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A mutation in a chromosome condensin Il subunit,
kleisin B, specifically disrupts T cell development
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Condensins are ubiquitously expressed multiprotein complexes that
are important for chromosome condensation and epigenetic regula-
tion of gene transcription, but whose specific roles in vertebrates are
poorly understood. We describe a mouse strain, nessy, isolated during
an ethylnitrosourea screen for recessive immunological mutations.
The nessy mouse has a defect in T lymphocyte development that
decreases circulating T cell numbers, increases their expression of the
activation/memory marker CD44, and dramatically decreases the
numbers of CD4+CD8+ thymocytes and their immediate DN4 precur-
sors. A missense mutation in an unusual alternatively spliced first
exon of the kleisin g gene, a member of the condensin Il complex, was
shown to be responsible and act in a T cell-autonomous manner.
Despite the ubiquitous expression and role of condensins, kleisin
pBres/nes mice were viable, fertile, and showed no defects even in the
parallel pathway of B cell lymphocyte differentiation. These data
define a unique lineage-specific requirement for kleisin g in mam-
malian T cell differentiation.

Ncaph2 | splice variation

he development of a8 T cells in the thymus is one of the best
studied models of cell development. Cells entering the
thymus begin as CD4~CD8~ double negative (DN) cells, acquire
expression of both markers to become double positive (DP) cells,
and then lose expression of either CD4 or CD8 to become
cytotoxic or helper T cells, respectively (1). Immature DN cells
can be further subdivided into DN1-DN4 based on the expres-
sion of CD44 and CD?25 surface markers (1). Rearrangement of
the T cell antigen receptor (TCR) B-chain occurs at the DN3
stage. Successful TCRg rearrangement allows progression to the
DP stage, where a-chain rearrangement occurs, followed by
positive and negative selection of the T cells to ensure correct
recognition of MHC molecules while preventing inappropriate
reactions to self-peptides (2). It is estimated that only 1% of T
cells survive TCR rearrangement and selection (3). Defects in
this process can lead to immunodeficiency or autoimmunity (4).
Development of T cells is thus an exquisitely controlled
process and has been studied extensively to identify the critical
molecules involved. Of particular interest is the growing appre-
ciation of the role of epigenetics in T cell development (5). A
single transcription factor (such as GATA-3) is often used at
different points in the T cell developmental pathway, and in the
developmental pathway of other lineages, in each case promot-
ing different cell fates (6). Furthermore, cells need to “remem-
ber” cell fate decisions (e.g., differentiation to the CD4 lineage)
after many rounds of division, which they accomplish by the
remodeling of DNA in a form inherited by daughter cells, into
regions accessible, or no longer accessible for gene transcription
(5). Genes with epigenetic roles and known functions in T cell
development include Brgl and Mi28, the ATPase subunits of the
BAF and NURD chromatin remodeling complexes (7, 8);
SATB-1 (9), a protein found to form a cage-like structure within
the nucleus, which selectively tethers DNA, affecting transcrip-
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tion; and Dnmt-1, a protein responsible for the propagation of
DNA methylation patterns during cell division (10). In addition,
the polycomb group proteins Bmil, M33, and mell8, which
maintain silencing of genes by combining with histone deacety-
lases or blocking nucleosome remodeling, have also been shown
to cause defects in thymocyte differentiation (11). In most of
these examples, knockout of the protein is embryonic lethal or
causes poor viability in mice, and conditional knockouts are used
to study the T cell-specific effects of the gene.

Knockout mice have been invaluable in understanding T cell
differentiation, with >100 genes shown to be important in this
process. However, this technology has the disadvantage of only
being applied to genes already suspected to play a role in T cell
development. Knocking out a gene of interest to see whether a
phenotype is observed is an example of a reverse-genetics
approach. Forward-genetics approaches, which start with a
phenotype, have the advantage of not presupposing which genes
are involved and can therefore identify completely unexpected
components in a process.

This study describes the nessy mutant mouse strain, developed
as part of a forward-genetics screen for recessive genes involved
in T cell production or homeostasis. We identify the causative
defect as being in kleisin-B, a member of the condensin II
complex. Condensins are involved in the condensation of chro-
mosomes during mitosis, as well as in epigenetic regulation of
gene transcription (12). This paper provides a lineage-specific
role for a condensin subunit and identifies a previously unsus-
pected role for kleisin B in the extensively studied process of T
cell development.

Results

Generation and Characterization of the Nessy Mutant Strain. Single-
nucleotide substitutions were induced in the uniform sequence
of C57BL/6 inbred mice by treating males with ethylnitrosourea
and breeding them with C57BL/6 females. Male offspring (G1
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Fig. 1. Blood and spleen phenotype of the nessy mouse. (A) The CD44high
peripheral blood phenotype, which led to the identification of the nessy
strain. Shown is a flow-cytometric analysis of wild-type (wt) and nessy ho-
mozygous C57BL/6 mice at 6-8 weeks of age. Dot plots are gated on lympho-
cytes and are representative of >50 mice. CD44'°% naive CD8 cells (lower right
quadrants) and CD44M"igh activated/memory CD8 T cells (upper right quadrants)
are used to identify nessy mice. (B) Reduced splenic T cells in nessy mice. Total
numbers of T cells from nessy (filled circles) and C57BL/6 (open circles) mice
ages 6-12 weeks, determined by «-TCRp staining. The P value was calculated
by using a two-tailed Student's t test.

mice) were used to found separate inbreeding pedigrees by
breeding first with C57BL/6 females and then with their daugh-
ters (G2). To identify recessive phenotypes, the third-generation
(G3) progeny (homozygous for an estimated 375 sequence
variants) were screened by three-color flow cytometry of blood
to evaluate expression levels of CD4, CDS, and CD44.

