) or bone marrow (B cells). RAG enzymes, both RAG1 

and RAG2, (encoded by the recombination activating genes) recognize recombination 

signal sequences (RSS) adjacent to the gene segments and they cleave the DNA. These 

two RAG enzymes work together as a heterodimer and their genes are closely linked. The 

cleaved DNA ends are ligated together by the canonical enzymes involved in double-

strand break repair.9 A VJ exon is thought to have been “invaded” by a “RAG 

transposon,” which contained the RAG genes and RSS, in a horizontal transfer from a 

pathogen.10 This event occurred 500-550 million years ago in an early jawed vertebrate 

(Figure 1) and generated the first TCR/BCR ancestral antigen receptor. In contrast, the V-

IgSF of NKp30 is encoded by a single exon (i.e. “germline-joined” VJ) and thus the 

functional gene is not generated by gene rearrangement.5 It is hypothesized that single-

exon-encoded VJ-IgSF domains predate the emergence of antigen receptors, and 

receptors like NKp30 are candidates for precursors of antigen receptors or may be related 

to those ancestral receptors.11 Therefore, studies of NKp30 in sharks, the oldest living 

jawed vertebrates, can reveal primordial features of the ancient receptors prior to the 

RAG transposon invasion. 
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NKp30 has been investigated as a major activating NKR involved in tumor cell lysis in 

humans and other mammals. B7-H6, the NKp30 ligand, triggers NKp30-specific NK cell 

cytotoxicity and cytokine secretion.12 B7-H6 is upregulated in many tumors and its 

upregulation acts as an SOS (i.e. alerting) system, allowing for NK cell recognition and 

eventual cytotoxicity of the transformed cells.12 Previous research from the Flajnik lab 

has shown there is coevolution between B7-H6 and NKp30 genes that spans vertebrate 

evolution, and it is likely that the NKp30/B7-H6 triggering the cytotoxicity mechanism is 

evolutionarily conserved.5 Besides recognition of B7-H6, NK cells may also target 

infected cells through NKp30 directly binding virally- or fungally-derived ligands and 

functioning as pattern recognition receptors.13,14,14 

Gene duplication occurs when a locus is duplicated to generate a carbon copy. Most of 

the duplicated genes will be eliminated over evolutionary time, but some will be retained 

and develop new functions (neofunctionalization) or a division of labor compared to the 

original gene (subfunctionalization), i.e. the duplicated genes each take on a different 

subset of the function that was served by the original gene.15 Whole-genome duplication 

can also occur, as has been shown in many plants, fish, and amphibians.16,17,18  This 

process immediately doubles the amount of genetic material within an organism, 

providing an entire set of new genes that can serve as raw material for 

neofunctionalization or subfunctionalization. The famed geneticist Susumu Ohno was the 

first to propose that two rounds of genome duplication occurred during early vertebrate 

evolution and shaped modern vertebrate genomes (the 2R hypothesis).19 Analyses of 

many different vertebrates and invertebrate genomes have provided unequivocal evidence 

for genome-wide duplication. MHC and Hox clusters were the first clear-cut regions to 
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be identified as four paralogous genomic regions containing genes in a similar order.20,21 

In these paralogous regions, sets of homologous genes were found in a similar order. For 

example, the major MHC paralogous regions in humans are initially identified on 

chromosomes, 1, 6, 9, and 19. However, the genome duplication occurred at least 500 

million years ago, and paralogous regions in different living species have been 

extensively modified. “Secondary genomic regions,” in which translocations to other 

chromosomes have occurred, are called “minor” MHC paralogous regions, in contrast to 

the original “major” MHC paralogous regions described above.5 Comparative genomics 

of many vertebrate species in different Classes have shown different levels of genome 

stability and conservation of the paralogous regions over ten-to-hundreds of millions of 

years.22,23  

The 2R duplication coincided with the emergence of adaptive immune genes, such as Ig 

and TCR (and genes involved in all physiological systems), clearly due to 

subfunctionalization and neofunctionalization of the ancestral genes after genome 

duplications. Cartilaginous fish (sharks, skates, rays, and chimeras) are the oldest living 

vertebrates to have emerged after the 2R events, and we and others have found the 

genome to be relatively “stable” in this group as compared to other vertebrates.22,23 (Note: 

Placoderms were the first jawed vertebrates, but they are extinct).24 Furthermore, 

cartilaginous fish are the oldest vertebrates possessing a mammalian-type adaptive 

immune system. All fundamental adaptive immune system genes (i.e., Ig, TCR, MHC, 

and RAG) have been identified and some of them have been characterized.25 The shark 

genome, therefore, can serve as a lynchpin to study the evolution of the adaptive immune 

system as well as other physiological systems.25 Between the 0R and 2R duplications, 
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there was an increase in the number of genes, often from one to four copies for single-

copy genes. Comparisons to humans and other vertebrates help us to understand which 

immune gene is primordial and/or irreplaceable. We argue that an extensive comparative 

genomic approach is important in attempting to infer the ancestral genomic region prior 

to 2R. 

As little is known about T cells and NK cells in the cartilaginous fish, we set out to 

characterize the phenotypes of these cells in sharks using NKp30 as a marker.26 Analyses 

of shark NK cells and T cells will shed light on when these lymphocytes emerged in 

vertebrate evolution and acquired their functions. We hypothesize that the NKp30/B7-H6 

system is an ancient receptor-ligand system that has been maintained throughout 

vertebrate evolution. Here, we focused on the coevolving NKp30/B7-H6 system by 

comparing expression profiles. We further hypothesize that the “primordial immune 

complex” (PIC) in pre-vertebrate genomes (prior to 2R) will contain precursor genes of 

NKp30 and framework genes that may have played roles in immunity or may simply 

serve as genetic markers to follow the potential PIC. To test these hypotheses, we 

examined the comparative genomics of regions containing NKp30 and its homologs in 

genomes of species from various vertebrate Classes. We further compared them to those 

regions of pre-duplicated invertebrate genomes (at 0R) to infer the “primordial immune 

complex.” 
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Figure 1 Chordate Phylogenetic Tree 

Modified with permission from the Flajnik and Kasahara paper Origin and evolution of the 
adaptive immune system: genetic events and selective pressures.25 Relevant species are added. 
Scale indicates the evolutionary time in millions of years. 1R, 2R, and 3R indicate rounds of 
whole-genome duplication. Note that bony fish experienced an additional round of genome 
duplication, marked as 3R. Also note that all animals that emerged prior to 1R should be 
considered as having a single genomic region for each set of genes (animal groups in pink, gray, 
and white: 0R). All animal groups except Protostomes are Deuterostomes. 

 

Aim 1: Expression Profiles of Shark NKp30 and B7-H6 genes 

Previously, the Flajnik lab had identified in the nurse shark approximately 20 NKp30 

family members, with eight subtypes. In nurse sharks (and other cold-blooded 

vertebrates), both the NKp30 and B7-H6 genes are multi-copy genes, generated by cis-
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duplications after 2R, unlike in humans, in which both NKp30 and B7-H6 are single-copy 

genes. At least five B7-H6 genes were identified, although the exact number of B7-H6 

genes is not known in nurse sharks. The goal of this aim is to examine the tissue 

expression of individual NKp30 and B7-H6 genes in nurse sharks to determine whether 

each subtype is differentially expressed in various tissues by RT-PCR. The RT-PCR 

provides the expression profile of the mixed cell population of each tissue. Since this 

method provides no information on the exact cell types in each tissue, we then performed 

in situ hybridization (ISH) on frozen tissue sections focusing on the genes that showed 

the highest expression. ISH reveals the particular cell types that express these genes. 

Furthermore, Dr. Flajnik has developed polyclonal antisera against one of the nurse shark 

NKp30 proteins (NS823), and using these antisera, we performed immunohistochemistry 

(IHC) to examine cell surface expression of the NKp30 protein.  

 

Aim 2: Comparative Genomics of NKp30 and its Paralogous Regions 

NKp30 maps to the MHC in all species so far examined (except Xenopus frog), including 

sharks [Kinlein et al., manuscript in revision], thus the linkage of NKp30 to the MHC is 

primordial. As mentioned above, in addition to the MHC region, there are three other 

major “MHC paralogous regions” and several minor MHC paralogous regions due to the 

two rounds (2R) of genome-wide duplications at the origins of jawed vertebrates.19,20 

Previously, NKp30 homologs and their locations on human chromosomes were not 

known. These homologs map to the minor MHC paralogous regions, showing that NKp30 

and its paralogous regions are derived from a common ancestor (Janes et al., manuscript 

in preparation). By searching the databases in National Center for Biotechnology 
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Information (NCBI) we identified genes mapping to these paralogous regions from 

animals belonging to the major Classes of vertebrates (cartilaginous fish, bony fish, 

amphibians, reptiles, birds, and mammals including humans) (Figure 1) for in-depth 

comparisons of their synteny. These regions contain many genes with precursor genes 

found in invertebrate genomes. 

 

Aim 3: Inferring the “Primordial Immune Complex” (PIC) including 

precursors of NKp30 Genes 

Expanding on analyses from Aim 2, we searched invertebrate genomes (the tunicate 

Ciona, Amphioxus, sea urchin, and Drosophila) for the putative pre-duplicated genetic 

region (at 0R) (Figure 1). As mentioned above, preliminary analysis of the Ciona genome 

was done previously by another group in 2009.27 In this project, we updated the synteny 

status in the latest Ciona genome assembly. We searched for commonalities in synteny 

among other invertebrates and vertebrates to construct a working hypothesis for the 

emergence and evolution of the PIC. The results will set the stage for future work to 

search for genes that map to the hypothetical PIC that may have played roles in immune 

systems prior to 2R. We hope to gain further insight into the evolution of the immune 

system and perhaps unearth new immune genes that were previously overlooked in all 

animals, including humans. 
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Materials and Methods 

Sharks 

Tissues from multiple nurse sharks were used throughout all these experiments. The 

sharks used were L, G, and W. These sharks were originally captured from the Florida 

Keys and have been in captivity during immunization protocol. Shark W was immunized 

with HIV gp120 protein and boosted 10 days prior to euthanasia. Shark G was 

immunized with a mixture of influenza, hen egg lysozyme, and HIV gp120 proteins, and 

was boosted 10 days prior to euthanasia. Shark L was immunized to human HER-2 (a 

receptor on cancer cells) protein and was boosted 10 days prior to euthanasia. 

