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Ki67 deficiency impedes chromatin accessibility and
BCR gene rearrangement

Zhoujie Ding™*@®, Maree Hagan?*®, Feng Yan*®, Nick W.Y. Schroer'®, Jack Polmear*>®, Kim L. Good-Jacobson**®, Alexandra R. Dvorscek'®,
Catherine Pitt!®, Kristy O’'Donnell!®, Stephen L. Nutt®’@®, Dimitra Zotos'®, Craig McKenzie!®, Danika L. Hill'®, Marcus J. Robinson'®,
Isaak Quast'®, Frank Koentgen?**®, and David M. Tarlinton™**@®

The proliferation marker Ki67 has been attributed critical functions in maintaining mitotic chromosome morphology and
heterochromatin organization during the cell cycle, indicating a potential role in developmental processes requiring rigid cell-
cycle control. Here, we discovered that despite normal fecundity and organogenesis, germline deficiency in Ki67 resulted in
substantial defects specifically in peripheral B and T lymphocytes. This was not due to impaired cell proliferation but rather to
early lymphopoiesis at specific stages where antigen-receptor gene rearrangements occurred. We identified that Ki67 was
required for normal global chromatin accessibility involving regulatory regions of genes critical for checkpoint stages in B cell
lymphopoiesis. In line with this, mRNA expression of Ragl was diminished and gene rearrangement was less efficient in the
absence of Ki67. Transgenes encoding productively rearranged immunoglobulin heavy and light chains complemented Ki67
deficiency, completely rescuing early B cell development. Collectively, these results identify a unique contribution from Ki67

to somatic antigen-receptor gene rearrangement during lymphopoiesis.

Introduction

Ki67 is a nuclear protein used extensively as a marker of cell
proliferation (Gerdes et al., 1983). It is expressed throughout the
cell cycle and is highly conserved in vertebrates and only
downregulated when cells exit the cell cycle and enter GO phase
(quiescence) (Miller et al., 2018; Sobecki et al., 2017). Despite its
widespread use, only recently have the functions of Ki67 started
to be revealed. In cultured human cell lines, Ki67 remains in
close contact with chromatin and chromosomes during the cell
cycle, functioning as a “surfactant” to maintain proper mitotic
chromosome morphology and promote chromosome clustering
in cells exiting mitosis (Cuylen et al., 2016; Cuylen-Haering
et al., 2020; Garwain et al., 2021). Importantly, Ki67 binds the
heterochromatin protein 1 family (Scholzen et al., 2002) and
is necessary also for normal heterochromatin organization
during interphase (Sobecki et al., 2016). These properties in-
dicate that Ki67 may be essential for biological processes re-
quiring tight control of the cell cycle. Somewhat remarkably,
the gross development of whole animals with partial knock-
down of Ki67 is normal (Sobecki et al., 2016). However, it
remains unclear whether Ki67 plays a vital role in vivo, as no

detailed characterization of complete Ki67-knockout animals
has been reported.

Lymphopoiesis is one of the developmental processes that
depend on rigid regulation of the cell cycle (Mandal et al., 2009;
von Freeden-Jeffry et al., 1997). During lymphocyte develop-
ment, stages of gene rearrangement are interspersed by bursts
of precursor cell proliferation and differentiation, driven by
a combination of productive antigen-receptor rearrangement
mediated by the recombination-activating gene (RAG) 1 and
2 complex and cytokines (Melchers, 2015). Early B cell devel-
opment in bone marrow (BM) comprises sequential stages
separated by checkpoints that assess variable (V), diversity (D),
and/or joining (J) gene segment rearrangement status at the
immunoglobulin (Ig) heavy then light chain loci (Hardy and
Hayakawa, 2001). A parallel process occurs in T cells, resulting
in the formation of a population with diverse T cell receptors at
the CD4*CD8* double positive (DP) thymocyte stage of devel-
opment (Germain, 2002). Failure, or even inefficiency, in any
of the specific stages of antigen-receptor rearrangement has
profound effects on lymphocyte development ranging from
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complete block through to restrictions in lymphocyte number
and repertoire (Csomos et al., 2022; Ng et al., 2020; Nutt et al.,
1997).

To investigate physiological roles for Ki67 in vivo, we gen-
erated a germline Ki67-knockout (Mki67-/~) mouse strain. Al-
though animal development was largely normal in the absence
of Ki67, we identified that early lymphocyte development was
significantly impaired, resulting in a specific reduction in ma-
ture lymphocytes in peripheral lymphoid organs. Ki67 was re-
quired for maintaining global chromatin accessibility in B cell
precursors, particularly at stages where antigen-receptor gene
rearrangements occur. Importantly, we found that Ki67 defi-
ciency impaired V(D)] gene rearrangement, and this develop-
mental defect could be rectified by the provision of transgenes
encoding pre-rearranged heavy (H) and light (L) chains. Col-
lectively, this study reveals a distinct and previously unknown
requirement for Ki67 in normal lymphocyte development.

Results and discussion

Ki67-deficient mice are largely normal except for selective
reductions in B and T lymphocytes

To investigate the cellular function of Ki67 in vivo, mice with
germline deficiency in Ki67 were generated via deletion of exon
4 of the Mki67 gene (Mki67-/~) (Fig. S1, A-C) creating a frame-
shift that disrupted the translation of the chromatin-binding
domains of the Ki67 protein (Cuylen et al., 2016; MacCallum
and Hall, 2000) (Fig. S1 D). Successful deletion of exon 4 was
confirmed by quantitative PCR (qPCR) from tissue biopsies of
Mki67-/~ mice (Fig. S1 E), while the absence of Ki67 protein was
confirmed by western blot and flow cytometry (Fig. S1, F and G).
In agreement with previous studies that showed normal animal
development when Ki67 was diminished (Sobecki et al., 2016),
Mki67-/~ mice had normal gross organ development (Fig. 1 A)
and litter sizes (Fig. 1 B). No significant alterations in tissue
morphology were found in histological examination of sections
from skin, lung, liver, small intestine, BM, thymus, and spleen of
Mki67-/~ mice (Fig. S1 H). A small but significant decrease in
body weight of Mki67-/~ mice compared with WT mice was
observed throughout life (Fig. 1 C), although lifespan itself was
unaffected (Fig. 1 D). Thus, whole organism Ki67 deficiency has
minimal effect on survival, reproduction, and organ develop-
ment under specific pathogen-free conditions, confirming and
extending previous results (Sobecki et al., 2016).