Nessy was initially identified by loss of the main subset of naive
CDS8 T cells bearing low levels of the T cell activation marker,
CD44 (Fig. 14). Heightened mean expression of CD44 on blood
CDS8 cells was inherited as a recessive Mendelian trait and
occurred on CD8 and CD4 T cell subsets in the blood and spleen.
Spleen T cell numbers were also decreased in nessy mice by an
average of 2.7-fold (Fig. 1B).

Further characterization revealed a profound defect in T cell
differentiation within the thymus. Nessy thymuses were smaller,
with corticomedullary junctions less well defined, and cortical cells
sparser than in wild-type mice (Fig. 24). The thymocyte defect was
typified by an increased proportion of CD4-CD8~ DN T cell
progenitors, with the CD44heh phenotype already evident in single-
positive thymocytes (Fig. 2B). Quantitation of absolute cell num-
bers revealed a 10-fold reduction in thymocyte numbers, a 5-fold
reduction in DN4 cells (CD4~CD8~CD44!°*CD25'°%), and a 100-
fold reduction in CD4*CD8* DP cells (Fig. 2C). Single-positive cell
numbers were also decreased by 50- to 100-fold, reflecting the DP
decrease, and suggesting that a substantial recovery in T cell
numbers occurs in the periphery (Fig. 1B).

Further characterization of thymocytes (Fig. 2D) showed
increased TCR expression on nessy DP cells (as seen by TCRp
and CD3 staining); increased expression of CDS5, an inhibitory
receptor whose expression increases in proportion to TCR signal
transduction (13); and an increased proportion of DP cells
staining with annexin V, consistent with the loss of DP cells
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through exaggerated apoptosis. IL-7Ra, which is required for
thymocyte survival (14), was expressed on nessy thymocytes (Fig.
2D), eliminating IL7R« deficiency as a reason for decreased
thymus cellularity.

To see whether a prerearranged TCR could correct the nessy
thymic phenotype, nessy mice were crossed to 3A9 TCR trans-
genic mice (15). As shown in Fig. 2E, nessy mice expressing the
transgenic TCR (and homozygous for the appropriate H2*
MHOCO) still show the greatly increased percentage of DN cells
and decreased percentage of DP cells typical of nessy (compare
with Fig. 2B). This finding rules out inefficient TCR rearrange-
ment as the cause of the phenotype.

Culture of bone marrow cells from nessy and wild-type mice
on the OPY delta like 1 cell line allowed differentiation of T cells
to the DN4 stage [supporting information (SI) Fig. 6]. Nessy-
derived cultures showed the typical percentage increase in DN3
cells. Importantly, no obvious difference in proliferation was
seen between nessy and wild-type-derived cultures. To further
investigate whether a decrease in thymocyte proliferation was
the cause of the nessy phenotype, BrdU incorporation was
measured. As shown in Fig. 2F, no significant differences were
detected in total thymocyte proliferation or in DN3 prolifera-
tion. DN4 proliferation was significantly lower in nessy mice
(despite a wide spread of values measured in wild-type mice),
whereas DP proliferation was significantly increased in nessy
mice. Thus, reduced proliferation could potentially account for
the decrease in thymocyte numbers at DN4, but not for the most
profound decrease in numbers at the DP stage (Fig. 2C).

Given the pronounced thymocyte differentiation defect in
nessy mice, B cell differentiation was also comprehensively
analyzed. As shown in Fig. 3 and SI Fig. 7, no differences were
seen between nessy and wild-type B cell subsets in peritoneal
exudate cells, spleen cells, or developing B cell populations in the
bone marrow. Thus, despite the close parallels between the
differentiation of B and T cells, only T cell development is
affected in nessy mice. Nessy mice appeared otherwise healthy,
and no other defects were observed.

Identification and Verification of the Mutant Gene. The nessy mu-
tation was mapped to a 1.2-Mb interval on chromosome 15,
which contained no previously known T cell differentiation
genes (bases 89241759-90449781, ENSEMBL release 24.33.1).
Sequencing of predicted exons within the interval identified a T
to A substitution within the first exon of a hypothetical protein-
coding gene ENSMUSG00000008690. Three potential mRNA
splice variants differing only in exon 1 were identified by aligning
sequences from Unigene cluster Mm.143167 (Fig. 44). The nessy
mutation results in a predicted Ile to Asn substitution at position
15 in the protein encoded by the long mRNA form and no coding
change in the short splice product. The intermediate isoform
would potentially have a Ser to Thr change at codon 13, assuming
translation from a second ATG 8 bases downstream from the
first (Fig. 44). Alignment of homologues from other vertebrate
species showed conservation of the Ile residue at position 15 in
the long form of the gene (Fig. 4B).