 

First Strand cDNA Synthesis 

Total RNA was isolated from nurse shark brain, epigonal (shark bone marrow 

equivalent), gill, gonad, kidney, liver, muscle, pancreas, renal gland, spiral valve (shark 

intestine equivalent), spleen, stomach, thymus, and white blood cells to use for RT-PCR. 

The brain total RNA was made from tissues from five regions of the brain: cerebellum, 

telencephalon, diencephalon, mesencephalon, and medulla. The first-strand cDNA was 

synthesized from 500 ng of total RNA using SuperScriptTM IV first-strand synthesis 

system (Invitrogen) following manufacturer recommendations. 
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Primer Design 

We manually designed specific primers, each with approximately 20 nucleotides for each 

gene. We examined the inter-exonic regions of each gene that lacked oligonucleotide 

runs (stretches of G/Cs or A/Ts), had approximately 50% G/C content, lacked 

palindromes, and ended on the second nucleotide of a codon (i.e., not a wobble base) 

with a C or G at the 3’-terminus. All primers were checked on the NCBI site to determine 

if there was sequence similarity for off-target binding to other regions. Melting 

temperatures were calculated based on the number of A/T and G/C pairs in each primer, 

2˚C for each A/T pair, and 4˚C for each G/C pair. The annealing temperature for each 

primer set was set by subtracting 5˚C from the lower melting temperature between the 

forward and reverse primers. Optimal annealing temperatures were further determined by 

adding or subtracting 2˚C on either side of the above-calculated temperature. The optimal 

conditions for each primer set were selected based on robust amplification of the 

expected size product with no, or minimal, non-specific off-target priming. 

 

Polymerase Chain Reaction (PCR) 

PCR was performed using: 12.5 μl GoTaq Green Master Mix (Takara Bio); 0.5 μl 

Forward primer (25M); 0.5 μl Reverse primer (25M); 1 μl cDNA; in final 25 μl 

reaction volume. The PCR was run with primers targeting nucleoside phosphate kinase 

(NDPK) transcript as a positive control and non-template control (NTC) as a negative 

control to detect potential contamination. The reaction cycle was 95˚C for 2 minutes; 35 

cycles of 95˚C for 45 seconds, annealing temperature for 30-45 seconds, 72˚C for 30 
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seconds; ending with a final extension at 72˚C for 5 minutes. For visualization, 10 μl of 

PCR reactions were electrophoresed on 1% agarose gels.   

 

Tissue Fixation and Embedding for Cryosections 

Tissues for ISH were prepared from freshly dissected tissues from nurse sharks. Tissues 

were immediately fixed in 4% paraformaldehyde in 1x SPB (0.06M Phosphate Buffer/3% 

Sucrose/0.15mM Calcium Chloride) at 4˚C overnight or until further processed. The 

tissues were rinsed with sucrose gradient from 10% sucrose to 30%, embedded in O.C.T. 

(Sakura) using a liquid nitrogen/isopentane bath, and then stored at -80˚C. Unfixed fresh 

tissues were also embedded in O.C.T., as described above at the time of harvest.  

 

Cryosection  

Using embedded frozen tissues, both fixed (for ISH) and unfixed (for IHC), tissue 

sections between 6-10μm were generated with Cryostat (Leica) at approximately -20˚C. 

Once cut, the tissues were immediately mounted onto glass slides and either quick-fixed 

in acetone for 30 seconds at room temperature for IHC or without acetone fixation for 

ISH. All slides were either used immediately or stored at -80˚C for later use. The splenic 

tissue was “easy” to work with, as it was effortlessly cut and mounted to slides. The 

spleen is a relatively large organ, so when it was cut into smaller pieces to preserve, they 

were still relatively large and retained their tissue integrity. It was more difficult to obtain 

data from the thymus than the spleen as the Thymus is a delicate tissue that is difficult to 

section, and sometimes was problematic to discern its structure once it is preserved, i.e., 



13 
 

the thymus is embedded in connective tissue above the gill, and sometimes it is difficult 

to parse from surrounding tissue. 

 

In situ Hybridization (ISH)  

ISH was performed using fixed tissues cut to 7μm. Slides were re-fixed in 4% 

paraformaldehyde in Shark PBS (0.32M NaCl in phosphate-buffered saline (PBS)) then 

permeabilized in Proteinase K (20μg/ml) (Sigma), and cationized in 0.25% acetic 

anhydride. Slides were then hybridized with 60ng digoxygenin (DIG)-labeled riboprobe 

per slide in 50% formamide hybridization solution in 1x hybridization solution (Sigma) 

with yeast tRNA at 67˚C overnight in a humidified chamber. The NS823 riboprobes are 

the same as the PCR product of RT-PCR experiments, containing part of the full coding 

regions with both 5’- and 3’- UTR. The PCR product was subcloned into a pCRlI vector, 

linearized, and the RNA was synthesized by reverse transcriptase’s incorporating DIG-

labeled CTP. After hybridization, slides were washed in 0.2x SSC (0.003M Sodium 

citrate/0.03M Sodium chloride) twice at 72˚C for 30 minutes twice and blocked with 

TNB (0.1M Tris, pH 7.5/0.15M sodium chloride/0.5%w/v blocking reagent (Perkin 

Elmer)) for 1 hour at room temperature. The signals were amplified using tyramid 

amplification system, TSA plus Biotin System (Akoya Biosciences) following the 

manufacturer’s protocol. Signals were visualized after incubation using Streptavidin-

alkaline phosphates (SA-AP: Perkin Elmer) followed by substrate BCIP/NBT (Roche). 

Slides were dried overnight, and coverslips were applied with PermountTM mounting 

medium (Fisher). Microscopic (Nikon E800) images were visualized on the camera with 

a brightfield setting. Images were taken at 4x, 10x, and 20x magnifications.  
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Generation of mouse polyclonal antisera  

Polyclonal antisera were generated by Dr. Flajnik. Below briefly describes the procedure.  

The in-frame extracellular domain of NS344823 was first subcloned into an expression 

vector fused to the Fc portion of mouse IgG2a28 using InFusion cloning kit (Takara Bio), 

then transfected into 293T cell lines using Lipofectamine 2000 (Invitrogen). Culture 

supernatant containing NS344823 was collected and protein was extracted by Protein-A 

conjugated Sephadex column. Fifty micrograms of protein suspended in Incomplete 

Freund’s Adjuvant (IFA) was injected intraperitoneally (i.p.) into two 6-8 weeks-old 

female BALB/c mice. The mice were boosted with 50 g of fusion protein in IFA 3 

weeks later, then test-bled for activity after two more weeks. Antibody titers were first 

tested by enzyme-linked immunosorbent assay (ELISA) and later by Fluorescent 

Activated Cell Sorting (FACS). Note that we also transfected NS348460, however, there 

was no protein secretion to the culture media and therefore, we could not collect protein.        

 

Immunohistochemistry (IHC)  

Using tissue embedded in O.C.T. (Sakura) and frozen in a liquid nitrogen/isopentane 

bath, the tissues were sectioned at 6μm, mounted onto slides, and quickly fixed for 30 

seconds in acetone. Tissue sections were washed in mammalian PBS-Tween (0.05%) 

(PBST) and then blocked overnight with 10% fetal calf serum at 4˚C. Slides were 

incubated with polyclonal antisera (diluted at 1/300 or 1/100) or monoclonal antibodies, 

washed in mammalian PBST three times, and incubated with secondary antibody, Alexa 
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Fluor 488-conjugated goat anti-mouse IgG (Invitrogen). Slides were washed in PBST 

three times and mounted in ProLong Gold plus DAPI (Invitrogen). Imaging was done 

using the microscope (Nikon E800) and camera as mentioned above. Images were taken 

at 4x, 10x, and 20x magnifications. 

 

Data Mining 

Using the National Center for Biotechnology Information (NCBI) we searched a list of 

90 genes that were previously identified by Zuchetti et al. and searched for their 

orthologues in species representing seven different vertebrate Classes/orders. The 

organisms we searched were human (Mammalia), mouse (Mammalia), chicken (Bird), 

anoles (Reptilia), Chinese alligator (Reptilia), Xenopus (both X. laevis and X. tropicalis, 

Amphibia), coelacanth (Sarcopterygii; most advanced bony fish), spotted gar (Holostea; 

most primitive bony fish), elephant shark, and whale shark (Chondrichthyes/cartilaginous 

fish). 23 We looked for the chromosome, scaffold, and position of each gene within the 

human genome, and then identified the gene in the other organisms. We started this 

process by entering the gene name into the NCBI GENE database along with the 

organism. The genes that were clearly orthologous to the human genes were entered into 

a table, while the ones that were ambiguous required additional analysis. Orthology was 

confirmed by examining surrounding genes and determining whether the synteny was 

conserved. When the gene was not annotated in a particular species in the Gene database, 

we further searched using BLASTp in the non-redundant protein sequences (nr) database, 

tBLASTn, in the expressed sequence databases (e.g., EST, RNAseq), or tBLASTn 

genome sequence (WGS). Using the list of potential genes identified by BLAST, genes 
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matching to other species with significant E-values, e-05 or lower, were confirmed as 

orthologs. This was performed by running a BLASTp back against mammals. Once 

orthology was confirmed, I further searched for the loci on the GENE pages to identify 

their locations in the genome. When there was no match with BLAST searches, we 

determined that the gene was likely “lost.”   
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Results 

Aim 1: Expression Profiles of Shark NKp30 and B7-H6 Genes 

For this aim, we examined the expression profiles for eight NKp30 genes and five genes 

for its ligand in human B7-H6. To do this we performed multiple experiments: RT-PCR, 

ISH, and IHC. RT-PCR was done to initially find which tissues expressed these genes. 

