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The joining (J) chain regulates polymerization of multimeric Immunoglobulin(Ig)M
and IgA, forming a disulfide bond to the C termini of their Ig heavy chains, and it
controls IgM/IgA transport across mucosal epithelia. Like Ig itself and human-like
adaptive immunity, ] chain emerged in jawed vertebrates (gnathostomes), but its origin
has remained mysterious since its discovery over 50 y ago. Here, we show unexpectedly
that J chain is a member of the CXCL chemokine family. The J chain gene (JCHAIN)
is linked to clustered CXCL chemokine loci in all gnathostomes except actinopterygians
that lost JCHAIN. JCHAIN and most CXCL genes have four exons with the same intron
phases, including the same cleavage site for the signal peptide/mature protein. The
second exon of both genes encodes a CXC motif at the same position, and the lengths
of exons 1 to 3 are similar. No other gene in the human secretome shares all of these
characteristics. In contrast, intrachain disulfide bonds of the two proteins are completely
different, likely due to modifications in ] chain to direct Ig polymerization and mucosal
transport. Crystal structures of CXCL8 and ] chain share a conserved beta-strand core
but diverge otherwise due to different intrachain disulfide bonds and extension of the
J chain C terminus. Identification of this ancestral affiliation between J chain and CXCL
chemokines addresses an age-old problem in immunology.
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The adaptive immune system arose 500 Mya in vertebrates (1). Immunoglobulins (Igs)
are crucial for human and all gnathostome (jawed vertebrate) immunity. IgM and IgD
are primordial Ig isotypes, with IgM being best studied. Upon B cell activation, alternative
splicing of IgHeavy(H) chain mRNA causes IgM secretion from plasma cells as multimers,
mostly pentamers (2). The joining (J) chain was discovered in 1970 as a component of
IgA (3), and IgM (4). It is expressed by most plasma cells, and IgM pentamerization/IgA
dimerization is regulated by incorporation of ] chain via disulfide bonding with a cysteine
(Cys) in the IgH secretory tail (5, 6). ] chain is required for transport of Igs across mucosal
epithelia, and effector humoral immunity is dysregulated in knockout mice.

J chain is present in all gnathostomes except actinopterygians (ray-fins) where it was
lost. J chain sequences have never revealed a relationship to any recognized gene family.
J chain crystal structure was finally solved in 2020, in association with IgM and IgA (7, 8),
which provided an appreciation of its function in polymerization and mucosal transport;
however, no insight into ] chain origins was uncovered.

Herein, we investigated evolutionary emergence of JCHAIN based on conserved synteny
and surprising kinship with a major immune superfamily, the CXCL chemokines, which
arose in jawless vertebrates (9). We found a strong relationship with these chemokines, likely
unmasking J chain’s derivation. In addition to informing the membership of ] chain into this
chemokine family, we speculate on how a chemokine can be recruited for a new function.

Results

Common Exon-Intron Structures of Linked JCHAIN and CXCL Genes. Since no homology-
based programs uncovered a J chain connection with any gene family, we instead examined
synteny of JCHAIN with other genes in gnathostomes and found that clusters of CXCL
genes are invariably closely linked. Surprisingly, we detected ancestral characteristics in the
exon—intron structure (Fig. 1 and Datasets S1 and S2). Most CXCL and all JCHAIN genes
consist of four exons with 1-2-2 intron phases (intron 1 sits between the first and second
nucleotides in a codon, and introns 2 and 3 between the second and third nucleotides).
Exons 1 to 3 are similar in size, and the CXC motif (defining the CXCL family) is encoded
at an equivalent position. Furthermore, their signal peptide/mature protein boundary
coincides between exons 1 and 2. These common characteristics, and the ancient array of
linked JCHAIN and CXCL genes (Fig. 2), indicate that JCHAIN arose from an adjacent
CXCL gene by duplication in the gnathostome common ancestor.
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Fig.1. Conserved gene organization of gnathostome JCHAIN and CXCL genes.

Average length of four exons, 5’-untranslated region (5'-UTR), signal peptide
(Signal; yellow)-coding region, and mature protein-coding region (blue) of
JCHAIN and CXCL genes. The phase of introns is indicated between exons. “C"
represents Cys residues forming the CXC motif or an intramolecular disulfide
bond. (Scale bar: 50 nucleotides.)

Immunogenetics and Evolution of the JCHAIN/CXCL Family. Human
JCHAIN links to 12 CXCL genes, forming cluster A and cluster B,
and an isolated CXCL13 on chromosome 4 (Fig. 24). Many CXCL
genes were also identified in three locations on the same chromosome
in caecilians (amphibians). The arrangement of adjacent genes, like
SDADI, allowed us to assign three distinct regions in caecilians:
cluster A, cluster B, and CXCL13-corresponding region. Notably,
one or two JCHAIN genes were identified within or near cluster B
(Datasets S1 and S2). Like human CXCL8, CXCL8-like genes encode
an ELR motif, Glu residue, and WV motif at specific positions (10),
and these genes were identified in caecilian cluster A (Fig. 24). Both

cluster A (containing CXCL8-like genes) and cluster B (no CXCLS-
like genes) were also identified in coelacanth (sarcopterygians and
lobe-fins) and bichir (actinopterygians). JCHAIN was found near
cluster B in coelacanth but not detected (lost) in bichir or any other
actinopterygians.