We next examined immune cell composition in the spleen of
Mki67-/~ mice, which revealed an average 2.5-fold decrease in
total splenocyte number compared to WT (Fig. 1 E). This in turn
was due to a specific and significant impairment in the accu-
mulation of B and T cell populations, as the representation of
other white blood cell lineages assessed here (natural killer cells,
dendritic cells, eosinophils, neutrophils, and monocytes) was
unaffected (Fig. 1, F and G). The reduction in lymphocytes was
not due to the impaired proliferation potential of mature
Mki67-/~ cells (Fig. 1, H and I), which was in line with previous
studies showing cell proliferation to be largely unaffected by
Ki67 deficiency (Cuylen et al., 2016; Mrouj et al., 2021; Sobecki
et al., 2016). Thus, from both direct measurements here and
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inferred by the largely normal development in Ki67-deficient
animals from our data and observed previously (Sobecki et al.,
2016), Ki67 is not required for cell proliferation. However, in-
triguingly, Ki67 deficiency selectively reduces peripheral B and
T lymphocyte representation.

Ki67 deficiency affects early lymphocyte development

To determine the basis of the reduced number of mature lym-
phocytes in the spleen when Ki67 was absent, we analyzed early
B and T cell development in the BM and thymus, respectively.
The total number of total BM cells, Lineage™Sca-1-Kit* (LK) cells,
and Lineage Sca-1'Kit* (LSK) stem cells was not altered by the
absence of Ki67 (Fig. 2, A-C); however, B220* B lineage cells in
the BM were significantly decreased (Fig. 2, B and C). Resolving
the early stages of B cell development (Fig. 2 D) revealed that the
number of large pre-B, small pre-B, and immature B cells was
decreased approximately two-, nine-, and seven-fold, respec-
tively, in the absence of Ki67 (Fig. 2 E). Using a differentiation
index to measure progress across each developmental step re-
vealed that impaired representation first occurred at the pre-
pro-B to pro-B stage (Fig. 2 F). Similarly, the total number of
thymocytes was decreased in the absence of Ki67 (Fig. S2 A) with
the deficits in T cell development occurring predominantly at
the CD4-CD8- double negative (DN) 3 to DN4 and DN4 to
CD4*CD8* DP stages (Fig. S2, B-D).

To determine whether impaired lymphocyte development in
the absence of Ki67 was intrinsic to lymphocyte progenitors, we
reconstituted lethally irradiated CD45.1 recipients with a mix-
ture of BM containing either 90% CD45.2 WT and 10% CD45.1
WT BM cells or 90% CD45.2 Mki67/~ and 10% CD45.1 WT BM
cells (Fig. S2 E). 6 wk after reconstitution, the cellular compo-
sition of the BM and thymi of the recipients was analyzed. In
line with the findings in intact Mki67~/~ mice, significant
impairments in early B (Fig. S2, F and G) and T cell devel-
opment (Fig. S2, H and I) were observed among cells derived
from CD45.2 Mki67-/~ BM cells in the chimeras. Together, these
data show that Ki67 deficiency intrinsically and specifically im-
pairs the development of B and T lymphocytes at early stages.

Ki67 sustains normal chromatin state at specific B cell
developmental stages

The partial blockages in early lymphocyte development in the
absence of Ki67 coinciding with stages where antigen-receptor
gene rearrangement occurred led us to hypothesize that Ki67
was required for this lymphocyte-specific process. As Ki67 is
known to be an important contributor to chromatin organiza-
tion (Sobecki et al., 2016; van Schaik et al., 2022) and that
chromatin configuration directly regulates the process of
antigen-receptor gene rearrangement (Cherry and Baltimore,
1999; Lion et al., 2020; Stanhope-Baker et al., 1996), we first
assessed whether Ki67 deficiency affected chromatin accessi-
bility states, focusing on B cell progenitors. We performed an
assay for transposase-accessible chromatin sequencing (ATAC-
seq) on sorted pre-pro-B, pro-B, and small pre-B cells, represent-
ing the developmental stages preceding V(D)] rearrangement,
where Ig heavy chain rearrangement occurs, and where Ig light
chain rearrangement occurs, respectively.
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Figure 1. Mki67-/~ mice have specific impairment in lymphocyte-lineage compartment in the spleen despite normal reproduction, organogenesis,
and mature lymphocyte cell proliferation. (A) Representative photos showing overall organ morphology of WT and Mki67-/~ mice. (B) Litter sizes of the WT
(37 litters from 24 female breeders) and Mki67~/~ mice (33 litters from 12 female breeders). (C) Body weights of WT and Mki67~/~ mice at 3 wk (n = 6 for each
genotype), 10 wk (n = 12 for each genotype), and 1 year (n = 5 for each genotype) of age. (D) Survival curves of WT (n = 10) and Mki67-/~ (n = 10) mice within
1 year of age. (E) Total splenocyte counts in WT (n = 3) and Mki67~/~ (n = 3) mice. (F) Gating strategy of the lymphoid and myeloid cell subsets in the spleen.
(G) Quantification of the B, T, and myeloid cell subset cell numbers in the spleen of WT (n = 3) and Mki67-/~ (n = 3) mice. NK, natural killer; DC, dendritic cell.
(H) Gating strategy of CTV dilution peaks in B cell cultures stimulated by anti-CD40 and IL-4. (1) Quantification of cell division in cultures of mature B cell from
WT (n = 3) and Mki67-/~ (n = 4) mice. Data in E-G are representative of three independent experiments and in H and | are representative of two independent
experiments. Statistical differences in B and E were determined by two-tailed unpaired t test, in C, G, and | by multiple unpaired t tests (corrected for multiple
comparisons using the Holm-Sidak method), and in D by Kaplan-Meier test. Adjusted P values are shown. ns, P > 0.05.
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Figure 2. Ki67 deficiency results in significant defects in early B cell development. (A) Total BM cell counts of WT (n = 3) and Mki67-/~ (n = 3) mice.
(B) Gating strategy of LK, LSK, and B-lineage cells. Representative percentages of the gated population of the parental gate are shown. (C) Quantification of cell
numbers of LK, LSK, and B220* B-lineage cells per femur in WT (n = 3) and Mki67-/~ (n = 3) mice. (D) Gating strategy of B cell progenitors at pre-pro-B, pro-B,
large pre-B, small pre-B, and immature B cell stage. Representative percentages of the gated populations of the parental gate are shown. (E) Quantification of
cell numbers of B cell progenitors at each developmental stage per femur in WT (n = 3) and Mki67-/~ (n = 3) mice. (F) Differentiation indexes calculated as the
cell number of a later B cell developmental stage divided by that of the former stage in WT (n = 3) and Mki67-/~ (n = 3) mice. Data in A, D, E, and F are
representative of five independent experiments and in B and C are representative of two independent experiments. Statistical differences in A were de-
termined by two-tailed unpaired t test, and in C, E, and F by multiple unpaired t tests (corrected for multiple comparisons using the Holm-Sidak method).
Adjusted P values are shown. ns, P > 0.05.
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All the accessible regions present in Mki67/~ and WT cells
were analyzed and principal component analysis (PCA) was
performed for all populations from both genotypes. We found
that the samples clustered according to their cell types with the
first two components (PC1 = 53.59% and PC2 = 20.23%; Fig. 3 A),
reflecting cell type-specific chromatin states of the B cell pro-
genitors as previously shown (Boya et al., 2017). When the dy-
namics of chromatin states were followed from pre-pro-B to
pro-B and from pro-B to small pre-B stage, about 85% and 70%
of the total peaks identified, respectively, followed the same
trend when comparing the WT and Mki67-/~ conditions (Fig. 3
B), indicating a partial impact of Ki67 deficiency on the dynamics
of chromatin configuration during B cell development. When
PC3 was examined, we found that pro-B and small pre-B cells
were well separated by their genotype (PC3 = 3.09%), whereas
samples of pre-pro-B cells were not (Fig. 3 C). Indeed, substantial
differences in chromatin accessibility were identified in pro-B
and small pre-B cells depending on Ki67 sufficiency whereas
minimal changes were observed in Mki67-/~ versus WT pre-pro-
B cells (Fig. 3 D). The systemic nature of the changes to chro-
matin accessibility due to the absence of Ki67 in pro-B and small
pre-B cells was reflected by alterations being distributed along
the lengths of all chromosomes (Fig. 3 E).

