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Abstract

Expression of the transcription factor Zbtb1 is required for normal lymphoid development. We
report here that Zbtb1 maintains genome integrity in immune progenitors without which cells
undergo increased DNA damage and p53-mediated apoptosis during replication and
differentiation. Increased DNA damage in Zbtb1-mutant (ScanT) progenitors was due to increased
sensitivity to replication stress, which was consequence of inefficient activation of the S-phase
checkpoint response. Increased p53-mediated apoptosis affected not only lymphoid but also
myeloid development in competitive bone marrow chimeras and prevention of apoptosis by
transgenic Bcl2 expression and p53-deficiency rescued lymphoid as well as myeloid development
from Zbtb1-mutant progenitors. Interestingly, however, protection from apoptosis rescued only the
early stages of T-cell development and thymocytes remained arrested at the DN3 developmental
stage, indicating a strict requirement of Zbtb1 at later T-cell developmental stages. Altogether,
these results indicate that Zbtb1 prevents DNA damage in replicating immune progenitors,
allowing the generation of B-cell, T-cell and myeloid cells.
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INTRODUCTION

A prominent family of transcription factors, BTB-ZF (Broad complex, tramtrack, and Bric a
brac-zinc finger), is well represented at lineage decision points during immune cell
development. Among members of this family, the transcription factor Miz1 (Zbtb17) is
required for B-cell development (1); Lrf (Zbtb7a), is a master regulator of B-cell
differentiation (2) and it also controls erythroid development (3); Th-POK (Zbtb7b) controls
CD4" versus CD8™ T-cell differentiation (4); Bcl6 (Zbtb26) controls Tth differentiation (5—
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7) and the development of CD8* memory T-cells (8, 9); and PLZF (Zbtb16) controls the
effector maturation of iNKT cells and 1L-17*y8T-cells (10-13).

It was recently shown that another member of this family, Zbtb1, is expressed in
hematopoietic cells and it is essential for T-cell development while it is partially required for
B-cell and NK-cell development (14, 15). A point mutation in the BTB domain of Zbtbl
(ScanT mutant), as well as Zbtb1 deficiency leads to complete absence of T-cells. Under
competitive conditions, however, only myeloid cells develop in ScanT mutant mice,
suggesting a specific function of Zbtb1 during lymphoid but not myeloid differentiation
(14). However, how Zbtb1 exerts these functions has not been explored.

More recently, using epithelial cell lines as model system, Zbtb1 was identified as a
regulator of a DNA damage tolerance mechanism that occurs during DNA synthesis and it is
triggered in response to stalling of the replication fork (16). At stalled replication forks, the
continuous action of helicases leads to the formation of single stranded DNA, to the
recruitment and activation of the ATR kinase, phosphorylation of Chk1 and inhibition of
DNA synthesis (s-phase checkpoint). Zbtb1 interacts with Kap1, allowing the accessibility
of Rad18 to DNA damage sites and to the recruitment of low fidelity DNA polymerases that
can bypass the DNA lesion, preventing DNA damage. This process is called translesion
DNA synthesis (17). Absence of the s-phase checkpoint response as it occurs in ATR-
deficient or Chk1-deficient cells leads to extensive DNA damage, chromosomal
abnormalities, and consequently to cell death (18) (19, 20).

In this work we have identified that Zbtb1 is required for the efficient activation of the S-
phase checkpoint response in proliferating immune progenitors, preventing DNA damage
and p53-mediated cell death. This function of Zbtbh1 was required for efficient lymphoid as
well as myeloid development. Interestingly, protection from apoptosis and p53-deficiency
rescued myeloid and B-cell development but only the early stages of T-cell development in
ScanT mice and thymocytes didn’t progress beyond the DN3 and DP developmental stages
respectively, indicating that Zbtb1 also controls the later stages of T-cell development
independently of activation of the pro-apoptotic p53 pathway.