Chondrichthyans (cartilaginous fish) are the most basal verte-
brates with a human-like adaptive immune system, including
Jjechain. In whale shark, and six other sharks and rays (Elasmobranchii),
two cxcl clusters are on the same chromosome, and one or more
jchain genes reside within or near one cluster (Fig. 24 and
Dataset S1). Unlike sarcopterygians, jchain is downstream of exc/
genes and clusters with CXCL8-like genes. A similar arrangement
of exel genes and jchain was confirmed in elephant shark
(Holocephali). The arrangement of these cxc/ genes infers that
Jjechain is adjacent to cluster A that contains CXCL8-like genes in
chondrichthyans. Whereas the phases of the three introns are 1-2-2
in most osteichthyan (bony-vertebrate) CXCL genes (Fig. 24),
those in some chondrichthyan cxe/ genes are 1-2-1, all residing in
cluster B (Fig. 24). CXCL genes with phase 1-2-1 introns are in
cluster B of sarcopterygian coelacanth and lungfish (Datasets S1
and S2), reinforcing our conclusion that JCHAIN (always 1-2-2)
links to cluster B in sarcopterygians but cluster A in chondrich-
thyans (Fig. 2B).

These data infer an ancestral arrangement of jchain, cluster A,
and cluster B (Fig. 2B). In elephant shark and rays, rf)3 is adjacent
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Fig. 2. JCHAIN and CXCL synteny conservation in jawed vertebrates. Transcriptional orientation and order of JCHAIN (red), CXCL (blue), and other genes (black).

(A) Distribution of JCHAIN, CXCL clusters A and B, and adjacent genes in humans

(chr 4), two-lined caecilian (chr 1), coelacanth [two contigs; chr unknown (un)],

bichir (chr 7), whale shark (chr 1), and elephant shark. No CCL or other chemokine genes were found adjacent to JCHAIN (Dataset S4). (B) Putative arrangement of
these genes in the gnathostome common ancestor and lineage-specific inversions in the common ancestor of osteichthyans (closed arrow) and chondrichthyans

(open arrow). (C) Lamprey CXCL gene cluster (no J chain in Agnathans).
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to mthfd2l, and TNIP3 resides near ANXA5 in humans (Fig. 24).
Similar arrangements are found in lamprey (agnathan) that lacks
jechain (Fig. 2C and Datasets S1 and S2), implying their ancestral
linkage. The primordial array of these genes suggests lineage-specific
inversions: While jchain and cluster B were juxtaposed to rufy3 in
the osteichthyan common ancestor, jehain and cluster A were
placed near amxa5 in the chondrichthyan common ancestor

(Fig. 2B).

JCHAIN and CXCL Genes and Encoded Proteins Are Uniquely
Similar. As described, the linked /CHAIN and CXCL genes
have four exons with phase 1-2-2 introns and a CXC motif
encoded in exon 2. We searched the entire human secretome
(1,021/~21,000 protein-coding genes, https://www.proteinatlas.
org/humanprotome/tissue/secretome) and found 163 genes with
four exons with 16 genes having phase 1-2-2 introns that included
JCHAIN, 10 CXCL genes, two CCL chemokine genes, and three
others (Dataset S3). Among these four exon genes, CXC-encoded
sequences were found in 50 genes, 23 of which were in exon 2.
Importantly, these two characteristics, phase 1-2-2 introns and
CXC-encoded sequence in exon 2 were found only in JCHAIN
and CXCL genes among the entire secretome.

Chemokines are basic proteins (11), while tetrapod J chains are
highly acidic (12), which calls into question the common origin.
However, long ago, we found that nurse shark J chain is slightly
basic (13), and JCHAIN encodes neutral or basic proteins in all
nine cartilaginous fish and basal sarcopterygians (Datasets S1 and
S2. These data suggest that the J chain was neutral/basic at its
origins, unlike tetrapod ] chains, further solidifying the J chain/
chemokine relationship.

Discussion

Since its discovery, the origin of the J chain has remained myste-
rious (3). We posit JCHAIN's genesis by conserved synteny and
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nearly identical gene structure with CXCL genes. This relationship
has been overlooked for decades since J chain function is so distinct
from that of chemokines, and placement of disulfide bonds (Fig. 1)
has resulted in major modifications of the primordial CXCL struc-
ture (14). Thus, attempts to structurally align J chain and CXCL8
provided no convincing similarity, although a region of three core
beta strands aligned for the proteins in most models.

While tetrapod J chain structure has been conserved, the J chain
C-terminal region in basal Elasmobranchs is unique. The modification
of tetrapod J chain was in concert with luminal transport, while ]
chain’s function in Elasmobranchs is only for IgM polymerization (15).
Unique among vertebrates, sharks have monomeric IgM regulated by
J chain expression in plasma cells (2). The structure of shark J chain
might be revelatory regarding its relationship with chemokines.

While J chain’s function is well known, JCHAIN has other inter-
esting transcriptional patterns besides expression in plasma cells (12).
It is expressed in developing mouse dendritic cells (16), shark muscle
(13), and lungfish intestinal epithelia (17). ] chain also associates
with IL12p40 in dendritic cells (18). Thus, there may be some pri-
mordial functions related to its chemokine ancestry. Note that syn-
teny also explains JCHAIN's major expression in plasma cells due to
its recruitment of the /g light-chain gene promoter (19), which is
syntenic to JCHAIN/ CXCL genes in some amphibians.

Is there something special about ] chain’s chemokine ancestry
besides this “one-off” evolutionary example? Note that one lamprey
excl locus encodes a protein with four other Cys’s, reminiscent of ]
chain but likely encoding a different type of molecule (Fig. 2C) (9).
Perhaps there will be other examples in phylogeny of chemokine
“transitioning,” especially in the immune system.

Data, Materials, and Software Availability. All study data are included in the
article and/or supporting information.
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