To investigate whether the altered chromatin configuration
in Mki67-/~ cells affected genes important for lymphocyte de-
velopment, we performed gene ontology (GO) analysis on the
differentially accessible regions (DARs) that were consistently
less accessible in Mki67/~ pro-B and small pre-B cells. There
were 8,436 less accessible regions in the Mki67~/~ pro-B cells that
corresponded to 6,330 uniquely assigned genes and 2,289 less
accessible regions in the Mki67-/~ small pre-B cells that corre-
sponded to 1,727 uniquely assigned genes (Fig. 3 F). Among the
uniquely assigned genes, 1,184 were in common to both cell
types (Fig. 3 F), of which 1,008 were annotated using the GO
term tool PANTHER (Thomas et al., 2022) (Fig. 3 G). GO term
G0:0030154 (cell differentiation) was among the top 10 enriched
GO terms (Fig. 3 G and Table S1). Collectively, these data dem-
onstrate that Ki67 deficiency results in genome-wide chromatin
accessibility changes at stages of B cell development where V(D)]
rearrangement occurs.

Ki67 is required for normal Ragl expression and receptor

gene rearrangement

Although chromatin accessibility at the Igh and Igr loci was
largely unchanged in the absence of Ki67 (Fig. S3, A and B), we
identified significantly decreased accessibility at a region of the
Rag locus in Mki67-/~ pro-B and small pre-B cells annotated as
a putative enhancer by the Immunological Genome Project
(ImmGen) database (Yoshida et al., 2019) (Fig. 4, A and B). An
accessibility peak of this region at the Rag locus was also de-
tected in DN3 thymocytes according to the InmGen database but
largely absent in cells where Ragl/2 were not expressed, such as
long-term hematopoietic stem cells (LT-HSC) and pre-pro-
B cells (Fig. S3 C), consistent with a RAG-related function. We
reasoned that if the reduced chromatin accessibility of the pu-
tative enhancer for the Rag locus was reflected in its activity in
Mki67-/~ pro-B and small pre-B cells, there would be an impact

Ding et al.
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on expression of Ragl and/or Rag2. This possibility was assessed
by RT-qPCR for both Ragl and Rag2 and revealed that indeed
Ragl mRNA expression in Mki67~/~ pro-B and small pre-B cells
was decreased approximately twofold in comparison with WT;
the expression of Rag2 was unaltered (Fig. 4 C). In contrast, the
mRNA expression of the B cell lineage specification factor, Pax5,
was not different between strains (Fig. S3 D), despite reduced
accessibility at this gene locus in Mki67-/~ B cell progenitors.
Hence, Ki67 deficiency significantly alters chromatin accessi-
bility at the Rag locus, and Ragl expression is selectively reduced
in B cell progenitors.

Having determined reduced Ragl mRNA expression in Ki67-
deficient B cell precursors, we assessed if there was an effect on
Ig gene rearrangement. Ig gene rearrangement is tightly regu-
lated during development with rearranged Dy to Jy at both Igh
alleles in pro-B cells and Vy to DJy rearrangements leading to
one productive Igh allele per cell in large pre-B cells (Fig. 4 D)
(Mostoslavsky et al., 2004). We used qPCR to assess the loss of
DNA that follows the joining of Dy to Ji segment clusters or of
Vg to Dy elements. Pro-B and large pre-B cells were sorted from
Mki67-/~ and WT BM (as per Fig. 2), and genomic DNA was
extracted. Sorted large pre-B cells were confirmed as such by
expression of intracellular u chain (Fig. S3, E and F), reflecting
successful VyDyJy rearrangement at one Igh allele and con-
firming the coordination of gene rearrangement and this B cell
developmental stage. After normalizing for cell input, we de-
termined that in Mki67-/~ pro-B cells, the DNA between the Dy
and Jy clusters was overrepresented compared with WT cells,
meaning reduced DyJy rearrangements compared with WT cells
(Fig. 4 E). Similarly, Mki67-/~ large pre-B cells retained a com-
parative excess of germline DNA positioned between the Vy and
Dy segment clusters, indicative of an underrepresentation of
VyuDyJu rearrangements (Fig. 4 F). We also noted a significant
reduction in the relative frequencies of V(D)] rearrangement
between all the Ji; segments and the distal ViJ558 (V1) cluster
in Mki67-/- pre-B cells (Fig. S3 G), consistent with abnormalities
in receptor gene rearrangement. While there may be pathways
compensating for the loss of Ki67 in in vivo cell proliferation,
possibly explaining why other hematopoietic lineages are
unaffected, that no such compensation is possible in V(D)J
rearrangement emphasizes the sensitivity of developing
lymphocytes to abnormalities in this unique process. Col-
lectively, these data demonstrate that Ki67 deficiency re-
duces V(D)] gene rearrangement during B cell development,
and this is correlated with altered chromatin and reduced
expression at the Rag locus.

