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Introduction: Defects in RAG1/RAG2mediated V(D)J recombination cause
severe combined immunode ciency (SCID), a disorder characterized by the
absence of mature T and B lymphocytes resulting from impaired antigen
receptor gene rearrangement. Although evolutionary analyses demonstrate
strong conservation of the catalytic core domains of RAG1/RAG2 across jawed
vertebrates, structural divergence among species highlights the need for
physiologically relevant large-animal models to evaluate human disease
mechanisms. Pigs represent an advantageous model for human pathologies
because of their close immunological and physiological similarities to humans.
Methods: In this study, we performed evolutionary pro ling, conservation
analysis, tertiary structural modeling, and protein docking to characterize pig
RAG1 and RAG2 and predict their functional roles in V(D)J recombination. These
predictions were experimentally validated through the generation of RAGland
RAG2knockout pigs using CRISPR/Cas9-mediated genome editing.

Results: Our ndings de ne key structural features of pig RAG1 and RAG2 that are
essential for V(D)J recombination and establish an integrated framework that
combines comprehensive computational analyses with in vivo experimental validation.
Discussion: This approach supports the development of pigs as physiologically
relevant models of RAG de ciency and provides a foundation for future studies in
pig immunology, genome editing, and translational research. Furthermore, these
immunode cient pigs permit long-term engraftment of human tissue xenografts
and stem cell-derived teratomas, thereby enabling investigations of human
immune reconstitution, cancer biology, and regenerative medicine. Collectively,
this model offers a robust platform for immunotherapy development and for
advancing studies in evolutionary and comparative immunology research.
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1 Introduction

V(D)J recombination is the molecular mechanism responsible
for assembling antigen receptor genes in jawed vertebrates that
possess V(D)J-based adaptive immunity. By combinatorial
rearrangement of variable (V), diversity (D), and joining (J) gene
segments, the process generates extensive receptor diversity and
thereby establishes the molecular foundation of adaptive immune
responses. V(D)J recombination is catalyzed by the products of a
tightly linked gene cluster, the recombination-activating genes
RAG1 and RAG2 (1). Notably, no homologous gene pair with
equivalent function have been identi ed in other species (2, 3).

Both RAG1 and RAG2 are essential for V(D)J recombination.
The process is initiated when the RAG complex binds
recombination signal sequences (RSSs) anking antigen receptor
gene segments and introduces site-speci ¢ double-stranded DNA
breaks (1, 4). Although they function cooperatively, RAG1 and
RAG2 play distinct roles during DNA cleavage. RAG1 contains the
catalytic RNase H-like fold that is essential for DNA cleavage, as
well as domains that directly contact RSSs, thereby conferring the
enzymatic activity of the RAG complex (1, 4-6). In contrast, RAG2
primarily serves a regulatory role: it interacts with RAG1 to enhance
DNA binding and cleavage ef ciency. Additionally, RAG2 contains
a plant homeodomain (PHD) nger that speci cally recognizes
histone H3 trimethylated at lysine 4 (H3K4me3), promoting
recruitment of the RAG complex to transcriptionally active
chromatin (1, 4).

Since the discovery of RAG1land RAG2genes, multiple crystal
structures of RAG1-RAG2 complexes have been resolved. In mice,
RAG1 (1,040 residues) and RAG2 (527 residues) function
cooperatively in all known functions of the recombinase complex.
Structural and functional studies have delineated the catalytic core,
regulatory regions, active-site residues, DNA-binding domains, two
zinc-binding motifs, and key elements of the RAG1-RAG2
interaction interface (5). The catalytic core of mouse RAG1
(residues 384—-1008) comprises seven structural modules. The N-
terminal nonamer-binding domain (NBD, residues 391-459) forms
a domain-swapped dimer, followed by the dimerization and DNA
binding domain (DDBD; residues 459-515), which is connected to
the NBD by a exible linker. Completion of the DDBD structure
requires folding back of the last helix of the three-helix C-terminal
domain (CTD; residues 962-1008). Downstream of the DDBD lie
the extended pre-RNase H domain (preR; residues 515-588), the
catalytic RNase H domain (RNH; residues 588-719), and the ZnC2
domain (residues 719-791), which project toward RAG2. The
highly helical ZnH2 domain (residues 791-962) contributes
substantially to the three-dimensional (3D) architecture of RAG1
and repositions E962 within the catalytic center (5, 7-9). Three
conserved carboxylate residues including D600, D708, and E962,
are essential for catalytic activity. The core region of the mouse
RAG1 (residues 1-352) adopts a six-bladed b-propeller structure
composed of tandem kelch repeats and mediates interactions with
chromatin. In contrast, the noncore C-terminal region contains a
plant homeodomain (PHD) nger that is critical for epigenetic
regulation (7, 8). Biochemical and functional studies have
demonstrated that truncated ‘core’ RAG proteins (RAG1 residues
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384-1008 and RAG2 residues 1-387) retain targeted DNA cleavage
activity in vitro and support recombination in cells, albeit with
reduced regulatory control (5, 10).