Using the expression pattern from the RT-PCR, we then plan to perform ISH and IHC to 

identify cell types that express these genes and their locations within the tissue.  

Expression Profiles of NKp30 Genes by RT-PCR 

As described above, NKp30 is a natural cytotoxicity receptor (NCR) which is expressed 

on NK cells as well as other lymphocytes in mammals. Mammalian species have a single 

gene per haploid genome, while there are multiple genes in lower vertebrates, and the 

number of genes seems to vary between different species. In nurse sharks, there are 

approximately 20 NKp30 family genes that fall into eight subtypes, some are multigenic. 

We examined sets of primers for eight different NKp30 subtypes originally identified in 

the RNAseq from the spleen. We chose to test the primers first on spleen cDNA because 

those eight expressed genes were found in our spleen RNAseq database.23 

The NKp30 genes tested in this experiment were 823, 913, 460, 427, 747, 406, 965, and 

219, taking the last three digits of original identification numbers in the RNAseq. We 

designed inter-exon primers to avoid amplification from residual genomic DNA in cDNA 

samples. Note that the leader, V-IgSF, and transmembrane domains are encoded in 

separate exons. In some cases, as with 823, the primer was designed in 5’- and 3’- 

untranslated regions (UTR). We first determined the optimal annealing temperatures as 
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described in the Methods section. Primers that were unable to amplify or showed very 

low amplification were re-designed and tested again. We chose primer sets that we 

determined to have the highest amplification (those with the brightest bands) the least 

off-target binding (less background) and the lowest propensity for primer-dimer 

formation. Primers 965, 406, and 219 did not result in any amplification, so we did not 

proceed with further PCR. Primer annealing temperature, approximate product size in 

base pairs, and primer sequences are listed in Table 1.  

 

Figure 2 NKp30 annealing Temperature Optimization 

Example of Annealing temperature optimization for primers 913 and 406. For each primer set, the 
annealing temperatures are listed above each lane. The highest expression was the optimal 
temperature chosen for each of the primers. The optimal temperature for 913 is 55˚C. The 913 
primer showed the most robust amplification with the lowest background. The 406 primer set did 
not amplify any product under these conditions. The red arrow indicates the optimal temperature. 
We used Hae III-digested X174 as the size standard.  

 

After determining the optimal temperature for the primer sets using spleen cDNA (Figure 

2), the PCR experiments were done using cDNA made from 14 tissues from the nurse 

shark G. The tissues used were the brain, epigonal (shark bone marrow), gill, gonad, 
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kidney, liver, muscle, pancreas, renal gland, spiral valve, spleen, stomach, thymus, and 

white blood cells (WBC) (Figure 3).  

 

Table 1 Nurse Shark NKp30 Primers 

Gene Annealing 
Temp (˚C) 

Product 
Size 
(bp) 

Forward Primer Reverse Primer Single or 
Multicopy 
Gene 

Amplification 
Target 
Regions* 

823 55 805 AATCTGCACC
ATTACGTGCT
G 

AGCACTATC
TAAGCTTGA
TTC 

Single 5’UTR - 3’ 
UTR 

460 49 788 CAATCAGTCC
TCATCCCGTG 

ATACTTCCTT
GTTAGTCAC
C 

Multi V-cyt/3’ UTR 

747 53 557 GATACGAAG
ATGAATGTCA
C 

CTGCCACGA
TTAGAACGC
AC 

Single V - cyt 

427 57 328 GTTCTGCATT
CTTAGTCTTG
G 

ACTGCTTGA
GACAAATTC
CAC 

Multi Leader - V 

913 55 633 AAAGGAGCC
GTGGTGCAGT
C 

CTGGTTTCG
CCCACAATG
GA 

Single V - cyt  

 

The five different genes for NKp30, their annealing temperatures, expected product size with 
target regions, if they are single or multicopy genes, and forward and reverse primers. We could 
not obtain primer sets for 965, 406, and 219 to amplify product, so data with these primer sets are 
not shown. 

*UTR: untranslated region; cyt: cytoplasmic tail: V: V-IgSF 

 

We expected expression in both the thymus and the spleen as the sequences were 

originally discovered in spleen and thymus RNAseq databases. All the genes showed 

expression for both spleen and thymus (Figure 3); however, 747 showed low expression 

(fig. 3) in the thymus while the others all showed strong expression. These genes also 

showed expression in many other tissues. Expression of 823 was detected in gill, gonad, 

spleen, and thymus. Note that we have determined that the upper band is a partially-

spliced RNA by sequencing and therefore only the lower band reflects the expression of 
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mature mRNA. 460 showed expression in the gill, liver, pancreas, spiral valve, spleen, 

and thymus. This primer set also amplified many “extra” bands. The bottom band is a 

primer dimer while the numerous middle bands may be primer concatemers or non-

specific amplification. 427 showed expression in gill, kidney, spiral valve, spleen, 

stomach, and thymus; there was weak expression in white blood cells, pancreas, and renal 

gland. 747 showed expression in gill, gonad, spiral valve, spleen, and thymus. 913 

showed expression in brain, epigonal, gill, gonad, kidney, liver, muscle, pancreas, renal 

gland, spiral valve, spleen, and thymus.  
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Figure 3 NKp30 Tissue Expression 

Expression for each of the NKp30 genes tested. There is a differential expression for each gene, 
with some tissues showing expression for each of these genes. Each primer set was run against 
NTC to control for cDNA contamination. We used X174 Hae III as the size standard. Red 
arrows indicate the gene product.  NDPK was used as a PCR control, however, later we found 
that NDPK was not expressed at the same level across all tissues: weaker expression in liver, 
muscle, and pancreas was also observed by northern blotting. Northern blotting data not shown. 

  

Our primers for 965, 406, and 219 did not amplify any product. These primers were 

further tested on the same shark samples used for RNAseq to exclude any possible allelic 

differences. The RNAseq database was generated using shark L, and by using this cDNA, 

we eliminated the possibility of allelic differences precluding amplification of the three 

shark genes. The reasons for our failure to detect amplification products may be due to 



22 
 

either low expression of these genes in the tested tissues (we also tried different tissues 

besides the spleen) or simply “bad” primers.  

For 427 there are extra upper bands that are likely from genomic DNA amplification. For 

460 the lower bands are likely from primer-dimers and not from genomic DNA or 

partially spliced isoforms. The upper bands for 823 are derived from a partially spliced 

mRNA, but for 427 we believe it is genomic DNA amplification but cannot rule out a 

partially spliced isoform (in future studies not including reverse transcriptase will 

distinguish between these two possibilities). Note that 460 and 427 are members of 

multigene families, and therefore the primers may bind to multiple genes. 

 

Expression Profiles of B7-H6 Genes 

In humans, B7-H6 is the ligand for NKp30 and is induced in tumor cells to trigger 

NKp30-specific NK cell cytotoxicity and cytokine secretions. Since the number of 

NKp30 and B7-H6 genes are correlated in different vertebrates, we hypothesize that B7-

H6 is also a ligand for NKp30 in sharks, and therefore we tested the expression of B7-H6 

genes.5 The exact number of B7-H6 genes is currently unknown in the nurse shark, but 

we identified five distinctive sequences from spleen RNAseq and designated them 

314508, 332265, 333055, 333295, and 331224 based on the original sequence 

identification number from RNAseq. We designed primers from the inter-exon regions of 

each gene (shown in Table 2) to examine their expression pattern by RT-PCR. We 

optimized the annealing temperatures for the PCR, as detailed in the Methods section. 
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Primer annealing temperature, approximate amplicon sizes, primer sequences, and target 

regions are listed in Table 2.  

 

Figure 4 B7-H6 Temperature Optimization 

Temperature optimization for PCR using the primers for 333925. For each primer, the 
temperatures for optimization are listed above each band. Annealing temperature for the highest 
expression was chosen for each of the primers. The PCR amplification for the two sets of primers, 
333295A, and B are shown as an example. The red arrow indicates the optimal temperature. We 
used X174 Hae III as the molecular weight standard.  

 

The optimal temperatures for these primers were determined in the same ways as they 

were for the NKp30 primers, by determining the temperature that resulted in the highest 

level of amplification and the fewest non-specific bands (Figure 4). After the primers 

with the optimal expression were determined, we used these primers with cDNA 

prepared from tissues from the same shark G, which was used for NKp30 expression. The 

tissues tested were brain, epigonal, liver, muscle, pancreas, spiral valve, spleen, stomach, 

thymus, and WBC. 
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Table 2 Nurse Shark B7-H6 Primers 

Gene Annealing 
Temp (˚C) 

Product 
Size (bp) 

Forward Primer Reverse Primer Amplification 
Target Regions* 

314508 52 606 CTGACATGCA
AGGTAACAG
G 

CGACTCAACTAG
TACCGTGAG 

V-C 

332265 48 652 GCAGAAACCT
TGGATGTGAC 

CTGTGAGTCGAG
TTGTCCTG 

V-C 

333055 52 708 CTGACCCTGG
TACCGCACTC 

CTCTTTGACAGT
CAGTTGGGC 

End of leader-
end of C 

333295 48 356 CATATGTAGC
TGTTCGTTGG
G 

GAACCAACTAAC
ATTGATCGG 

V-C 

331224 52 572 ATGCCGGCTA
TCAGCGCCAC 

CCGTCATCCATT
TGAACGCC 

V-C 

 

The five different genes for B7-H6, their annealing temperatures, approximate product size, and 
forward and reverse primer sequences.  

*V and C stands for V-IgSF and C-IgSF domains, respectively. Note that the domain structure 
of B7-H6 is the leader, V-IgSF, C-IgSF, TM, then Cytoplasmic region in the order.  