Pre-rearranged Ig chains rescue Mki67-deficient B cell
development

We reasoned that if impaired gene rearrangement contributed
to impeding B cell development in the absence of Ki67, this
would be reversed by pre-rearranged Ig chains. Accordingly, we
separately crossed the Mki67-/~ alleles onto the Ragl~/~SWyg;-
HCK/Ki background, homozygous for pre-rearranged Igh alleles,
and onto the Ragl~/~SWiyyg; -HCKVKLCT8* background bearing
pre-rearranged alleles at both Igh and Igx loci (Phan et al., 2003).
In Mki67-sufficient, Ragl-deficient mice, B cell development in
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Figure 3. Ki67 is required for maintaining global chromatin accessibility in B cell progenitors undergoing gene rearrangement. (A) PCA of pre-pro-B,
pro-B, and small pre-B cells from WT (n = 4) or Mki67-/~ (n = 4) mice using all peaks showing PC1 versus PC2. (B) Sankey plots showing chromatin state across
stage transitions from pre-pro-B to pro-B cells (left panel) and from pro-B to small pre-B cells in WT and Mki67-/~ cells (right panel). (C) PCA of pre-pro-B, pro-
B, and small pre-B cells from WT (n = 4) or Mki67-/~ (n = 4) mice using all peaks showing PC2 versus PC3. (D) Sankey plot of numbers and status of all peaks in
pre-pro-B, pro-B, and small pre-B cells comparing Mki67-/~ to WT genotype. (E) Percentages of open chromatin regions altered in each chromosome in Mki67-/~
pro-B and small pre-B cells in comparison to WT cells. (F) Venn diagrams of consistently less accessible regions in both Mki67-/~ pro-B and small pre-B cells in
comparison with WT cells. (G) Top 10 GO terms enriched in the genes annotated within the commonly less accessible regions in pro-B and small pre-B cells in
the absence of Ki67. Data are from one experiment with four mice in WT or Mki67-/~ group.
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Figure 4. Ki67 deficiency reduces accessibility at the Rag locus, decreases mRNA expression of Ragl, and impairs V(D)) gene rearrangement in B cell
progenitors. (A) Accessibility of the Rag locus (chr2:101,550,000-111,655,000) in the pro-B and small pre-B cells from WT and Mki67~/~ mice. The putative
enhancer region at the Rag locus annotated by ImmGen is highlighted. ENCODE candidate cis-regulatory elements (cCRE) are shown at the bottom. A zoomed-
inimage of the putative enhancer region at the Rag locus is shown. Data are representative of four mice from each group. (B) Quantification of the read counts
of the putative enhancer region at the Rag locus in pre-pro-B, pro-B, and small pre-B cells from WT (n = 4) and Mki67-/~ (n = 4) mice. Statistical differences were
determined by Mann-Whitney tests with P values shown. ns, P > 0.05. (C) mRNA expression of Ragl and Rag2 in pre-pro-B, pro-B, and small pre-B cells from
WT (n = 6) and Mki67-/~ (n = 6) mice by RT-qPCR. For each gene, CT values of each sample were first normalized by the CT values generated by a housekeeping
assay (ACT) before being further normalized using one of the samples from the WT pro-B cells (AACT). All data points were finally normalized by fold-change
against the mean of the 2722¢T values of the WT pro-B cells samples in each experiment. Data are merged from two independent experiments. Statistical
differences were determined by multiple Mann-Whitney tests (corrected for multiple comparisons using the Holm-Sidak method) with adjusted P values
shown. ns, P > 0.05. (D) Illustration of V(D)) rearrangement process of Igh locus in WT condition. V-D-J, Igh allele containing non-recombined germline V, D, and
) gene segments; V-DJ, Igh allele containing non-recombined germline V gene segments; VD), successfully rearranged Igh allele; VDJ*, non-productively re-
arranged Igh allele. (E) Relative abundance of germline sequences between Dy and J,; segments in WT (n = 3) or Mki67-/~ (n = 3) pro-B cells measured by qPCR.
CT values of each sample were first normalized by the CT values generated by a housekeeping assay (ACT) before being further normalized using one of the
samples from the WT condition (AACT). (F) Relative abundance of germline sequences between Vy, and Dy segments in WT (n = 3) or Mki67-/~ (n = 3) large pre-
B cells measured by qPCR. AACT was calculated as described in E. Schematic diagrams showing the positions of primers used for amplifying germline se-
quences are illustrated in E and F. Data in E and F are representative of two independent experiments. Statistical differences were determined in E and F by
two-tailed unpaired t test with P values shown.
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the presence of a pre-rearranged Igh allele comprised pre-pro-B
and large and small pre-B, with the pro-B cell stage being absent
(Fig. 5, A and B). When pre-rearranged Igh and Igx alleles were
both present, B cell development comprised pre-pro-B and im-
mature B with pro-B and pre-B stages absent (Fig. 5, C and D).
Importantly, in Mki67/"Ragl~/~SWyg -HCKV/K! mice, the pre-
rearranged H chain restored the number of large pre-B cells to
that in Mki67-sufficient controls (Fig. 5, A and B), while small
pre-B cell numbers recovered from a nine-fold deficit as seen in
Mki67-/~ mice without the pre-rearranged H chain (Fig. 2 E) to a
three-fold deficit (Fig. 5, A and B), indicating a possible role for
Ki67 in this compartment outside gene rearrangement. While
this remains undefined, we noted an increase in apoptosis in
small pre-B cells in the absence of Ki67 (Fig. S3, H and I), which
is in line with the moderate increase of active Caspase-3 in
Mki67-/~ mouse tumors (Mrouj et al., 2021). The presence of pre-
rearranged Igh and Igx alleles fully reversed the deficit of im-
mature B cells in BM of Mki67-deficient mice (Fig. 5, C and D).
Interestingly, B cell representation was also equal in the spleens
of Mki67-sufficient and -deficient Ragl~/-SWy-HCKV/KILCT8/+
mice (Fig. 5 E). Hence, our results identify a novel role for Ki67
in facilitating gene rearrangement at the antigen-receptor loci,
thereby permitting normal B lymphocyte development.

Despite correctly configured lymphocytes being fundamental
to immunity, our understanding of their development and the
factors regulating it remains incomplete as exemplified by our
finding Ki67 to be an important component. Using a novel,
germline knockout mouse strain, we comprehensively charac-
terized the lymphoid compartment in Mki67-/~ mice, observing
for what we believe is the first time that Ki67 is required for
normal V(D)] rearrangement. While the requirement is not ab-
solute in that both mature T and B cells are present in the pe-
riphery, the efficiency of development is impeded dramatically
in both lineages. That B cell development in Mki67~/~ mice is
completely restored by the provision of pre-rearranged genes
encoding H and L chains strongly indicates that the nature of the
defect is gene rearrangement itself, which is further implicated
by our finding of altered chromatin accessibility at the Rag locus
and reduced mRNA expression of Ragl.