MATERIALS AND METHODS

Animals

Experiments with animals were approved by the IACUC committee. The Zbtb1-GFP
transgenic strain was kindly donated by Dr. Derek Sant’ Angelo. Zbtb1-GFP mice were
generated in a C57BL/6 background and were maintained by breeding with C57BL6/J mice
from Jackson Laboratory (Bar Harbor, Maine 04609). Zbtb1-GFP mice grow, behave and
breed normally. There is no disparity in phenotypes displayed between males and females.
ScanT mice were kindly provided by Dr. Bruce Beutler and were previously described (14).
Vav-Bcl2 transgenic mice were previously described (21) and p53-deficient mice were
obtained from the Jackson Laboratory. All strains are in a C57BL/6 background and animals
were used between 4 to 8 weeks of age. As controls for the experiments with ScanT mice we
used littermates when available or C57BL/6 mice of similar age and sex.
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BAC modification and generation of Zbtb1-GFP transgenic mouse

Cell culture

About 185 kb-long bacteria artificial chromosome (BAC) DNA containing the full length of
mouse Zbtb1 gene were used for modification. Starting from translation initiation site ATG,
the 1133bp long DNA fragment was replaced by GFPCre fusion protein coding sequence
(1767bp), using RED/ET BAC Moadification Kit (Gene Bridges GmbH, Heidelberg). Briefly,
about 500bp homologous arm A and B, and GFPCre sequence in between, was subcloned
and sequencing-verified. The targeted DNA sequence in the original BAC was first replaced
by rpsL-neo counter-selection marker, then rpsL-neo was replaced with GFPCre by
homologous recombination. The DNA integrity of the recombined BAC was checked by
restriction enzyme foot-printing.

The modified BAC DNA was purified by Cesium Chloride density-gradient centrifugation.
After getting rid of cesium chloride, the DNA was dialyzed in injection buffer overnight.
The diluted DNA was then injected into fertilized egg to generate Zbtb1-GFP transgenic
mouse.

OP9 and OP9-DL1 cells were cultured in «MEM containing 10% FBS (vol/vol), 100 U/ml
Penicilin, 100 pg/ml Streptomycin, 2.2 g/l Sodium bicarbonate, 50 uM p-mercaptoethanol.
For most cultures, bone marrow progenitor cells were sorted and seeded on OP9 stromal
cells in aMEM medium supplemented with 5 ng/ml FIt3L and 1 ng/ml IL-7. Lin-Sca-1*c-
kit* cells were cultured in X-VIVOTM 10 (Lonza) medium containing 20 ng/ml 1L-3, 50
ng/ml 1L-6 and 50 ng/ml SCF. NIH3T3 cells were cultured in DMEM ontaining 10% FBS
(vol/vol), 100 U/ml Penicilin, 100 pg/ml Streptomycin, 2.2 g/l Sodium bicarbonate.

Flow Cytometry and Cell Sorting

Single-cell suspensions were prepared at the time of autopsy from thymus, bone marrow, or
spleen in PBS containing 0.1% BSA and 0.08% sodium azide (staining buffer). Antibody
incubation was performed at 4°C for 20 min in staining buffer. For LMPPs and CLPs,
freshly isolated bone marrow cells were incubated with biotinylated antibodies to CD3e
(145-2C11), B220 (RA3-6B2), TER-119 (TER-119), CD11b (M1/70), Gr-1 (RB6-8C5).
Lineage-positive (Lin*) cells were depleted by MACS separation system according to
manufacturer’s recommendations. After enrichment, Lin~ cells were stained with surface
markers. LMPPs were sorted by flow cytometry as Lin~Sca-1*c-Kit*FIt3", and CLPs were
sorted as Lin"IL-7Ra*AA4.1*FIt3*. Antibodies used for flow cytometry are listed below:

CD45.1 (A20), CD45.2 (104), Sca-1 (E13-161.7), c-Kit (2B8), FIt3 (A2F10), IL-7Ra
(A7R34), CD93 (AA4.1), B220 (RA3-6B2), CD19 (6D5), CD11b (M1/70), Gr-1
(RB6-8C5), CD44 (IM7), CD25 (PC61), Thy1.2 (30-H12), CD4 (RM4-5), CD8a (53-6.7),
TCR-B (H57), P53 (1C12).