 

As in the NKp30 experiments, expression was also expected in the spleen and thymus for 

these genes since these sequences were identified from spleen and thymus RNAseq 

databases. Results are shown in Figure 5. 314508 seems to be a mucosal-specific B7-H6, 

with the highest expression in the spiral valve (shark intestine equivalent) and stomach, 

but also low expression in the brain, epigonal, liver, pancreas, and spleen. 332265, 

333055, and 331224 showed ubiquitous expression. 333295 showed high expression in 

the liver, pancreas, spiral valve, spleen, and stomach. 
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Figure 5  B7-H6 Tissue Expression 

B7H6 expression in nurse shark tissues via RT-PCR. We used X174 Hae III as the size 
standard. Red arrows indicate the expected correct size of the amplicon. NDPK was used as a 
positive control. NTC: non-template PCR control.  

 

Like with the NKp30 expression studies, there were some primers that amplified multiple 

bands. The extra bands appearing in 332265, and 333055 were due to primer dimers. The 

“extra” bands for 331224 were due to off-target binding.  
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Identification of NKp30-Expressing Cells in Spleen and Thymus Using In Situ 

Hybridization (ISH) 

After determining the tissue distribution with PCR, we performed ISH to examine the 

expression of genes within certain cell types within the tissues. We started these studies 

with the major immune organ in sharks, the spleen, since we detected expression of many 

NKp30 genes in this tissue by RT-PCR. The spleen is made up of two major regions, the 

white pulp, and the red pulp. The white pulp is composed of lymphoid tissue and mostly 

consists of lymphocytes, which are involved in the adaptive immune response. This 

region of the spleen consists mainly of naïve (unstimulated) B cells. The red pulp 

surrounds the white pulp in the spleen and contains myeloid cells, lymphocytes, and 

many splenic cords and venous sinuses (Figure 6).  

 

Figure 6 Spleen Architecture 

H&E stained spleen imaged at 4x magnification. This is a 7μm non-fixed frozen tissue section. 

 

The structure of the thymus, a primary lymphoid tissue where T cells develop, is different 

from that of the spleen. In the thymus, there are multiple lobules which are divided into 
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two portions, the Medulla and the Cortex. The Medulla is the central portion of the 

thymus containing the mature T cells poised to enter the spleen and circulate throughout 

the body, and the Cortex, which surrounds the Medulla, which contains immature, 

developing T cells (Figure 7). The medulla is lighter in color while the cortex stains 

darker because the cells are tightly packed in this thymic region. Once matured, the T 

cells exit the thymus from the medulla to play essential roles in the adaptive immune 

system. 

 

Figure 7 Thymus Architecture 

H&E stained thymus imaged at 4x magnification. This is a 7 μm non-fixed tissue slice.  

 

We planned to perform ISH using DIG-labeled riboprobes for all the expressing NKp30 

genes. Initially, we used two NKp30 genes as probes (823 and 460), but only NKp30 

‘823’ provided definitive staining above the background.  Here, we show NKp30 ‘823’ 

gene expression using an anti-sense probe. NKp30 ‘823’ has short cytoplasmic tails with 
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no immunoreceptor tyrosine-based inhibitory motif (ITIM) and is potentially an 

activating NK receptor. ‘823’ is an abundantly expressed NKp30 gene and is conserved in 

at least 3 other shark species. Various control genes, such as IgM_C3C4, TCRbeta 

(TCRb), TCRdelta (TCRd), CD3zeta (CD3z), and other probes, were used to identify 

different regions of the tissue. We used sense probes as negative controls to determine the 

background staining levels.  

ISH was performed on sharks G and W spleen and thymus. The experiments were 

performed following the ISH protocol adopted from Dr. Donald Brown’s lab (Carnegie 

Institute, Baltimore, MD), as detailed in the Methods section, with Tyramid amplification 

(TSA) to enhance low signals.29  

 

SPLEEN Expression: 

We used the spleen for most probes as it is the chief immune organ, with mature T cells 

and B cells. NKp30 ‘823’ sense and anti-sense, PAX5 sense and anti-sense (to detect B 

cells), IgM_C3C4 anti-sense (to detect plasma cells), TCRd anti-sense, and TCRb sense 

and anti-sense probes were easily detectable on spleen sections (Figure 8). CD3z sense 

and anti-sense, IgM_TM sense and anti-sense, MHC class I alpha3 anti-sense, 

CD3epsilon (CD3e) anti-sense, NKp30 ‘460’ sense and anti-sense, AID sense and anti-

sense, and B7-H6 ‘333055’ sense and anti-sense probes did not stain well, either because 

of low expression of the genes or a technical problem (or both). 

With the NKp30 ‘823’ anti-sense probe, the expression was found as single cells scattered 

throughout the splenic tissue but located outside of the white pulp (Figure 8). NKp30 
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‘823’ surface protein was detected in developing T cells, subsets of CD8 T cells, subsets 

of  T cells, and subsets of  T cells (work done by another member of the lab and not 

shown here). The expression was scattered throughout the red pulp and not clustered 

specifically in one place. The NKp30 ‘823’ sense probe showed no expression, thus 

confirming the specificity of our antisense probe.  

The NS PAX5, which is a transcription factor specific for naïve (unstimulated) B cells, 

stained the entire B-cell zone (i.e., white pulp), appearing as a large circle within the 

tissue. These large circular regions were not visible with the control sense probe. PAX5 

and NKp30 ‘823’ expressions were exclusive of each other, demonstrating that ‘823’ is 

not expressed by B cells.  

Naïve B cells express 1000x less IgM than antibody-secreting B cells (plasma cells). The 

IgM_C3C4 probe, which predominantly recognizes plasma cells, stained cells around the 

blood vessels within the spleen, and naïve B cells. In the experiments conducted here, the 

staining reaction was stopped after the plasma cell staining was evident, and thus naïve B 

cells in the follicle appeared negative.29 These clusters of plasma cells were scattered 

throughout the tissue, often associated with splenic blood vessels, but do not appear to 

express NKp30 ‘823’. 

TCRd expression was detected in small, circular clusters spread throughout the tissue. 

These clusters were seen in the red pulp and not the white pulp of the spleen, similar to 

the NKp30 expression.  

Similar to TCRd, TCRb showed small clusters of positive cells along the cryostat-cut 

edge of the tissue and outside of the white pulp. We could not ascertain whether the 
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TCRd and TCRb clusters were coincident, but this will certainly be of interest in future 

studies. The TCRb sense probe had a higher background but nevertheless did not show 

the clear expression pattern detected with the anti-sense probe. 
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Figure 8 NKp30 ‘823’ is expressed sporadically in Red pulp in Spleen 

ISH images taken at 4x magnification. The probes shown are NKp30 ‘823’ sense and anti-sense, 
PAX5 sense and anti-sense, IgM_C3C4 anti-sense, TCRd anti-sense, TCRb sense, and anti-sense. 
These tissues were cut at 7μm and are fixed. The red arrow indicates the white pulp. 
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THYMUS Expression: 

Like with the spleen ISH, the expression for each antisense probe was tested in the 

primary lymphoid tissue, the thymus. In a previous experiment done in the Flajnik lab, 

we found that NKp30 ‘823’ is expressed in ~80% of the thymocytes and immature T 

cells in the thymic cortex. In mammals, NK cells and T cells develop from the same 

precursor cells.  There are conventional T cells in sharks that do not express NKp30, but 

in primitive animal systems such as sharks, there may be subsets of cells with an 

intermediate T/NK cell phenotype. Indeed, NKp30 expression in developing immature T 

cells may provide evidence for the primordial nature of shark T/NK cells. This required a 

further examination of expression in the thymus. 

With the NKp30 ‘823’ anti-sense probe, the gene expression was ubiquitous throughout 

the thymic cortex with very low expression within the medulla (Figure 9). The NKp30 

‘823’ sense probe showed no expression within the thymus. The TCRb anti-sense probe 

also showed expression in the cortex, but only weak expression in the medulla (Figure 9). 

The TCRb sense probe showed no expression within the thymus.  
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Figure 9 NKp30 ‘823’ is expressed in the thymic cortex 

ISH images taken at 4x magnification. The probes shown are NKp30 ‘823’ sense and anti-sense 
and TCRb sense and anti-sense. These tissues were cut at 6μm and are fixed in 4% 
paraformaldehyde.  

 

Identification of NKp30-Expressing Cells in Spleen Using Immunohistochemistry  

We performed IHC on the shark tissues for NKp30 surface expression. We used the 

polyclonal antisera Dr. Flajnik previously developed against the in-frame extracellular 

domain of the NKp30 ‘823’ protein to perform these experiments. IHC experiments were 

done using different dilutions for each antiserum, with positive (a monoclonal antibody) 

and negative controls (no antibody). The monoclonal antibody used is specific for the 

shark immunoglobulin NARV, which recognizes a large subset of B cells (Flajnik et al, 

unpublished). Different dilutions of antisera were used to determine which dilution would 

best show expression with the lowest background. The dilutions used for the antisera 
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were 1:100 and 1:300, and the positive control monoclonal antibody supernatant was 

used without dilution. This experiment was performed with G splenic tissue (Table 3). 

Table 3 IHC Antisera 

Antisera Detect Dilutions 

NKp30 (mouse 1) antisera NKp30 ‘823’ 1:100; 1:300 

NKp30 (mouse 2) antisera NKp30 ’823’ 1:100; 1:300 

NARV monoclonal culture 

supernatant 

IgNAR (target: plasma cells 

and naïve B cells) 

undiluted 

R10 (antiserum to hen egg 

lysozyme) 

Unrelated antigen: serves as 

an isotype control 

undiluted 

 

Showing the antisera used, as well as the positive and negative controls. 

The images for the IHC were taken with the FITC filter on the Nikon E800 microscope. 

Alexa Fluor 488 was used for the experiment; this dye is detected with the microscope 

FITC filter. Alexa Fluor 488 images appear as green fluorescence and staining detected 

expression in each tissue depending on the reagent studied. The different antisera 

dilutions showed different staining levels, not different expression patterns, just a higher 

level of staining at the highest concentrations. 