Null mutations in RAGlor RAG2disrupt V/(D)J recombination in
mammals and result in severe combined immunode ciency (SCID),
characterized by thymic hypoplasia, splenic abnormalities, and loss of
lymphocyte diversity (11-16). Numerous pathogenic variants in
human RAG1 and RAG2 have been identi ed, leading to SCID
syndrome or the milder Omenn syndrome (5). Rodent models,
particularly RAG1-and RAG2-de cient mice, have been
instrumental in elucidating SCID pathogenesis (17-19).
Immunode cient mice are also widely used for reconstitution of the
human hematopoietic system through transplantation of human
hematopoietic stem cells (20). Additional models, including RAGZ:
de cient rats, RAG1/2de cient rabbits, RAGZde cient chickens and
RAG1/IL2R@Gle cient monkeys, have also been developed (21-26).
Despite their utility, these models have signi cant limitations. Rodents
and midsize animals such as rabbits often inadequately mimic human
genetic and physiological conditions. In particular, they cannot
reproduce human organ size, immune microenvironment dynamics,
or in ammatory responses, thereby constraining translational
applicability (27-29). Their small body size and relatively short
lifespan further limit surgical manipulations, clinical procedures, and
long-term monitoring following tissue or cell transplantation (30). As a
result, preclinical drug screening and cell therapy studies conducted in
SCID mice often show limited predictive value for human outcomes.
Although nonhuman primates (NHPs) offer closer genetic and
physiological similarity to humans, their use is limited by high costs,
limited availability, and signi cant ethical considerations.

Pigs share signi cant genetic, anatomical, and physiological
similarities with humans, including comparable organ size and
lifespan (30, 31). Importantly, their immune system exhibits a high
degree of evolutionary conservation, particularly in lymphoid
development and the mechanism governing V(D)J recombination.
These features make pigs highly suitable models for biomedical
research, especially in tissue engineering and the generation of
humanized tissues or organs for xenotransplantation (11, 12, 32—
34). Gene editing-mediated disruption of RAGZ or RAG2knockout
pigs reliably reproduces key features of human SCID, including
thymic atrophy, absence of mature T and B lymphocytes, and loss
of V(D)J recombination (11, 12, 30, 35). As a result, SCID pig models
provide a powerful platform for long-term investigations of
xenotransplantation, immune responses, stem cell biology, and
cancer progression under clinically relevant conditions. They also
enable the development of strategies to evaluate stem cell therapy
safety and to assess surgical and radiotherapeutic interventions in
transplanted tumors. Collectively, SCID pigs represent a valuable
preclinical system for translational research (35-38). However,
signi cant knowledge gaps remain in accurately modeling the
spectrum of human immunode ciency disorders.

Although the core mechanism of RAG1 and RAG2 function
appear to be evolutionarily conserved, the evolutionary trajectories
and species-speci ¢ divergence of RAG genes in pigs remain poorly
de ned (39). In particular, systemic analyses of structural domain
conservation, especially within catalytic core regions, and noncore
regulatory domains implicated in immune dysregulation, are lacking.
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To address these gaps and to evaluate the suitability of SCID pig
models for studying diverse forms of human immunode ciency, we
performed comprehensive evolutionary and structural
characterizations of pig RAG1 and RAG2. Based on these ndings,
we generated SCID pigs through targeted disruption of RAGland
RAG2using CRISPR/Cas9-mediated genome editing combined with
somatic cell nuclear transfer (SCNT), followed by detailed phenotypic
analysis. This work provides guidance for the development of robust
SCID pig models and establishes a foundation for their application in
studies of adaptive immune de ciency, assessment of immune
reconstitution therapies, and modeling of human SCID pathogenesis.