Sorting and FACS analysis was performed using an LSRII and FACSaria cell sorter and post
analysis of data was performed was done using the Flojo software.
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Tunel and Annexin staining

Anexin staining was performed according to the manufacturer instructions (eBioscience).
After staining of cells with antibodies, cells were washed in PBS and resuspended in
annexin binding buffer containing FITC-conjugated annexin V. After incubation at room
temperature for 15 min, cells were diluted in annexin V binding buffer and analyzed by flow
cytometry. For Tunel assays we used the in situ cell death detection kit-FITC (Roche)
following the manufacturer’s instructions. Briefly, cells were stained with antibodies, and
labeled with the fixable viable cell dye (ebioscience), cells were washed, fixed with PFA 2%
for 30 min, permeabilized with 0.1% triton buffer and later incubated with the kit reagent for
60 min, washed and analyzed by FACS.

Metaphase spreads

Primary B cells were stimulated with 10 pg/ml LPS, 0.5 pg/ml anti-CD180 (RP105) and 10
ng/ml IL-4 for two days. Different concentration of ATR inhibitor VE-822 was added and
cells were incubated for another 24 hours. Colcemid (Roche) was added to a final
concentration of 100 ng/ml to the culture and cells were incubated 37°C for 1 to 1.5 hours.
Cells were then resuspended in prewarmed (37°C) 75 mM KCI and incubated for 20 min.
Cells were harvested and resuspended in freshly prepared fixative (3 parts methanol, 1 part
acetic acid). After incubation at room temperature for 30 min, cells were harvested and
resuspended in freshly prepared fixative at —20°C overnight. Metaphase spread were
prepared by Dropping into slides using a Thermotron at about 52% humidity.

Immunofluorescence labeling, confocal microscopy and image analysis

Cells labeled using standard procedures. Briefly, cells were cytospined into slides, fixed with
4 % formaldehyde, permeabilized with 0.5 % Triton X-100 in PBS for 5 min at room
temperature, blocked with 4 % normal goat serum in PBS for 15-60 min and stained with
the primary antibody for 1 hour at room temperature. After washing, slides were incubated 1
hour in the presence of secondary antibody, rinsed once with 0.1 % Triton X-100 in PBS and
3 times in PBS. Slides were prepared for microscopy after staining with 100 nM DAPI in
PBS for 20 min at room temperature. Images were acquired in a Zeiss Zen confocal
microscope and post image analysis was done using Zeiss Zen image software, cells were
segmented based on the DAPI stain. The MFI of yH2AX as well as the number of yH2AX
foci was measured only in the DAPI* region. The plotted histograms were constructed using
the Countif function in Excel of the raw data extracted from the image analysis.

Western Blot Analysis

Primary B cells with different treatment were lysed with 1% NP40 lysis buffer (1% NP40,
300 mM NacCl, 0.1 mM EDTA, 50 mM Tris pH 7.5) containing protease inhibitor cocktail
(Roche) and phosphatase inhibitor (Sigma), resolved by NuPAGE (Invitrogen) gel
electrophoresis and transferred to a PVDF membrane. After incubation with antibodies, the
positive signal was detected by enhanced chemiluminescence method. The blots were
developed by LAS 3000 Imaging System (GE Healthcare Life Sciences).
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In vitro labeling and staining of BrdU

Dividing Cells were in vitro labeled with 10 uM BrdU for 30 min at 37°C. Stained with
Fixable Viability Dye (FVD) to label dead cells before fixation. Cells were then stained with
antibodies and fixed with freshly prepared 1xBrdU Staining Buffer solution for 15 min at
room temperature in the dark. After washing and resuspension, cells were digested with
DNase I working solution for 1 hour at 37°C in the dark and stained with anti-BrdU
antibody for 20-30 min at room temperature in the dark.