V(D)J rearrangement is a multistep process requiring chro-
matin remodeling for accessibility and large-scale changes
in 3D genome architecture such as antigen receptor locus
compartmentalization and contraction (Bossen et al., 2012;
Johanson et al., 2019). Here, we show that Ki67 deficiency
disrupts chromatin accessibility in B cell progenitors, espe-
cially at the stages representing developmental checkpoints
associated with V(D)J rearrangement. Although chromatin ac-
cessibility to the antigen-receptor loci in the developing B cells is
unaltered in the absence of Ki67, accessibility to regions corre-
sponding to critical genes involved in lymphocyte differentiation
is partially decreased in Mki67~/~ pro-B and small pre-B cells, in-
cluding at a putative enhancer for Ragl/2. This in turn is associated
with disrupted mRNA expression of one of these essential factors,
Ragl, and with impaired V(D)] rearrangement. Interestingly,
partial RAG deficiency in humans results in impaired B cell
development and restricted B cell receptor (BCR) repertoire
(Csomos et al., 2022). This is in line with our data showing that

Ding et al.
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decreased mRNA expression of Ragl in Mki67~/~ pro-B and small
pre-B cells is associated with both altered efficiency in the extent
of gene rearrangement at the Igh locus and dysregulated usage
of Vi segments in completed V(D)] rearrangements, indicative
of an altered BCR repertoire in those cells. While our proposed
mechanism is based on experimental evidence, a limitation is
that it has not been formally demonstrated that a partial de-
crease of Ragl expression (approximately two-fold) as seen in
Mki67-/~ pro-B and small pre-B cells fully accounts for the de-
fects in B cell development in Mki67-/~ mice. Equally, it has yet
to be proven that the same mechanism will explain the deficit
in Mki67-/~ thymocytes. It is also important to note that first,
development itself largely was intact in Mki67-/~ B cell pre-
cursors since all large pre-B cells were positive for intracellular
Ig p H chain, and second, there were few impediments to
Mki67-/~ B cell development outside of Ig gene rearrangement
since it progressed to completion following provision of pre-
rearranged H and L chains. However, it remains to be deter-
mined whether those Mki67-/~ cells that successfully complete
gene rearrangements then function normally in the periphery.

While changes in 3D genome architecture are required for
gene rearrangement (Johanson et al., 2019), previous Hi-C data
from Ki67-depleted cancer cell lines did not reveal detectable
effects on 3D genome interactions (van Schaik et al., 2022). Of
course, this does not exclude cell type-specific genome archi-
tectures being maintained by Ki67 but rather that any contri-
bution of Ki67 in maintaining 3D genome organization in
different cell types and/or in specific biological processes re-
mains to be resolved. It is worth noting here our finding that a
pre-rearranged Igh allele restored large but not small pre-B
numbers in Mki67-/~ mice. While we observed increased apo-
ptosis in this exact cell stage of Mki67-/~ B cells, which possibly
accounts for the continued deficit, it indicates that there are
non-rearrangement functions for Ki67. Curiously, this attribute
was only apparent in small pre-B stage as a normal number of
immature B cells was generated in the absence of Ki67 when
both transgenic H and L chains were present. That is, this non-
rearrangement activity of Ki67 is apparently quite limited in
stage as well as in scale.

Taken together, our discovery of a distinct role for Ki67 in
sustaining proper V(D)] rearrangement during lymphocyte de-
velopment expands the knowledge of the physiological function
of Ki67 and reinforces the importance of this fundamental bio-
logical process for a complete immune system.

Materials and methods

Animals

Mice were bred and maintained in specific pathogen-free facilities of
the Monash University Animal Research Platform, Melbourne, Aus-
tralia. Mki67-/~, Ragl™/~SWyy -HCK/K, Ragl/~SWie; -HCKV/KILCT8/,
B6.SJL-Ptprea/Ptprea (CD45.1), and C57BL/J6 (CD45.2) mice were used in
the study. Animal housing and all experiments were conducted in
accordance with ethics protocols approved by the Alfred Research
Alliance Animal Ethics Committee or Ozgene Animal Ethics Com-
mittee. Both female and male mice were used, sex- and age-matched
across experiments.
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Figure 5. Defects in early B cell development in Mki67-/~ mice are rescued by pre-rearranged H and L chains. (A) Gating strategy of pre-pro-B, large pre-
B, and small pre-B cells when a pre-rearranged H chain was present in the WT- (Rag1™/~SWjyg, -HCK/X) or Mki67-/~-Ragl-deficient (Mki67-/~Rag1~/~SWy, -
HCXi/K1) condition. Representative percentages of the gated populations of the parental gate are shown. (B) Quantification of cell numbers of pre-pro-B, large
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pre-B, and small pre-B cells per femur in WT- (n = 3) or Mki67~/~- (n = 5) Rag1~/~SWyg -HC/Ki mice. (C) Gating strategy of pre-pro-B and immature B cells when
both pre-rearranged H and L chains were present in the WT- (Ragl~/~SWyg, -HCK/KILCT®/*) or Mki67~/~-Ragl~/~ (Mki67-/~Ragl~/~SWyg, -HCKVKILCT&/*) con-
ditions. Representative percentages of the gated populations of the parental gate are shown. (D) Quantification of cell numbers of pre-pro-B and immature
B cells per femur in WT- (n = 5) or Mki67-/~- (n = 4) Rag1l~/~SWyg -HCK/KILCT¢* mice. (E) Quantification of cell numbers of CD19* B cells per spleen in WT- (n =
5) or Mki67-/=- (n = 4) Rag1™/~SWig, -HCK/KLCT&/* mice. All data are representative of two independent experiments. Statistical differences were determined in
B by multiple unpaired t tests (corrected for multiple comparisons using the Holm-Sidak method) and in D and E by two-tailed unpaired t test. P values or

adjusted P values are shown. ns, P > 0.05.

Generation and characterization of the Mki67-/~ strain

The targeted embryonic stem cells were microinjected into go-
Germline (Koentgen et al., 2016) (Ozgene) blastocysts and
transferred into pseudopregnant recipients. Each injection session
consisted of transfers to two recipients, with each receiving ~12
blasts in the transfer. The resultant offspring were assessed for
chimerism. Male chimeras were crossed directly to a ubiquitous Cre
strain (C57BL/6]-(ROSA)?26Sortmi(Ubic-CRE)Ozg/Ozg) at 6 wk of age. The
crossing generated the first heterozygous knockout mice (Mki67+-),
which were then intercrossed to produce the homozygous knockout
line (Mki67-/-). The H&E histology of the various tissues (Fig. S1 H)
was performed and scored by Cerberus Sciences.

BM reconstitution

For BM reconstitution, recipient mice received 2 x 4.25 Gy doses of
x-ray radiation 3 h apart and were then intravenously injected
with 2 x 10° total BM cells from gender-matched donor mice. Mice
received 1.622 mg/ml neomycin trisulfate salt hydrate (Sigma-
Aldrich) in sterile water ad libitum for 2 wk after reconstitution.

Tissue preparation

Spleens and BM were dissected and processed as described
(Robinson et al., 2023). Briefly, splenocyte suspensions were
treated with red blood cell lysing buffer (156 mM NH,CI, 1.9 mM
NaHCOs, and 97 uM EDTA; pH = 7.3), washed in flow buffer (0.5%
bovine serum albumin and 2 mM EDTA [Sigma-Aldrich] in PBS),
and filtered through a 50-um nylon mesh. BM cells were eluted
from femurs by flushing with flow buffer and filtered through
nylon mesh. BM samples were used without red blood cell lysis.