There were two NKp30 ‘823’ antisera raised in different mice, and each was examined at 

1:100 and 1:300 dilutions. NKp30 ‘823’ (mouse 1 antiserum) bound more strongly to the 

tissues for both dilutions than NKp30 ‘823’ mouse 2 antiserum. Mouse 1-NKp30 ‘823’ 

had a ubiquitous staining pattern, which suggests either that the antibodies were 

generated to non-specific epitopes or the antiserum should be diluted further. In contrast 
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to the mouse 1 antiserum, mouse 2-NKp30 ‘823’ staining was similar to what was found 

for the ‘823’ ISH, staining of single cells throughout the red pulp (Figure 10). 

The NARV monoclonal antibody (as mentioned, specific for an IgNAR, a specific 

immunoglobulin isotype only present in cartilaginous fish) and the R10 antiserum, which 

is specific to hen egg lysozyme, were used as positive and negative controls for this 

experiment, respectively.30 NARV, the positive control, showed expression in bright 

clusters across the tissue in the white pulp (a subpopulation of B cells) and surround the 

blood vessels (plasma cells secreting IgNAR antibodies). The negative control R10 

showed very little expression, consistent with background staining. 

 

 

Figure 10 IHC Spleen Images 

These images were taken at 20x. The antisera shown are NKp30 ‘823’ (1) and NKp30 ‘823’ (2). 
Both were done at concentrations of 1:100 and 1:300. The NARV monoclonal antibody was the 
positive control, R10 is the negative control. These tissues were cut at 7μm and are unfixed. 
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Aim 2: Comparative Genomics of NKp30 and its Paralogous Regions 

NKp30 homologs were previously identified in the lab (Note that the gene encoding for 

the NKp30 protein is NCR3). These homologs are NCR3H, SCN1B, SCN2B, SCN3B, and 

SCN4B (Janes et al, manuscript in preparation). These genes were mapped to previously 

identified minor MHC paralogous regions in humans that contain many genes with IgSF 

domains.27 Therefore, we predict that NKp30 and its homologs were derived from a 

common ancestral precursor region. In this study, we searched databases looking for 

these four minor MHC paralogous regions from animals in six Classes of jawed 

vertebrates and compared them to those regions of humans. They are found on human 

chromosomes 1, 3, 11, 19, and 21.  The chosen Classes were: mammals (human and 

mouse), birds (chicken), lizards (anoles and Chinese alligator), amphibians (Xenopus 

laevis and Xenopus tropicalis), bony fish (coelacanth and spotted gar), and cartilaginous 

fish (elephant shark and whale shark) (Figure 1). 

Note that Xenopus laevis is an allotetraploid species and thus, there are two sub-genomes: 

S and L. These genomes came from two divergent parental Xenopus species separated 

approximately 34 million years ago. The difference between these two sub-genomes is 

that the L sub-genome is more consistent with the ancestral genome, while the S sub-

genome has more deletions resulting in shorter chromosomes.31 Each L and S 

chromosome segregates independently, and there is no recombination between them. 31 In 

contrast, Xenopus tropicalis is a true diploid species.31  

We examined the four paralogous regions that were originally found by Zuchetti et. al. in 

the human genome, 1q23-25, 3q13-22, 11q23, and 21q21/19q13.27 We searched for the 

same set of 90 genes from the human genome and identified their locations in the 
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genomes of lower vertebrates. This list contained 90 genes with IgSF members including 

CD166, CTX-JAM, and nectin.  Their homologs are found on human chromosomes 1, 3, 

11, and 21.27 We found that NKp30 homologs map in these paralogous regions. We 

included the NKp30 homologs (mentioned above in point 2) as well as the GRAMD1 

gene homologs that always map adjacent to an NKp30 homolog. So, in this study, we 

conducted comparative genomics with a total of 97 genes. We searched the NCBI “Gene” 

database for orthologous genes and when a gene was not annotated, we performed further 

searches to identify them. Comparable to humans, the mouse genome is well-assembled 

and annotated, so we were able to obtain results for almost all human orthologues. We 

found that one of the NKp30 homologs, the NCR3H gene is lost in all mammalian 

species. Also, note that NKp30 is lost in mouse and rodent species. As we moved 

evolutionarily further from humans and closer to sharks, genomes are less annotated.  

Not all species genomes were assembled at the chromosome level. For genes with an 

assigned chromosome, a scaffold number starts with NC_. These scaffold numbers are 

also directly correlated to their chromosome. Each chromosome was given a different 

scaffold number. Chinese alligators, coelacanth, elephant sharks, and whale sharks did 

not have chromosome-level genome assembly. In these species, we noted the location of 

the genes in the scaffold. This recording method allowed us to find the gene orders even 

if scaffolds are not assigned to a chromosome. If multiple genes are mapped within them, 

then we can conclude that these genes are relatively close to each other within the 

genome; if not on the same scaffold, we cannot establish the linkage status.  

Besides NKp30 homologs, other genes within these regions are of specific interest for this 

project. These genes include NECL1-4, Nectin 1-4, and KIRREL1, 2, and 3.  
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For the purpose of simplicity, we designated the four paralogous regions as Regions 1-4:  

Region 1, 1q23-25; Region 2, 3q13-22; Region 3, 11q23, and Region 4, 21q21/19q13. In 

the tables below, we list all the genes in the four regions in each vertebrate species 

compared to the human gene order (Tables 4-15).  
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Table 4 Paralogous Regions in Human Genome 

 

Note: Genes that are lost are labeled as such within the tables. Genes with multiple copies are 
listed together, the blank spaces indicate these genes have the same name as the previous line. 
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Table 5 Paralogous Regions in Mouse Genome 

 

Note: Genes that are lost are labeled as such within the tables. Genes that are not listed were not 
found during BLAST searches but could not be determined as lost due to potential poor genome 
assembly. Genes with multiple copies are listed together, the blank spaces indicate these genes 
have the same name as the previous line. 
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Table 6 Paralogous Regions in Chicken Genome 

 

Note: Genes that are lost are labeled as such within the tables. Some genes are lost in chicken 
only while other genes are lost from birds entirely, this is indicated in the table. Genes that are not 
listed were not found. We could not distinguish between the genes being lost or not found due to 
poor genome assembly. Genes with multiple copies are listed together, the blank spaces indicate 
these genes have the same name as the previous line. 
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Table 7 Paralogous Regions in Anoles Genome 

 

Note: Blank spaces in the chromosome column means the chromosome was unlisted. Genes that 
are lost are labeled as such within the tables. Some genes were lost from reptiles, some from 
lizards, and some from anoles, these are labeled as such in the table. Genes that are not listed 
were not found, we could not distinguish between the genes being lost or not found due to poor 
genome assembly. Genes with multiple copies are listed together, the blank spaces indicate these 
genes have the same name as the previous line. 
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Table 8 Paralogous Regions in Chinese Alligator Genome 

 

Note: Blank spaces in the chromosome column means the chromosome was unlisted. Genes that 
are lost are labeled as such within the tables. Some genes were lost from Chinese Alligator while 
others were lost from reptiles, these are labeled as such in the table.  Genes that are not listed 
were not found, we could not distinguish between the genes being lost or not found due to poor 
genome assembly. Genes with multiple copies are listed together, the blank spaces indicate these 
genes have the same name as the previous line. 
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Table 9 Paralogous Regions in Xenopus Laevis (S) Genome 

 

Note: Blank spaces in the chromosome column means the chromosome was unlisted. Genes that 
are lost are labeled as such within the tables. Genes that are not listed in the table were not found, 
we could not distinguish between the genes being lost or not found due to poor genome assembly. 
Genes with multiple copies are listed together, the blank spaces indicate these genes have the 
same name as the previous line. 
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Table 10 Paralogous Regions in Xenopus Laevis (L) Genome 

 

Note: Genes that are lost are labeled as such within the tables. Genes that are not listed were not 
found, we could not distinguish between the genes being lost or not found due to poor genome 
assembly. Genes with multiple copies are listed together, the blank spaces indicate these genes 
have the same name as the previous line. 
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Table 11 Paralogous Regions in Xenopus Tropicalis Genome 

 

Note: Genes that are lost are labeled as such within the tables. Genes that are not listed were not 
found, we could not distinguish between the genes being lost or not found due to poor genome 
assembly. Genes with multiple copies are listed together, the blank spaces indicate these genes 
have the same name as the previous line. Table continued on the next page. 
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Table 12 Paralogous Regions in Xenopus Tropicalis Genome (continued) 

  

Note: Genes that are lost are labeled as such within the tables. Genes that are not listed were not 
found, we could not distinguish between the genes being lost or not found due to poor genome 
assembly. Genes with multiple copies are listed together, the blank spaces indicate these genes 
have the same name as the previous line. Table continued from the previous page 
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Table 13 Paralogous Regions in Coelacanth Genome 

 

Note: Blank spaces in the chromosome column means the chromosome was unlisted. Genes that 
are lost are labeled as such within the tables. Genes that are not listed were not found, we could 
not distinguish between the genes being lost or not found due to poor genome assembly. Genes 
with multiple copies are listed together, the blank spaces indicate these genes have the same name 
as the previous line. 
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Table 14 Paralogous Regions in Spotted Gar Genome 

 

Note: Linkage group (LG) was listed instead of the chromosome. Blank spaces in the 
chromosome column mean the linkage group (LG) was unlisted. Genes that are lost are labeled as 
such within the tables. Genes that are not listed were not found, we could not distinguish between 
the genes being lost or not found due to poor genome assembly. Genes with multiple copies are 
listed together, the blank spaces indicate these genes have the same name as the previous line. 
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Table 15 Paralogous Regions in Elephant Shark Genome 

 

Blank spaces in the chromosome column mean the chromosome was unlisted. Genes that are lost 
are labeled as such within the tables. Genes that are not listed were not found, we could not 
distinguish between the genes being lost or not found due to poor genome assembly. Genes with 
multiple copies are listed together, the blank spaces indicate these genes have the same name as 
the previous line. 
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Table 16 Paralogous Regions in Whale Shark Genome 

 

Note: Blank spaces in the chromosome column means the chromosome was unlisted. Genes that 
are lost are labeled as such within the tables. Genes that are not listed were not found, we could 
not distinguish between the genes being lost or not found due to poor genome assembly. Genes 
with multiple copies are listed together, the blank spaces indicate these genes have the same name 
as the previous line. 
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Extracting data from Tables 4-15, we generated figures for each region examining 

whether regional syntenies are conserved between species. We chose representative 

species from each Class of vertebrates: chicken (birds), anoles and the Chinese alligator 

(reptiles/lizards), Xenopus tropicalis (amphibians), coelacanth and spotted gar (bony 

fish), and elephant shark and whale shark (cartilaginous fish). We aligned them to human 

genes and the gene orders whenever possible. We chose scaffolds that contained two or 

more genes in most cases. Therefore, the presence or absence of genes, for example, 

those genes which are the only one located on a scaffold, is not reflected in these figures. 