2 Materials and methods
2.1 Ethics statement

All animal procedures were reviewed and approved by the
Institutional Animal Care and Use Committee (IACUC) of the
Academy of Military Medical Sciences (Approval No. IACUC-
DWZX-2024-013). All experiments were conducted in strict
accordance with the Guide for the Care and Use of Laboratory
Animals issued by the National Institutes of Health (NIH).

2.2 Phylogenetic analysis of RAGland
RAG2

Protein sequences of vertebrate RAG1 and RAG2 were obtained
from the NCBI database. Detailed species information and number
of sequences analyzed are listed in Supplementary Table 1.
Pseudogenes were excluded from all analyses. Multiple sequence
alignments of full-length vertebrate RAG1 and RAG2 proteins was
generated using MUSCLE implemented in MEGA7. To improve
alignment quality and maximize informative regions, poorly
aligned positions and gap-rich columns were removed using
Gblocks and trimAl within the PhyloSuite platform.

Maximume-likelihood phylogenetic trees were reconstructed
using PhyML v3.0. Optimal substitution models were selected
using the Smart Model Selection (SMS) algorithm implemented
on the PhyML web server (40-42). Branch support values were
estimated using approximate likelihood ratio tests (aLRT) with SH-
like interpretation (43). Speci cally, the RAG tree was constructed
under the Q.plant+G+l model, the RAG1 tree was constructed
under the Q.bird+G+I model, and the RAG2 tree employed the
Q.plant+G+I+F model. All analyses employed four discrete rate
categories. Final tree visualization, annotation of topological
features, and graphical re nement were performed using Evolview
v3.0 to enhance interpretability of evolutionary relationships and
nodal support values (44).

2.3 Residue conservation analysis
Evolutionary conservation of RAG1 and RAG2 residues was

assessed using the ConSurf server (45). Structural modeling was
performed using a hierarchical approach. Brie y, homologous
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templates were identi ed in the Protein Data Bank (PDB) using
HHPred (v3.0), which applies hidden Markov model-based
sequence alignment. 3D models were subsequently generated
using MODELLER (v10.4). The X-ray crystal structures 6DBJ
(Chain A) and 6VOV (Chain B) were used as primary templates
for RAG1 and RAG2, respectively. Conservation scores ranging
from 1 to 9 were mapped onto the predicted structures, where grade
1 represents highly variable (rapidly evolving) residues and grade 9
denotes highly conserved (slowly evolving) positions. Final
visualizations were generated by mapping sequence conservation
pro les of pig RAG1 and RAG2 onto both sequence conservation
patterns and the predicted structures using surface rendering
in PyMOL.

2.4 Structural modeling

The tertiary structures of pig RAG1 and RAG2 were
independently predicted using Phyre2 (v2.2) (46, 47), which
performs pro le-based alignment of hidden Markov models using
HHBIits. Structural re nement, topological annotation, and
molecular visualization were subsequently conducted in
PyMol (48).

2.5 Protein—protein docking analysis

To investigate the interaction mechanisms between pig RAG1
and RAG2, systematic molecular docking analyses were performed.
The predicted 3D structures of pig RAG1 and RAG2 were
submitted to the ZDOCK server (49) as receptor and ligand,
respectively. ZDOCK performs an exhaustive search of potential
binding conformations in both translational and rotational space
and ranks docking poses using an energy-based scoring function.
To further characterize the interaction interface, we performed a
detailed analysis of the pig-RAG1-2 complex using the PDBePISA
interactive tool. In addition, we used HDOCK (50), which
integrates template-based modeling with ab initio free docking
algorithms to predict the structure of the RAG1-RAG2
heterotetramer. The structural re nement and molecular
visualization were performed in PyMol and Jmol (48, 51).