RT-qPCR for Ragl, Rag2, and Pax5 mRNA

Cells were lysed and RNA extracted following the manufacturing
instructions of the Qiagen RNeasy Plus Micro Kit. First-strand
cDNA synthesis was performed as described (Robinson et al.,
2019). cDNA samples were diluted as 1:2 with TE buffer
(10 mM Tris and 0.1 mM EDTA) for use in qPCR. Reactions were
set up per standard assay protocols from Integrated DNA
Technologies (1x gene expression mastermix, probes at 250 nM,
primers at 500 nM for both target and housekeeping assays) in a
total volume of 20 pl, and cycling parameters were set as 95°C
for 3 min followed by 45 cycles of 5 s at 95°C and 30 s at 62°C.
Data were generated and analyzed by Thermo Fisher Scientific
QuantStudio6 Real-Time PCR system utilizing the AACT (cycle
threshold) method where ACT values were first calculated as
CTarget = CTHousekeeping and then further normalized against CT
values of one of the WT pro-B cells samples. All data points were
finally normalized by fold change against the mean of the 2-22¢"
values of the WT pro-B cells samples in each experiment. Probes
and primers used were as below. The probe for the housekeeping
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gene was conjugated with Cy5 and probes for Ragl and Rag2 were
conjugated with fluorescein amidite (FAM) (all from Integrated
DNA Technologies).

Housekeeping gene (Eef2)

Primer (reverse) 5'-GTCGCAGCTCTTAATACCCAT-3'
Primer (forward) 5'-GATCACCATCCACTTACCATCC-3’
Probe 5'-CCGTCACTGCACAGAAGTACCGTT-3’

Rag1

Primer (reverse) 5'-GAATTTCATCGGGTGCAGAA-3’
Primer (forward) 5'-AACCAAGCTGCAGACATTC-3'
Probe 5'-TTGCCGTCTACCCTGAGCTTCAG-3’

Rag2

Primer (reverse) 5'-ACAAGTTAGCAGGGCGTATATT-3’
Primer (forward) 5'-CTTCAGGATGGGCTGTCTTT-3'
Probe 5'-TTTGGGAGGACACTCACTTGCCA-3'

Pax5

Primer (reverse) 5'-ATTCGGCACTGGAGACTC-3'
Primer (forward) 5'-CTCATACTCCATCAGTGGCATC-3'
Probe 5'-ACACCAACAAACGCAAGAGGGATG-3’

qPCR for germline junction sequences between V, Dy, and Jy
segments and recombined sequences between V,;)588 and
Jul-4 segments

Cells were first lysed in 50 pl lysis buffer (1 mM EDTA, 10 mM
Tris-HCI, pH 8.0, 40 mM NaCl, 0.1% SDS, and 90 pg/ml Pro-
teinase K) at 56°C shaking at 225 rpm for 30 min and then heat-
inactivated for 10 min at 95°C. Samples were diluted as 1:2 with
TE buffer for use in qPCR. Reactions and cycling parameters
were set up per standard assay protocols from Integrated DNA
Technologies as described above. As a control, a sequence
downstream from the Igh locus, not targeted by V(D)J recombi-
nation, was used as described (Braikia et al., 2014). Data
were generated and analyzed by Thermo Fisher Scientific
QuantStudio6 Real-Time PCR system utilizing the AACT method
where ACT values were first calculated as CTarget - CTHousekeeping
and then further normalized against CT values of one of the WT
samples. The probes and primers used were as below. The probe
for the housekeeping sequence was conjugated with hexa-
chlorofluorescein, and the probes for target sequences were
conjugated with FAM (all from Integrated DNA Technologies).

Germline junction sequences between Dy and J,; segments
Primer (reverse) 5'-GGGCCCATCCAGTTGAATTA-3’
Primer (forward) 5'-ACCAAACCCATCCCAAAGT-3’
Probe 5'-AGTGGCATCCAAGCCTCAGAAACT-3’
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Germline junction sequences between Vy and D, segments
Primer (reverse) 5'-AAATGAATGTGGTGATTGGCC-3'
Primer (forward) 5'-GGGGAGATCCATGAAGAGAAG-3’
Probe 5-CGAGTAGGTGAGCTAGAGTAGCCT-3'

Recombined sequences between V588 and J,1 segments
Primer (reverse) 5'-CCTGGGRCTTCAGTGAA-3'

Primer (forward) 5'-CAGAATGGAATGTGCAGAAAGA-3’
Probe 5-AAAGCCAGCTTACCTGAGGAGACG-3’

Recombined sequences between V588 and J,,2 segments
Primer (reverse) 5'-CCTGGGRCTTCAGTGAA-3'

Primer (forward) 5'-GAAGAGAGAGGTTGTAAGACTC-3’
Probe 5-ACCTGAGGAGACTGTGAGAGTGGT-3’

Recombined sequences between V588 and J,,3 segments
Primer (reverse) 5'-CCTGGGRCTTCAGTGAA-3'

Primer (forward) 5'-GAATGGGAGAAGTTAGGACTCA-3’
Probe 5-CCTGCAGAGACAGTGACCAGAGTC-3’

Recombined sequences between V,/588 and Jy4 segments
Primer (reverse) 5'-CCTGGGRCTTCAGTGAA-3'

Primer (forward) 5'-AGACCTGGAGAGGCCATT-3’
Probe 5 -AGGAGACGGTGACTGAGGTTCC-3’

Housekeeping sequences

Primer (reverse) 5'-GGCTCCAAAGAATGCAAGAAC-3'
Primer (forward) 5'-TGACTAGGTTCGCAGGAGA-3'
Probe 5-ACGGAGTCTCACCAGCACACAC-3’

Radioactive Southern blot hybridization
DNA samples were digested with Xbal overnight and separated
on a 1% agarose gel. DNA was transferred onto 0.45-um Biodyne
B Nylon Membrane (Thermo Fisher Scientific) and hybridized
with 40 ng p32-dATP labeled probe overnight at 42°C under
stringent conditions (10% dextran sulfate, 50 mM Tris-HCl, pH
7.5,1 M NaCl, 1% SDS, 50% formamide, 2% polyvinylpyrrolidone,
0.2 mg/ml sheared salmon sperm, 2% Ficoll, 1% trisodium
phosphate dodecahydrate). Membranes were washed with low
stringency wash solution at 42°C (0.1% saline sodium citrate and
0.1% SDS) followed by a high stringency wash (0.1% saline so-
dium citrate and 0.5% SDS) at 60°C. Membranes were exposed
to an imaging screen-K (BioRad) for 48 h, and data were ac-
quired with a Typhoon FLA (GE). Hybridization probes were
generated as synthetic DNA gblocks (Integrated DNA Technol-
ogies) per the sequences below and radiolabeled with P32 using
the Ambion DECAprime II kit (AM-1456, Applied Biosystems)
and P32-dATP (Perkin Elmer).