Below we describe our observations region by region.  

 

Region 1 (Figure 11): 

 In general, synteny is well conserved throughout the different species except that Region 

1 is split into two genetic regions in non-mammalian species. One set of gene blocks 

conserved in Region 1 is ILDR2, GPA33, CD247, and MPZL1 (marked with a fuchsia 

bar: Region 1a) and map in chromosome 1q24.1. The Coelacanth has ildr2, gpa33, and 

cd247 genes, but these genes are on individual scaffolds (Table 12) and therefore are not 

shown in this figure.  The spotted gar has ildr2, gpa33, and cd247 grouped on linkage 

group (LG)17, while mpzl1 is on LG3. However, we do not know the chromosome 

assignment of these linkage groups. Similarly, the whale shark has this region, but cd247 

and mpzl1 are in different scaffolds from ildr2 and gpa33. These scaffolds may be 

syntenic since all four genes are linked together on the same scaffold in the elephant 

shark. Region 1a is consistently separated from other genes in Region 1 in lower 

vertebrates. 
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Most genes found on chromosome 1q23 in humans (Region 1b) were found on 

chromosome 25 in chickens and chromosome 8 in both Xenopus species. nectin4 (brown 

box) is evolutionarily present in all species including sharks, while necl1 (brown box) is 

evolutionarily present in all species but sharks. The NECL1 gene is found in all species 

except elephant sharks and whale sharks. KIRREL1 is a filtration-structure protein in the 

kidney,32 and is present in all species except coelacanth and sharks. Not all genes are 

present in all species. For example, VSIG8 is found in humans, mice, anoles, Chinese 

alligators, and Xenopus, and was lost in chickens (but many other birds have it) and 

seems to have been lost in bony fish and sharks.  

As mentioned above, Region 1a and Region 1b are consistently separate in non-

mammalian species.  Region 1b was previously shown to be translocated from a 

duplicated MHC at the base of mammalian evolution,33 and thus Region 1a and 1b 

became side by side only in mammals, i.e., this region is not derived from the 2R 

genome-wide duplications at the origins of the gnathostomes. Therefore, the true (major, 

in this case) MHC paralogous region is 1q24 (Region 1a), and Region 1b is a recently 

derived paralogous region.  
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Figure 11  Conserved synteny of Paralogous Region 1 

Human chromosome region 1q23-24. Genes mapping in 1q24 are marked with fuchsia bars. 
Seven Classes of vertebrates are shown here, each aligned to the human order. Assigned 
chromosomes are listed. When there was no assigned chromosome, then scaffolds or linkage 
groups (LG) are listed instead. In most cases, we show scaffolds that contain two or more genes. 
Brown boxes indicate Nectin and NECL genes and dark blue boxes indicate KIRREL gene. @ 
denotes locations that are not chromosomes. 



55 
 

Region 2 (Figure 12):  

Synteny is well conserved in Region 2 between the different species including elephant 

sharks. Most of these genes are found in the whale shark genome as well, however, most 

of them are on separate scaffolds and consequently could not be connected. NCR3H (red 

box) is a homolog of NKp30 that is encoded in the MHC. As mentioned above, the MHC 

paralogues are divided into major and minor paralogous regions. NCR3H was lost from 

humans and Xenopus but is found in some species including chicken and bony fish that 

have lost NKp30. 

The gene GRAMD1C (green box) is found in all vertebrate Classes. In all species 

containing the gene NCR3H, GRAMD1C is found paired with it, and it is found in six of 

the eight species shown. The pairing of NCR3H to the GRAMD1C gene marks 

GRAMD1C as a framework gene.  

Nectin 3 and NECL3 genes (brown boxes) are also found in Region 2. Nectin 3 is 

evolutionarily present in all species. In higher vertebrates: human, chicken, and anoles; 

Nectin3 is linked closely to CD47. However, NECL3, along with ROBO1 and ROBO2 

genes, maps on the p arm of chromosome 3 in humans, while the rest of the genes in this 

region are mapped to the q arm. Like humans, ROBO2, ROBO1, and NECL3 map 

separate from the other genes in the other species. ROBO1 and ROBO2 play a role in 

axon guidance.34 Part of Region 2, therefore, may have been block-translocated to the 

other arm of the same chromosome, perhaps in a pericentric inversion. 

Some genes were lost in multiple species. CD47 (anti-phagocytic membrane molecule) 

inhibits interleukin-12 production in dendritic cells and delivers a bi-directional negative 



56 
 

signal to T cells.35 This gene was lost in four of the examined genomes, Xenopus laevis, 

Xenopus tropicalis, whale shark, and elephant shark. All of the genes, except LSAMP 

(neuronal adhesion molecule), were lost by multiple species. Most of the genes lost by 

multiple species were also lost by the whole Class comprising that species. For example, 

cd96, a receptor for pvr and assists in NK cell to target cell adhesion, was lost by all 

amphibian species tested.36 
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Figure 12 Conserved synteny of Paralogous Region 2 

This map shows the region in human chromosome 3q12-3q26. Region 2 is aligned with human 
genes. Seven classes of vertebrates are shown. Assigned chromosomes are listed. When there was 
no assigned chromosome, scaffolds and linkage group (LG) are listed instead. The scaffolds with 
two or more genes are shown. UPK1b and ARHGAP31 genes are marked with the fuchsia bar to 
provide a visual aid. Brown boxes indicate Nectin and NECL genes, green boxes indicate 
GRAMD1C genes, and red boxes indicate NKp30 homolog, NCR3H. Wider boxes indicate the 
expansion of genes. @ denotes locations that are not chromosomes. Larger boxes indicate 
multiple copies of a gene together on a chromosome. The blue circle indicates a centromere. 
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Region 3 (Figure 13):  

Synteny in this region is well conserved throughout the vertebrate species. SCN3B (red 

box) is a homolog of NKp30, and again, adjacent to a GRAMD1B gene (green box). 

These genes are conserved together in a block throughout all genomes. SCN2B and 

SCN4B genes (red boxes) are also NKp30 homologs. Their synteny seems to be well 

conserved in all species including sharks.  

Again, both nectin and NECL genes (brown boxes) map in Region 3. nectin 1 is near 

crtam in all species examined except the Coelacanth. nectin 1 is expanded in the whale 

shark genome. NECL2 is present in all vertebrate classes, however, its synteny is not well 

conserved in lower vertebrates. 

Some genes were lost from Region 3, some in multiple genomes, and some in only one. 

vsig2 is an example of a gene lost from multiple species and was lost from chicken and 

all bird species. JAML (adhesion molecule) was found only in mammalian species and 

thus, it likely emerged in mammals.  
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Figure 13 Conserved synteny of Paralogous Region 3 

The map shows the region in human chromosome 11q12-11q25. Region 3 is aligned with the 
human genes and orders. Seven Classes of vertebrates are shown here. Assigned chromosomes 
are listed. When there was no assigned chromosome, scaffolds and linkage group (LG) are listed 
instead. The scaffolds with two or more genes are shown. Brown boxes indicate Nectin and 
NECL genes, dark blue boxes indicate KIRREL genes, green boxes indicate GRAMD1B genes, 
and red boxes indicate NKp30 homolog, SCN genes. @ denotes locations that are not 
chromosomes. 
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Region 4 (Figure 14):  

Region 4 is different from the others because it is split into two different human 

chromosomes, 19 and 21. This is likely a case of translocation of either or both 

chromosomal blocks. The whale shark and elephant shark are not shown in this figure 

because their genome assembly is particularly poor in this region, and no scaffold 

contains more than two genes.   

On Region 4 with chromosome 19, we found GRAMD1A (green box) paired with SCN1B 

(red box), another NKp30 homolog. The gramd1a gene has been lost from all bird 

genomes examined, but birds do have the scn1b genes. Similarly, the gramd1a gene was 

lost from the shark genome but scn1b is present in cartilaginous fish. 

Both Nectin 2 and NECL4 (brown boxes) map on the chromosome 19 portion of Region 

4. nectin 2 was lost from the bird genome, but it is present in all other species. necl4 was 

lost from the chicken (but present in other birds) and the shark genome, but is present in 

all other species. 

On the chromosome 21 portion of Region 4, the genes CXADR, NCAM2, JAM2, JAM4, 

and DSCAM are syntenic in most species. In two species, Chinese Alligator and 

Coelacanth, only jam4 and dscam are syntenic in the given scaffolds; however, both 

coelacanth and Chinese Alligator have cxadr, ncam2, jam2, and b7-h2 genes in their 

genomes.  

Very few genes have been lost from the Region 4 portion located on human chromosome 

21, only b7-h2 has been lost from the shark and bony fish genomes. From the human 

chromosome 19 portion of Region 4, some genes were lost from multiple species: nphs1 
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was lost from birds and sharks and bcl3 was lost in both chicken (present in other birds) 

and sharks. PVR was not found in any vertebrate Class except mammals, and it likely 

emerged in mammals. cblc was lost in birds, anoles, Chinese Alligator, and sharks. 