2.6 Generation of RAG1/RAG2knockout
pigs via the CRISPR/Cas9 system

RAG1land RAG2double-knockout (DKO) pigs were generated
using CRISPR/Cas9-mediated genome editing combined with
somatic cell nuclear transfer (SCNT). The single-guide RNA
(sgRNA) targeting RAG1 was designed within the importin-
binding domain (residues 11-291 in pigs), which mediates
interaction with importin-alpha and is located upstream of the
RING/Zinc nger (RING) domain (52). The sgRNA targeting
RAG2was designed within the b-propeller domain. The sgRNA
sequences are RAG1-CATGTGAGGTTTACTCCCCAAGG and
RAG2-ATAAGGGTTGATCTCCCCCTGGG, and Cas9
expression vectors carrying blue or red uorescent markers were
constructed using primer sequences listed in Supplementary
Table 4. The sgRNAs and Cas9 plasmids were transfected into pig
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fetal broblasts (PFFs). Forty-eight hours post transfection,
successfully transfected cells were enriched by uorescence-
activated cell sorting (FACS). Genomic DNA isolated from clones
was subjected to PCR ampli cation (primers listed in
Supplementary Table 4) followed by Sanger sequencing to
con rm targeted mutations. Veri ed RAGL/RAG2DKO cell lines
were subsequently used as donor cells for SCNT. Founder animals
were genotyped after birth by PCR ampli cation and Sanger
sequencing of the targeted regions within the pig RAG1and
RAG2 genes. Comprehensive phenotypic analysis was then
performed to assess the biological consequences of RAGYRAG2
double knockout. To assess V(D)J recombination, genomic DNA
were extracted from whole blood of mutant and control pigs. T-cell
receptor b chain (TCRb) gene rearrangement was analyzed using
the D1J1-F and D1J1 primer pair. Immunoglobulin heavy chain
(IgH) recombination was detected using the FR1 and JH primers to
amplify rearranged alleles, while D4-F and J3-R primers were used
to detect the germline con guration as an internal control
(Supplementary Table 4) (12). Additionally, thymic and splenic
anatomy was examined. The proportions of CD4" T cells, CD8" T
cellsand gd T cells in peripheral blood of RAGYRAG2DKO piglet
were determined by ow cytometry using the following antibodies:
#MCA1222A647 (AbD Serotec); #55958 (5BD), #559584 (BD),
#561482 (BD), and #561477 (BD).

3 Results

3.1 Phylogenetic consistencies of RAG1
and RAG2 topologies suggest functionally
coupled co-evolution

RAG1and RAG2are encoded by a tightly linked gene cluster.
To investigate their evolutionary history, we retrieved 66 full-length
vertebrate RAG1 sequences and 66 RAG2 sequences and
constructed maximum-likelihood (ML) phylogenetic trees
(Figure 1). Phylogenetic analysis demonstrated that mammalian
RAGL1 proteins are highly conserved. The most evolutionarily
distant RAG1 sequences in our dataset, derived from Salmo salar
and Otolemur garnettiishared 58.68% overall sequence identity,
consistent with previous reports (53, 54). Analysis of RAG2
revealed a similarly high degree of overall conservation, although
slightly lower than that of RAG1. The most divergent RAG2
sequences, Oncorhynchus kisutcand Serinus canariashared
48.86% overall sequence identity. This greater divergence may
re ect distinct evolutionary origins and functional constraints.
Genomic evidence suggests that the RAG1 core region evolved
from a Transibtransposase, whereas RAG2 likely acquired novel
functions through functional integration with RAG1 during
vertebrate evolution. Importantly, the phylogenetic topologies of
RAG1 and RAG2 were highly congruent, supporting a functionally
coupled co-evolutionary relationship between these two genes, as
previously proposed (3, 16, 54). Within mammals, pig RAG1
clustered most closely with camel RAG1, while pig RAG2 formed
a well-supported orthologous clade with sheep and goat RAG2.
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3.2 Strong evolutionary conservation of the
RAG1 core region and the b-propeller and
PHD domains of RAG2

Based on the phylogenetic relationships among homologous
sequences, residue-speci ¢ evolutionary conservation scores for
RAG1 and RAG2 were calculated and mapped using ConSurf
(Figure 2). The analysis revealed differential conservation patterns
across functional domains.

Pig RAGL1 is a 1043-amino acid protein, similar in length to
human RAG1, and contains a catalytically active core region
(residues 387-1011). This evolutionarily conserved core
encompasses two critical structural elements: the nonamer-
binding domain (NBD), responsible for DNA recognition, and
the catalytic triad (D603, D711, and E965), which is essential for
enzymatic activity. In addition, the C3H4-type zinc nger (RING-

nger; residues 293-331) and adjacent zinc-binding domains
(residues 354-383) are highly conserved. Pig RAG2 consists of
527 amino acids and contains a conserved core region that forms a
b-propeller domain (residues 1-352 in humans, pigs, and mice), as
well as a conserved noncore C-terminal plant homeodomain (PHD)

nger. Key hydrophobic and catalytic residues within these
functional domains—particularly those in the RAG1 core—are
exceptionally conserved across vertebrates, especially among
closely related taxa, indicating strong purifying selection and slow
evolutionary rates. In contrast, residues outside of these essential
domains exhibit greater variability and are inferred to evolve more
rapidly. These conservation patterns demonstrate the functional
importance of speci ¢ structural regions in RAG1 and RAG2.
Figure 2 illustrates the distribution of conserved residues in both
the primary sequence and 3D structures of pig RAG1 and RAG2,
highlighting the critical roles of evolutionary constrained positions
in maintaining recombinase activity.