Cell Proliferation Assay by CellTrace™ Violet Labeling

Cells were incubated with PBS dye solution containing 5 uM CellTrace™ Violet for 20 min
at 37°C in the dark. Free dye remaining in the solution was removed by washing with
culture medium. Cells were cultured for the indicated time period before flow cytometry
analysis.

RNA isolation and real time PCR

RNA was extracted using RNeasy Plus Micro Kit (QIAGEN) and reverse transcribed using
iScript™ cDNA Synthesis Kit (BIO-RAD). Real time PCR was performed in a 10 ul reaction
volume with iTaqg™ Universal SYBR® Green Supermix (BIO-RAD). Reaction was
performed on 7900HT Fast Real-Time PCR System (Applied Biosystems). Expression of
the gene of interest was calculated relative to HPRT mRNA levels.

Generation of Lhx2 cell lines by retroviral transduction

We generated a retrovirus expressing Lhx2 under the control of the TRE promoter by
deleting the dsSRED-miR30 fragment from TrmpVIR plasmid generated by Dr. Scott Lowe
(Addgene plasmid#27994) (22) with BamH1-EcoRI restriction enzymes and inserting the
Lhx2 cDNA. Retrovirus were generated by transfection of 293T cells with packaging
plasmids pMD2G (from Dr. Trono Addgene #12259) and pCL-Eco from (Dr. Inder Verma
Addgene 12371) and the generated virus was collected in the supernatants 2 days after
transfection. Scal* bone marrow cells were isolated with magnetic beads (Miltenyi Biotech)
and cells were stimulated to proliferate with hematopoietic cytokines IL-3, IL-6 and SCF
overnight in serum-free ExVivo media. Cells were then transduced by spin infection in the
presence of 8uM of polybrene for 2 hours. Transduced immune progenitors were then
washed and cultured in ExVivo media for additional 2 days before sorting of GFP* cells.
Cells were maintained in IMDM media supplemented with antibobiotics and 10%FBS in the
presence of SCF, IL6 and Doxycycline (10ng/ml) to induce Lhx2 expression.

Generation of Flag-Zbtb1-IRES-Thyl.1 and Flag-ScanT-IRES-Thy1.1 constructs

The Flag-Zbtb1 and Flag-ScanT constructs were cloned into a Thy1.1* expressing retrovirus
(23) using EcoRI and Xhol restriction enzymes. The generated virus from these constructs
were used to transduce NIH3T3 cells and transduced Thy1.1* cells were selected by positive
selection with anti-biotin MACs beads (Miltenyi Biotech). Stably transduced
Thy1.1*NIH3T3 were maintained in DMEM media supplemented with antibiotics and
10%FBS.
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Generation of competitive BM chimeras

For the generation of competitive bone marrow chimeras, recipient F1 mice
(CD45.1*CD45.2%) of over 2 month of age were lethally irradiated with two doses of 500
rads separated by 5 hours before i.v. injection of a mixture of bone marrow cells from donor
mice (2-5x10° cells/recipient). Mice were analyzed 2—4 months after reconstitution.

RESULTS

Zbtb1 is required for efficient development of immune cells

Zbtb1 was previously reported to be expressed in hematopoietic stem cells and progenitors
and to control lymphoid development (14, 15). To better understand the expression pattern
of Zbtb1 during immune cell development, we analyzed GFP levels in a BAC transgenic
Zbtb1-GFP reporter mouse which was generated and kindly provided by Dr. Derek
Sant’Angelo. FACs analysis of bone marrow cells from Zbtb1-GFP mice revealed that
lineage* cells were GFP'° while lineage™ cells were homogenously GFPN. We then validated
the reporter model by RT-PCR of endogenous Zbtb1 transcripts on sorted GFP* and GFP~
cells from Bone Barrow (Supplementary Figure 1a). Using this reporter model we analyzed
Zbtb1 levels in different immune populations. As reported previously by RT-PCR, we
identified that hematopoietic progenitors in bone marrow were already Zbtb1 expressing
cells. Thymocytes at different stages of development as well as mature T-cells, B-cells and
myeloid cells were also Zbtb1-expressing cells (Supplementary Figure 1b). In summary, the
high Zbtb1 expression in hematopoietic progenitors suggested a functional role at this
developmental stage.