The nessy Mutation Causes a Cell-Autonomous Disruption of T Cell
Differentiation. Bone marrow from B6-nes/nes mice reproduced the
CD44"ghCD8 T cell phenotype when used to reconstitute the
hemopoietic systems of irradiated wild-type B6.SJL-Ly5* recipient
mice (Fig. 54). When irradiated mice were reconstituted with a
mixture of 50% B6-nes/nes and 50% wild-type B6-Ly5* bone
marrow, nes/nes-derived T cells were at a selective disadvantage,
accounting for <2.5% of thymocytes and <3.3% of splenic T cells.
Nessy-derived T cells from the mixed chimaeras still displayed the
characteristic nessy phenotype of high CD44 expression, despite
making up such a small percentage of total spleen cells (Fig. 54, two
right dot plots). This result indicates that the nessy phenotype is T
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Fig.2. Defective T cell differentiation in nessy. Histology and flow-cytometric analysis of wild-type (wt) and nessy homozygous C57BL/6 mice at 6—8 weeks of
age. Flow-cytometry plots are gated on lymphocytes. (A) H&E staining of formalin-fixed thymic sections from wild-type (Upper) and nessy (Lower) mice.
Representative of three mice from each group. (Left) Thymus at X4 magnification. (Center) Medulla at X 100 magnification. (Right) Cortex at X 100 magnification.
(B) (Left) Major subsets of thymocytes defined by CD4 and CD8 expression. (Right) Increased CD44 expression on single-positive thymocytes from nessy mice (black
lines) compared with wt mice (filled histograms). (C) Cell number (+SEM) in thymocyte subsets, proceeding from the least mature progenitors on the left to the
most mature subsets on the right. **, P < 0.01 by two-tailed Student’s t test. DN4, P = 0.0009; DP, P = 0.0001; CD4 SP, P = 0.00009; CD8 SP, P = 0.001. Cell subset
distribution was determined by flow cytometry with «CD4-FITC, «CD44-TC, «CD25-PE, and «CD8-FITC (for DN subpopulations) or «CD8-PE (for other populations).
(D) Representative histograms showing binding of aCD5-FITC, Annexin V-FITC, «TCRB-FITC, aCD3-FITC on CD4*CD8+ DP thymocytes, and «alL-7Ra-FITC on DN
thymocytes (because IL-7Ra is not expressed on DP cells). (E) Thymocyte profile in 3A9 TCR* nes/nes and +/+ (C57BL/6 X B10.Br) mice. Major subsets of thymocytes
defined by CD4 and CD8 expression. Cell subset distribution was determined by flow cytometry with «CD4-PECy7, «CD44-TC, «CD25-APC, and aCD8-APCCy7. (F)
Percentage of cells incorporating BrdU in total thymocytes and in thymocyte subsets from nessy (filled circles) and C57BL/6 (open circles) mice. *, P < 0.05; **,
P < 0.01 by paired two-tailed Student'’s t test. Actual P values: total thymocytes P = 0.12; DN, P = 0.14; DN4, P = 0.0266; DP, P = 0.0075. Cell subset distribution
was determined by flow cytometry with aBrdU-FITC, «CD4-PE-Cy7, «CD8-APC-Cy7, aCD25-APC, and «CD44-PE.

cell-intrinsic. It also demonstrates that the CD44Meh phenotype is
independent of homeostatic proliferation.

Retroviral Rescue of the Nessy Phenotype. To prove that the point
mutation identified is the cause of the nessy phenotype, nes/nes
(Ly5®) bone marrow stem cells were transduced with a bicistronic
retroviral vector expressing the wild-type long cDNA isoform of
ENSMUSG00000008690 and GFP. These cells (comprising both
transduced and untransduced populations) were used to recon-
stitute irradiated B6-Ly5“ mice. As shown in Fig. 5B, retrovirus-
transduced splenic Ly5*" GFP*CDS8 T cells show a wild-type
pattern of CD44 expression, whereas untransduced Ly5**GFP~
T cells from the same mice retain the CD44Mg" profile typical of
nessy. These experiments prove that the single T to A mutation,
resulting in the Ile15Asn substitution, is the cause of the T
cell-specific differentiation defect in nessy mice.
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Identification of the Mutated Gene as Kleisin 8, a Component of
Condensin Il. ENSMUSG00000008690 was annotated as encoding
an unknown hypothetical protein in all databases searched, but
alignments based on the conserved N- and C-terminal regions
led to its identification as encoding kleisin B (16), a subunit of
the recently identified condensin II complex (17, 18). Con-
densins and the closely related cohesins are ubiquitously ex-
pressed multiprotein complexes that package chromosomes and
hold replicated sister chromatids together between the S and M
phases of the cell cycle in eukaryotes (19).

Discussion

The data presented in this study show a completely unexpected,
T cell-specific role for kleisin 8 in T cell development. Kleisin 3
is a ubiquitous protein known to form part of the condensin II
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