5’ Probe:

5'-TCTCCTAAACTGACAGAAAGTTCTCTTTTATTTGTG
TCTTGTAATTATAACTACTTACATGAAAAGTAATTGTGTGTG
CTAGTATTTTCTAATATAATTATTCTGAAGTACTAGAAG
TCTCCATCTTTTATGGTTTCATAGGCAGTACTTGTGAACATT
GCCCTGCCCCTCATATCTTGTCAGTCCTTGTGTCGTTACACT
TATAATATAAACATACTAGTCAAATTCTGCTAATATTTTGAA
AACTTGAGGGTTTCTTTTTTTTTGTTGCATACCCTCATAAAT
CCCTT-3'.
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3’ Probe:

5'-TCATCTACATTGTTTTGCATGGGGAATGAGATAATGTAA
GCCATGTTTCCAATGTTTTCCTTTATCAGGACTAACTGAAAT
GTTCAAGACTCCAGTGAAGGAGAAGCAGCAGCAGATGAGTGA
TACAGGCTCCGTACTTTCCAATTCAGCGAATTTGTCTGAAAG
ACAATTGCAAGTAACTAATTCAGGAGACATACCTGAGCCCAT
CACCACAGAGATTTTGGGTTGGTTTATTTGTCTTTTCCAATG
TTAAACTTTGGAATGGAGACTTGAAGACTGCCTTTTCTTTAT
AGACAATACTGGGTTCCTTCTCTACAATAGCTTTTCCTGGTG
AAATGCCGTTTCCACTTTCTCTGTTCTGTT-3'.

Western blot

Cells were lysed in 2x Laemmli buffer (Cat#1610737; BioRad
Laboratories) and the proteins separated on an Any kD Mini-
PROTEAN TGX precast protein gel (Cat#4569036; BioRad Labo-
ratories). Samples were transferred onto a Trans-Blot Turbo RTA
Mini Nitrocellulose membrane (Cat#1704270; BioRad Laborato-
ries), blocked with Blotto (5% skim milk powder, 0.1% Tween-20
in PBS), and incubated at 4°C overnight with primary antibodies
(Table S2). Membranes were washed with 0.1% Tween-20 in PBS
(PBST) and incubated with secondary antibodies (Table S2) for 1h
at room temperature and washed again with PBST. Immobilon
Forte Western HRP substrate (Cat#WBLUF0100; Merck Millipore)
was added for visualization, and images were acquired using a
ChemiDoc imaging system (BioRad Laboratories).

Flow cytometry and cell sorting

Cell samples were first incubated with purified anti-FcyRII/III
(clone 2.4G2) antibody and normal rat sera in 5 ml polystyrene
tubes before stained with fluorescently labeled antibodies and
molecules (Table S3). In some experiments, cells were subse-
quently fixed and permeabilized for cytoplasmic staining with
the Cytofix/Cytoperm reagents (BD Biosciences). Singlets were
identified according to forward and side scatter properties. Live
cells were identified by exclusion with Fixable Viability dye
efluor780 (Life Technologies). The data were analyzed using
FlowJo software (Treestar, Inc.). For cell sorting by flow cy-
tometry, samples were stained using fluorescently labeled an-
tibodies and molecules (Table S3) and 10,000-50,000 pre-pro-B,
pro-B, large pre-B, or small pre-B were sorted.

In vitro B cell culture

B cells were purified with the B cell negative isolation kit
(Cat#130-090-862; Miltenyi Biotec) and labeled with 5 uM Cell
Trace Violet (CTV, Cat#C34557; Life Technologies Australia Pty
Limited). Cells were incubated at 37°C in 5% CO,, for 3.5 days in
200 pl/well B cell medium under anti-CD40 antibody and IL-4
stimulation (Robinson et al., 2020).

ATAC-seq library preparation, sequencing, and data analysis

Sorted pre-pro-B, pro-B, and small pre-B cells were pelleted, and
a one-step permeabilization and tagmentation method was used
as described (Di Pietro et al., 2022). Libraries were indexed and
sequenced by a NovaSeq 6000 platform (Ilumina). ATAC-seq
data were processed with Nextflow pipeline (https://github.
com/alexyfyf/atac_nf) (Yan et al, 2020). FASTQ files were
quality-checked with FastQC (0.11.8) (Andrews, 2010) and
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trimmed with trimmomatic (0.39) (Bolger et al., 2014) to remove
low-quality reads and bases, and adapter sequences. Trimmed
FASTQ files were aligned to mouse genome (mm10) with bwa-
mem (0.7.17-r1188), and low-quality (<Q30), duplicated and
unmapped reads were removed (Li and Durbin, 2009). Filtered
BAM files were shifted to account for the 9-bp gap of Tn5
binding and peak calling was performed using MACS2 (2.2.7.1)
with the following parameters: -q 0.01 --nomodel --shift
-75 --extsize 150 --call-summits --keep-dup all (Zhang et al.,
2008). BAM files were converted to bigwig files for visual-
ization using deepTools (3.5.0) with reads per genomic content
normalization (Ramirez et al., 2016). Consensus peak set was
obtained by merging peaks in at least two samples and binding
signal matrix was obtained by counting and normalizing reads
in the consensus peaks. DARs were obtained under DESeq2
framework in DiffBind (2.12.0) (false discovery rate < 0.05)
(Stark and Brown, 2011). PCA plots were performed using
normalized read counts in 123,596 consensus peaks. GO en-
richment analysis was performed using PANTHER (Thomas
et al., 2022). Public ATAC-seq data for LT-HSC and DN3 thy-
mocytes and the annotations of putative enhancers at the Rag
locus were obtained from the ImmGen database (Heng et al.,
2008).

Statistical analysis and data visualization

Flow cytometry plots were generated with FlowJo software, data
were exported into Excel (Microsoft) and then into Prism
(GraphPad Software) for graphing and statistical analysis. Inset
numbers in flow plots are percent of the parent gate. P < 0.05
was considered significant throughout. Data on linear axes are
shown as mean + standard deviation (SD), and data on log axes
are shown as geometric mean with error bars indicating the
geometric SD factor. Statistical tests applied are stated in figure
legends. Figures were compiled using Adobe Illustrator.

Online supplemental material

Fig. S1 shows the generation and validation of Mki67~/~ mice. Fig.
S2 characterizes the defects in early B and T cell development in
the absence of Ki67. Fig. S3 shows chromatin accessibility at the
Igh and Igx loci in WT and Mki67~/~ pro-B and small pre-B cells,
chromatin accessibility at the Rag locus in LT-HSC, DN3, and
WT and Mki67-/~ pre-pro-B cells from either ImmGen data-
base or our own data. Fig. S3 also shows the mRNA expression
of Pax5, an abundance of rearranged VyJ558 with all Ji seg-
ments, intracellular p chain expression, and apoptosis in WT
and Mki67-/~ B cell progenitors. Table S1 shows annotated
genes enriched in the GO term cell differentiation GO:
0030154. Table S2 shows antibodies used in western blot and
flow cytometry. Table S3 shows the antibody panel used in
flow cytometry.