Chickens lost the highest number of genes in this region, with some genes lost only in the 

chicken genome and others lost from all available bird genomes including cd22, upk1a, 

nphs1, pvr, cblc, nectin2, gramd1a, ceacam, necl4, and bcl3. The shark genome does not 

contain several genes from this region, including gramd1a, nphs1, necl4, bcl3, cblc, lig1, 

and b7-h2. PVR was not identified in Region 4 in lower vertebrate species, and it likely 

emerged in mammals.  
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Figure 14 Conserved synteny of Paralogous Region 4 

This map shows the region in human chromosome 19q13-21q22. Region 4 is aligned with human 
genes and orders. Six Classes of vertebrates are shown here. Assigned chromosomes are listed. 
When there was no assigned chromosome, scaffolds and linkage group (LG) are listed. The 
scaffolds with two or more genes are shown. Brown boxes indicate Nectin and NECL genes, dark 
blue boxes indicate KIRREL genes, green boxes indicate GRAMD1 genes, and red boxes indicate 
NKp30 homolog, SCN1B. Wider boxes indicate expanded genes. @ denotes locations that are not 
chromosomes. Larger boxes indicate multiple copies of a gene together on a chromosome. 
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Comparative analysis of all regions: 

Overall, synteny has been well conserved in these four paralogous regions in all genomes 

examined. The gene GRAMD1 and NKp30 homologs are paired together in three of the 

four regions. This synteny is seen in all species whenever both genes are present. Another 

set of genes that are present in all four regions are the Nectin genes. Not every species has 

the entire set of Nectin genes present throughout each region, but most species do have 

them. The species that lack all four nectin homologs are chicken, elephant shark, and 

coelacanth. In contrast, the NECL genes are present in the four regions of these different 

species. These homologs are present in most species in each region, but not all of them. 

The species that do not have all four necl homologs are anoles, elephant shark, and whale 

shark. 

There are three KIRREL homologs found in three of the four paralogous regions. These 

homologs are present in Regions 1, 3, and 4. The species that do not have all three kirrel 

homologs present are Chinese Alligator, coelacanth, elephant shark, and whale shark. 

Four ARHGAP homologs (ARHGAP30-33) are also present throughout the different 

vertebrate species in these four paralogous regions. The four ARHGAP homologs are 

present in all regions of all species except for arhgap33 in Region 4 of both elephant and 

whale sharks. However, this part of the shark’s genome is not well assembled, and thus 

we are not certain whether the genes were actually lost or just missing from the assembly.  

Combining all these regions, we inferred a vertebrate ancestral region (Figure 15). We 

included genes that are present in a block in all four regions in many species. This 

inferred vertebrate ancestral region is expected to be present as a common ancestor at the 
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base of the vertebrate evolution ~500 million years ago. In this ancestral region, we 

expect that gramd1 and the ancestor of ncr3/scn were closely linked. We also expect 

nectin, necl, and jam genes to be present, as well as other genes such as kirrel, arhgap, 

robo, and lig1.

 

Figure 15 Inferred vertebrate ancestral region 

Colored boxes match Figures 11-14.  
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Aim 3: Inferring the “Primordial Immune Complex” (PIC) including 

precursors of NKp30 Genes 

Extending the analysis of Aim 2, we searched invertebrate genomes for the pre-

duplicated orthologous genetic regions. Combining both the vertebrate and invertebrate 

data, our goal was to search for shared synteny and ultimately to infer the putative pre-

duplicated region, a part of the “Primordial Immune Complex.” Specifically, we looked 

for commonalities and differences and tried to reconstruct a scenario for how immune 

genes evolved.  

Using the same list of genes from Aim 2, we searched genes in the invertebrate 

Deuterostome Ciona (Urochordates) genome to update existing data from Zuchetti et al 

with a newer genome assembly.5 Since Ciona has a pre-duplicated genome (0R), we 

identified genes in only one linkage group.  Using those genes, we expanded our searches 

to other invertebrate species. We selected the Deuterostomes lancelet Amphioxus 

(Cephalochordates) and sea urchin (Echinoderms), and the Protostome fruit fly 

Drosophila (Figure 1). As in Aim 2, we searched for the chromosome, scaffold, and 

position for each gene. For Ciona and Drosophila, we were able to find the chromosomal 

assignment for each gene. For sea urchin and Amphioxus, there were no chromosomal 

gene assignations.  

In Ciona the scaffold numbers with an assigned chromosome were labeled with an NC_, 

but for Drosophila, the scaffold numbers with an assigned chromosome were labeled 

with an NT_ as this is not a chromosomal-level assembly. For both sea urchin and 

Amphioxus, their scaffolds were not assigned to a chromosome and were labeled as NW_. 
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The prefixes NT_ and NW_ are given to sequences for genomic contigs or scaffolds, 

while NC_ is given for chromosomes.37 

The two organisms that do not have chromosomes listed nevertheless have the genes 

mapped within a few scaffolds. While these scaffold numbers do not inform as to which 

chromosomes contain these genes, they still guide in groupings of genes within each 

scaffold.  The locations of these genes in the four existing invertebrate genomes are 

shown in Table 16, which is organized based on the Ciona genome order.  
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Table 17 Gene Table 

 

Note: Blank spaces in the chromosome column means the chromosome was unlisted.  
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Some genes are present in all four invertebrate species. One such gene is the gramd1b 

gene. Another gene that is present throughout all four invertebrate species is the kirrel 

family. These genes were expected to be present in the invertebrate genomes based on 

our analysis in Aim 2 for the vertebrates (Figure 15).  Different kirrel genes are found in 

each of the invertebrate species, and three of the four species have at least one copy of 

this gene. Interestingly, Amphioxus has an expansion of kirrel genes; there are five copies 

of kirrel1, five copies of kirrel2, and four copies of kirrel3. We expected three kirrel 

genes were generated by 2R, and the presence of all kirrel genes in Amphioxus (i.e., 0R 

genome) is unexpected and implies species-specific gene duplication events. These 

annotations are based on BLAST. More detailed phylogenetic analysis is required to 

reveal the true orthology of invertebrate kirrel genes.   

The robo family genes are also present in all four invertebrate species. Ciona, 

Amphioxus, and sea urchin all have one copy of robo gene, robo1. Drosophila has three 

copies of robo2 gene. The cbl, cblb,c family of genes are also present in all four 

invertebrate species. 

Since necl and nectin genes were found in vertebrate regions, we predicted their presence 

in invertebrates. However, both necl and nectin genes are only present in Ciona and 

Amphioxus, but not in sea urchin or Drosophila. In the invertebrate species, necl3 is 

found only in Ciona, whereas Necl2 is present in both Ciona and Amphioxus. necl2 is 

mapped in the same chromosome as the nectin gene, but far away (~4.1Mbp). Amphioxus 

has additional nectin, nectin 4.  
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Some sets of genes are only seen in some of the species examined. One set of those genes 

is the IgSF dscam/dscaml family genes. This family of genes is found in all species 

except for Amphioxus. The gene arhgap32 is found in two of the four searched 

invertebrate genomes, Amphioxus and the sea urchin, but not in Ciona or Drosophila. 

Another gene expected is ntm, which is present in Ciona and Drosophila, but not in 

Amphioxus or sea urchin.  
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Figure 16 Conserved Synteny of Invertebrate Genomes 

Showing the genes present in the invertebrate genomes in comparison with the inferred vertebrate 
ancestral region. Colored boxes match Figures 11-14. @ denotes locations that are not 
chromosomes.  
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Discussion/ Conclusion 

Aim 1 Discussion: 

NKp30 and B7-H6 have been speculated to have been coevolving over ~500 million 

years of vertebrate evolution.5 Proteins encoded by these two genes interact within the 

immune system to help rid the body of tumor cells and virally infected cells. B7-H6 is 

often found on the surface of tumor cells. After B7-H6 recognition, NKp30 then activates 

NK cells to kill transformed cells.  

Since there are multiple NKp30 and B7-H6 genes in sharks, we do not know whether 

certain NKp30 binds to certain B7-H6, or whether they will bind to each other regardless 

of the subtype. Based on the similar expression patterns, there may be a potential pairing 

preference with NKp30 460 and B7-H6 333295. These two genes show very similar 

expression profiles with the only differences being 460 is expressed in the thymus where 

333295 is not expressed, and 333295 is expressed in the stomach while 460 is not 

expressed in this tissue.  

Most of the B7-H6 genes in our study showed a ubiquitous expression pattern. We found 

that three of the five B7-H6 genes were expressed in all tissues, while no NKp30 genes 

showed a ubiquitous expression. Some of the shark NKp30 subfamilies contain a long 

cytoplasmic tail with immunoreceptor tyrosine-based inhibition motif (ITIM) and thus 

are potentially inhibitory receptors. The constitutively expressing B7-H6 may encode 

ligands for such inhibitory NKp30 receptors, thus blocking NK cell attack. In contrast, 

low expression of B7-H6 may be induced upon infection and can stimulate NK cells via 

activating the NKp30 receptor. Functional experiments are needed to reveal how the 
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NKp30/B7-H6 system functions in sharks, and my expression studies provide a 

framework to initiate such studies.  

Both ISH and IHC revealed that the expression of NKp30 “823” in naive T cells and 

(likely) NK cells in the red pulp region of the spleen and in developing T cells in the 

cortex of the thymus. While we do not see NKp30 expressed by the B cells, T cells, and 

NK cells develop from the same type of progenitor cells.38 During lymphocyte 

development, developing T cells display cell-surface NKp30 expression for unknown 

function. Once the T cell matures, only a subset of naïve T cells, mostly unconventional 

types of lymphocytes, maintain NKp30 expression and the majority of conventional T 

cells lose NKp30 expression (Ohta et al, unpublished). 