3.3 Structural analysis of pig RAG1 and
RAG2

Given the high sequence homology between pig RAG1/RAG2
and their vertebrate counterparts, 3D structural models were
generated using the Phyre2 server (intensive mode) (Figure 3).

The pig RAG1 molecular structure was modelled using Chain A
of the Danio rericRAG complex (PDB ID: 6DBJ) as the template.
The model was generated with 100% con dence, approximately
77% sequence identity, and covered 53% of pig RAG1 (548
residues), primarily within the catalytic core region (Figures 3A,
B). The pig RAG2 molecular structure was modelled using Chain D
of Danio rericRAG complex (PDB ID: 6DBJ) as the template, and
generated with 100% con dence, approximately 51% sequence
identity, and covered 66% of pig RAG2 (350 residues) in its b-
propeller domain (Figures 3C, D). The predicted 3D structure of the
pig RAGL1 (Figure 3A) core region indicated that it is composed of
22 a-helices and 8 b-strands. The catalytic triad (D603, D711, and
E965 in pigs; shown as light-blue spheres) clusters within the
catalytic domain (residues 555-735; highlighted in light-pink).
Within the C-terminal domain (CTD), a two-helix bundle (a2l
and a22) is present, and the rst helix (a2l) contributes E965
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Phylogenetic analysis of pig and vertebrate RAG1 and RAG2. (A) Large-scale maximum-likelihood phylogeny of vertebrate RAG proteins constructed
from full-length RAG sequences. Major taxonomic clades are color-coded, and selected branches are collapsed to simplify visualization. (B) Expanded
view of the pig RAGL1 clade. Pig RAGL clusters most closely with camel RAGL, indicating strong orthology. (C) Expanded view of the pig RAG2 clade. Pig
RAG2 forms a well-supported orthologous group with sheep and goat RAG2.

(Figures 3A, B) to the active site. This con guration is consistent
with proper positioning of the catalytic center and facilitates and
interaction with RAG2. Two residues in the rst zinc-binding
region (C730 and C733; shown as hot-pink sticks) and two in the
second region (H940 and H945; shown as sky-blue spheres)
converge spatially despite being in the primary sequence, forming
a uni ed zinc-binding site (5, 55). This zin-binding site is
positioned adjacent to the catalytic center and interfaces with the
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RAG2-binding (ZnC2), DDBD, and ZnH2 domains, thereby
structurally integrating catalytic and protein-protein
interaction modules.

The predicted RAG2 core consists of one a-helix and 24 b-
strands arranged into a stable six-bladed b-propeller formed by
kelch repeats, with each b-propeller composed of four b-strands.
The N-terminal b-strand integrates into the sixth blade, structurally
bridging the rst and last kelch repeats. The distal face of the b-
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FIGURE 2
Evolutionary conservation of amino acid residues in pig RAG1 and RAG2. (A, C) Linear mapping of conservation grades along the primary sequences
of pig RAG1 (A) and RAG2 (C). (B, D) Structural mapping of the conservation grades onto the predicted 3D models of pig RAG1 (B) and RAG2
(D). Conservation scores range from 1 (most variable; turquoise) to 9 (most conserved; maroon). Residues with low-con dence conservation
assignments are shown in light yellow. Conservation analysis was performed using pig RAG1 and RAG2 sequences to de ne the nine-grade color
scale.

propeller contains extended loops, a characteristic feature of the 3.4 Pig RAG1-RAG2 form functional

fold (Figure 3C). Notably, loops located between adjacent blades heterodimers and heterotetramers

and within individual blades interact extensively with the pre-

RNase H (preR), RNase H (RNH), and ZnC2 domains of RAG1. Because RAG1 and RAG2 function cooperatively in DNA
The RAG2 core structure mediates chromatin-associated functions,  binding and cleavage, we performed a prediction and analysis of
while the noncore C-terminal region contains a PHD nger domain  pig RAG1-RAG2 heterodimerization. Protein—protein docking
(residues 414-491 in pigs) implicated in epigenetic regulation (9). analysis indicated that pig RAG1 and RAG2 were able to form
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