Data availability

Raw ATAC-seq data underlying Figs. 3 and 4 are available on
Gene Expression Omnibus with accession number GSE246986.
All data are available in the article itself and its supplementary
materials and are also available upon request from the corre-
sponding authors.
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Figure S1. Related to Fig. 1: The generation and validation of Mki67-/~ mice deficient for Ki67. (A) Schematic of the recombining strategy to target the
MKki67 locus. FRT, flippase recognition target. (B) Schematics of the Southern screening strategy used for genotyping embryonic stem cells and mice exhibiting
Xbal restriction sites and expected band sizes from a 5’ hybridizing probe on WT, targeted, and knockout alleles. (C) Southern screens generated from mouse
tissue biopsy samples showing WT Mki67 bands at 14.0 kb and exon 4-deleted Mki67 bands at 3.7 kb. (D) In silico translation by ExPASy of mutant Ki67 protein
sequence in comparison to WT Ki67 protein sequence. Red, initiating amino acid; blue, where open reading frame is read; -, where stop codon is read. (E) RT-
qPCR analysis of the relative abundance of the sequences across the exon 3-4 junction in the Mki67 loci in liver samples from WT (n = 3) and Mki67~/~ mice (n =
3). (F) Western blot analysis of Ki67 protein expression in WT (n = 3) and Mki67~/~ (n = 3) splenocytes stimulated with 20 ng/ml LPS for 48 h. The expression of
GAPDH was used as control. (G) Flow cytometry plot showing Ki67 protein expression in WT and Mki67~/~ splenocytes stimulated with 20 ng/ml LPS for 48 h.
Data are representative of three mice from each group. (H) Histology showing H&E staining of skin, lung, liver, smallintestine, BM, thymus, and spleen sections
from WT and Mki67~/~ mice. Scale bars represent 20 pm. Data are representative of three mice from each group. Statistical significance between conditions in E
was assessed by two-tailed unpaired t test with P value shown. Source data are available for this figure: SourceData FS1.
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Figure S2. Related to Fig. 2: Characterization of the defects in early B and T cell development in the absence of Ki67. (A) Total cell counts of thymocytes
in WT (n = 4) and Mki67-/~ (n = 4) mice. (B) Gating strategy of T cell progenitors at DN1, DN2, DN3, DN4, DP, CD4, and CD8 in the thymus. Representative
percentages of the gated populations of the parental gate are shown. (€) Quantification of cell numbers of DN1, DN2, DN3, DN4, DP, CD4, and CD8 per thymus
in WT (n = 4) and Mki67-/~ (n = 4) mice. (D) Differentiation indexes calculated as cell numbers of a later T cell developmental stage divided by that of the former
stage in WT (n = 4) and Mki67-/~ (n = 4) mice. (E) Schematic of the BM reconstitution setup. (F) Representative gating strategy for each stage among the
CD45.2 B220*IgD"Lin" B-lineage cells derived from the CD45.2 WT donor (n = 3) or Mki67~/~ donor BM (n = 3). (G) Differentiation indexes calculated as cell
numbers of a later B cell developmental stage divided by that of the former stage of B cell progenitors derived from the CD45.2 WT donor (n = 3) or Mki67-/~
donor BM (n = 3). (H) Representative gating strategy for T cell progenitors at each stage among the CD45.2 thymocytes derived from the CD45.2 WT donor (n =
3) or Mki67-/~ donor BM (n = 3). (1) Differentiation indexes calculated as cell numbers of a later T cell developmental stage divided by that of the former stage of
T cell progenitors derived from the CD45.2 WT donor (n = 3) or Mki67-/~ donor BM (n = 3). Data in A-D are representative of four independent experiments and
in E-I two independent experiments. Statistical significances in A were determined by two-tailed unpaired t test and in C, D, G, and | by multiple unpaired
t tests (corrected for multiple comparisons using the Holm-Sidak method). P values or adjusted P values are shown. ns, P > 0.05.
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Figure S3. Related to Figs. 3, 4, and 5: Chromatin accessibility, gene expression, VD), rearrangement, and apoptosis in WT and Mki67-/- B cell
progenitors. (A) Accessibility of the Igh locus (chr12:113,254,000-116,022,000) in the pro-B and small pre-B cells from WT and Mki67-/~ mice. Data are
representative of four mice from each group. (B) Accessibility at the Igk locus (chr6:67,554,000-70,728,000) in the pro-B and small pre-B cells from WT and
Mki67~/~ mice. Data are representative of four mice from each group. (C) Accessibility at the Rag locus (chr2:101,550,000-111,655,000) in LT-HSC and DN3
thymocytes from WT mice (obtained from the ImmGen database) and in pre-pro-B cells from WT and Mki67~/~ mice (representative of four mice from each
group). The putative enhancer region annotated by ImmGen database for the Rag locus is highlighted. (D) mRNA expression of Pax5 in pre-pro-B, pro-B, and
small pre-B cells from WT (n = 6) and Mki67-/~ (n = 6) mice by RT-qPCR. Normalization was performed as described in Fig. 4. Data are merged from two
independent experiments. Statistical differences were determined by multiple Mann-Whitney tests (corrected for multiple comparisons using the Holm-Sidak
method). ns, P > 0.05. (E) Representative histograms showing intracellular u chain expression in WT and Mki67-/~ pre-pro-B, pro-B, and large pre-B cells.
(F) Comparison of the median fluorescent intensity (MF1) of intracellular u chain expression in WT (n = 3) and Mki67~/~ (n = 3) pre-pro-B, pro-B, and large pre-B
cells. Statistical differences were determined by one-way ANOVA using Dunnett’s multiple comparisons tests. (G) The relative abundance of recombined
V}yJ558 family members and each of the J1-4 segments in WT (n = 9) or Mki67-/~ (n = 6) pre-B cells measured by qPCR. AACT was calculated as described in
Fig. 4 E. Statistical differences were determined by two-tailed unpaired t test with P values shown. (H) Gating strategy of apoptotic cells among small pre-B
cells from WT- or Mki67-/~Rag1l~/~SWyg -HCX/Ki mice. (I) Quantification of percentages of apoptotic cells among the small pre-B cells from WT- (n = 3) or
Mki67-/-Rag1~/=SWyg -HCK/Ki (n = 3) mice. Statistical differences were determined by two-tailed unpaired t test with P values shown.
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Provided online are three tables. Table S1 shows annotated genes enriched in the GO term cell differentiation GO:0030154. Table S2
shows antibodies used for western blot and flow cytometry. Table S3 shows antibodies and fluorescent dyes used for flow
cytometry and cell sorting.
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