 

Aims 2 and 3 Discussion: 

Overall, the gene blocks of the NKp30 region have been well conserved in the four minor 

MHC paralogous regions among the different Classes of vertebrates. This also holds true 

for the synteny in the invertebrates we have examined, at least to some extent. For some 

linked genes, we can speculate that they are important to each other’s function, i.e., the 

genes have been “functionally clustered,” some due to co-regulation of expression, while 

other genes may have remained syntenic due to stability in that particular genomic region 

or by chance.  

Within Region 1 we detected both Nectin 4 and NECL1, genes that are evolutionarily 

related to each other. Nectin 4 is involved in cell adhesion through both trans-homophilic 
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and heterophilic interactions.39 NECL1 is involved in cell-to-cell adhesion and interacts 

with IgSF4, Nectin 1, and Nectin 3.40 

In Region 3 Nectin 1 and NECL2 are not closely linked throughout vertebrate evolution, 

but both genes are present in the genomes. Nectin 1 is an adhesion molecule that helps in 

organizing tight and adherent junctions in both endothelial and epithelial cells.41 NECL2 

interacts with another protein encoded in Region 3, CRTAM, to promote NK cell 

cytotoxicity, as well as CD8+ T cell interferon-gamma secretion and rejection of tumor 

cells expressing NECL2 through NK cell mediation.42 These two genes are located next 

to each other within the shark genome, which may be evidence of ancestral functional 

clustering. 

Nectin 2 and NECL4 are both present within the vertebrate genome. Nectin 2 plays a role 

in modulating T cell signals and can act as a co-stimulator or co-inhibitor of T cell 

function.43 This action depends on which protein partner interacts with Nectin 2.43 If the 

receptor binds to PVRIG (PVR-related immunoglobulin-containing, mapping on human 

chromosome 7q22.1), it inhibits T cell function, whereas if it binds to CD226 (a surface 

protein containing IgSF domains, mapping in human chromosome 18q22.2), it stimulates 

T cell proliferation as well as cytokine production.43 NECL2 plays a role in cell-to-cell 

adhesion and it is also a potential tumor-suppressor.44,45 

Both the nectin and necl families of genes are only present in two of the invertebrate 

species we examined. We expect that the precursors for these genes were present in 

invertebrates, potentially emerging after echinoderms (sea urchins) appeared in evolution. 

Examination of other invertebrate genomes is needed to reveal the timing of their 

emergence. In Ciona there are two copies of the necl gene (necl 2 and 3) and in 
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Amphioxus there are two copies of the nectin gene (nectin 2 and 4). Similar to other 

genes, such species-specific gene expansion in the invertebrates seem to be a common 

feature of invertebrate genomes.  

The GRAMD1 gene family and NCR3H/SCNB gene family are closely linked throughout 

vertebrate evolution. The GRAMD1 gene family encodes cholesterol transporters which 

use non-vesicular transport of cholesterol to the endoplasmic reticulum from the plasma 

membrane.46 These genes also encode proteins that generate and propagate action 

potentials for both muscle and neurons. GRAMD1B is always linked to SCN3B in all 

vertebrate species examined. GRAMD1A is linked to SCN1B throughout vertebrate 

evolution, so we can speculate that their functions are important for each other’s function. 

GRAMD1A is also a cholesterol transporter, acting in a similar way as GRAMD1B and 

1C.46 SCN1B helps with generating action potentials in both muscles and neurons.47 

The gramd1b gene is conserved in both vertebrate and invertebrates and is found in all 

the invertebrate genomes we examined. The conservation of this gene suggests that it has 

an important function within the innate immune system or in a fundamental biological 

process. This syntenic ancestral grouping of gramd1 and nkp30 provides the potential for 

a new, rich area of study. 

There are other genes that are conserved in all invertebrate and vertebrate species. One 

such set of genes is the robo family. This family of genes functions in axon guidance (the 

regulation of axon midline crossing within the central nervous system) in a varying range 

of animal species.34 In the invertebrate genomes, Drosophila has multiple robo genes 

which may be species-specific gene expansions. In the vertebrate species, there are four 

robo genes, but two copies per region: 1 and 2, and 3 and 4 are the gene pairs. The 
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vertebrate ROBO1 and 2 are linked with NECL3, while the invertebrate robo genes are 

neither linked to the necl nor nectin genes.  

LIG1 is another gene that seems conserved throughout both the vertebrate and 

invertebrate species. This gene functions in DNA replication, repair, and recombination, 

important for joining Okazaki fragments.48 This gene is found in all species except 

sharks, which have lost it.  

The gene family cbl, cblb/c is also present in all tested invertebrate species. This gene 

family is a RING finger domain-containing E3 ubiquitin ligase, which has a negative 

regulatory function on signaling by protein tyrosine kinases.49 CBL is present in all 

vertebrate species, as is CBLB. CBLC was lost in some vertebrate species. 

Some genes have been lost in different species throughout evolution, meaning they may 

not play an essential role in that species. An example of a lost gene is NCR3H, which was 

lost specifically in mammals and amphibians. NCR3H is a paralog of NKp30, a gene 

located on the MHC, and is even found in species that do not have the NKp30 gene (i.e., 

birds and bony fish). NCR3H is expressed exclusively in muscle, thus likely has a 

function quite different from NKp30 (Ohta et al unpublished data).  

There are other genes that seem to be lost throughout the different Classes of vertebrates.  

Lost genes are all indicated in Tables 4-15 for each species (as “Lost”). We concluded 

that these genes were lost because they are seen only in certain vertebrate species 

regardless of their evolutionary positions. For example, cblc was not detected in chicken, 

anoles, Chinese alligator, and shark, but was present in Xenopus, coelacanth, and gar. If it 

emerged in particular animal Classes, it must have emerged multiple times in evolution. 



76 
 

Therefore, it is more likely that the gene was lost in particular animal lineages. In 

contrast, PVR is present only in mammalian species, thus it is likely the PVR gene 

emerged later in evolution in the ancestor of mammals via a cis duplication of one of the 

nectin genes.   

Likewise, some genes were lost in a species-specific manner in invertebrate species. 

alcam/mcam was found only in the Ciona genome. Alcam is a cell adhesion molecule 

that functions as a ligand for CD6 and their interaction is required for the proliferation 

phase of the T cell response in vertebrate adaptive immunity.49 This suggests that Alcam 

plays an important role in the vertebrate immune system, but not in the invertebrates as 

they lack adaptive immunity. The function of alcam/mcam in Ciona has not been 

examined.  

Using the inferred primordial vertebrate ancestral region, we found that many genes in 

this region were precursors to the genes seen in both the vertebrates and invertebrates. 

We can conclude that most genes that are conserved between both invertebrates and 

vertebrates through evolution are important to basic biological function(s), some of which 

include the immune system. We can also infer that the genes conserved for the immune 

system in both vertebrates and invertebrates are part of the innate immune system as only 

the vertebrates have adaptive immunity. 

Focusing on genes conserved in both vertebrates and invertebrates, we observed that 

many genes in invertebrates could not be syntenic in the way we predicted from the 

inferred vertebrate ancestral region. Also, we observed species-specific gene expansions 

for many genes, particularly in the invertebrate genomes. Therefore, our data strongly 

suggest that invertebrate genomes have been heavily modified during their evolution, 
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including taxon-specific gene duplication, chromosomal translocation, and gene or 

regional deletions. We often find expansion and contraction of certain gene families and 

rearrangement of genomes. Based on the analysis of vertebrate and invertebrate regions, 

we predict the “primordial immune complex” (PIC) is similar to the inferred vertebrate 

ancestral region. In the PIC, we would expect certain precursor genes. We are particularly 

interested in the gramd1 and kirrel genes. As mentioned above, the Gramd1 gene was 

always found next to NKp30 homologs in vertebrates. Although we do not find NKp30-

like genes next to grand1b genes in invertebrate genomes, we expect that a precursor of 

NKp30 was present in this region at some time in evolution and may still be present in 

other invertebrates. Similarly, kirrel genes were always found in the vicinity of gramd1b 

genes. Other genes we expect in the PIC are necl, nectin, robo, arhgap, and lig1 genes. 

We further speculate some genes are involved in immune responses, whereas other genes 

may not be involved in immune responses but have fundamental roles in the biological 

process; such genes can be used as “framework genes” to designate these genetic regions. 

Using the predicted genes from this study, we can expand our analysis to examine other 

invertebrate genomes to examine which other genes were in the PIC. Such comparative 

analysis will ultimately allow for a better prediction of primordial immune mechanisms 

and a further assessment of the mammalian immune response.      
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Future Directions 

Continuing with PCR 

There were three NKp30 primers from our original eight that did not provide expression 

patterns for their genes. The sequences of these genes must be reviewed again so better 

primer sets can be generated for each. Once primers are designed that show actual 

amplification in the splenic cDNA test, then these genes will be able to be tested on the 

same tissues as the five NKp30 primers. Finding the expression for these tissues will 

allow us to move on to perform ISH and IHC on these tissues as we did for the other 

NKp30 genes. As this is RT-PCR, this should be continued with a no-RT control so 

amplification from the genomic DNA vs the partially spliced cDNA can be detected.  

 

Moving Forward with More ISH 

To obtain more information on the expression of NKp30 genes we will need to run the 

ISH with more probes from the NKp30 genes. There are eight subfamily genes, and all 

should be examined so their expression levels can each be compared. There were many 

different tissues in which these NKp30 genes were expressed (Figure 2). We can generate 

probes for each gene to study expression in each tissue. Furthermore, all three sharks in 

our study were immunized. Additional experiments should be extended to more sharks 

with different immunization states to see whether some genes are upregulated upon 

infection.  
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Generating Monoclonal Antibodies 

New monoclonal antibodies and antisera are being generated to further examine protein 

expression via IHC. Generating new monoclonal antibodies will allow us to generate new 

reagents and isolate positive cells and conduct functional and expression analyses.  

 

Mapping the “Primordial Immune Complex” 

Now that we identified regions, we will continue to look for surrounding genes and try to 

gain further insights into the “Primordial Immune Complex.” We hope to find novel 

genes that have played or are still playing roles in immune systems to further understand 

the mammalian immune systems.  
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