To analyze the impact of Zbtb1 expression to immune cell development, we obtained ScanT
(Zbtb1l-mutant) mice from Dr. Bruce Beutler. A point mutation within the BTB domain of
Zbtb1, termed “ScanT”, leads to absence of T-cells similarly to Zbtb1 deficiency. As it was
not reported if the ScanT point mutation affected the stability or function of Zbtb1, we set
out to investigate if the ScanT mutant form of Zbtb1 protein could be detected. For this
purpose we generated plasmid constructs expressing either wild type (Flag-Zbtb1) or mutant
(Flag-ScanT) Zbtb1 forms upstream of an IRES-Thy1.1. Using this system we could
simultaneously detect the presence of the Flag-Zbtbl or Flag-ScanT and Thy1.1 proteins
which are derived from the same mRNA in transduced NIH3T3 cells.

Although similar levels of Thy1.1 were detected by FACs analysis of NIH3T3 cells
transduced with either Flag-Zbtb1 or Flag-ScanT constructs, the ScanT form could not be
detected by FACs analysis with an anti-flag antibody (Supplementary Figure 2a) or by
immunofluorescence (Supplementary Figure 2c). We could also not detect presence of the
Zbtb1 protein by western blot of NIH3T3 cells transduced with the Flag-ScanT construct
(Supplementary Figure 2b). In correlation, B-cells isolated from ScanT mice didn’t have
detectable Zbtb1 protein levels (Supplementary Figure 2d). Altogether, these data indicate
that the ScanT mutation in Zbtb1 severely affects its stability, validating the ScanT mouse
model as a Zbtb1-deficient model.

To evaluate the impact of Zbtb1 to immune cell development, we performed mixed bone
marrow chimeras in which ScanT progenitor cells were in competition with wild type cells.
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We identified the origin of the cells by the congenic markers CD45.1 and CD45.2. We
observed that ScanT progenitors could, similar to wild type cells, efficiently reconstitute
LSK progenitors as well as LT-HSCs in the bone marrow under these competitive
conditions. As previously described, T-cell and B-cell development from ScanT progenitors
were highly affected (16). Although myeloid cells could be generated from ScanT
progenitors, their development was partially affected. Analysis of the percentage of ScanT-
derived myeloid cells relative to the percentage in of ScanT-derived LSK cells revealed that
myeloid reconstitution was approximately 75% lower than that from wild type progenitors
(Figure 1a). Interestingly, despite the impaired lymphoid and myeloid differentiation of
ScanT-derived cells, lymphoid and myeloid progenitors were efficiently generated
(Supplementary Figure 3).

The impaired generation of mature immune cells from ScanT progenitors was also observed
in in vitro developmental systems. ScanT LMPP cells could not develop into DN3
(CD44-CD25%) thymocytes in OP9-DL1 co-cultures but could develop into myeloid
(CD11b™*) cells in myeloid-promoting conditions (Figure 1b and c). Similarly to LMPP cells,
CLP progenitors could not develop into T-cells in OP9-DL1 co-cultures but generated B-
cells (B220*CD19%) in OP9 co-cultures (Figure 1d and ). However, the number of cells
generated from ScanT progenitors in culture was highly and significantly reduced in all
differentiating conditions (Figure 1f).

Altogether these results indicate that Zbtb1 is not required for the generation of immune
progenitors from hematopoietic stem cells but for the differentiation of immune progenitors
towards mature myeloid and lymphoid cells.

Zbtb1 prevents apoptosis in replicating immune progenitors

As the ScanT mutation affected development of all immune lineages, and as the generation
of mature immune cells is associated with active proliferation, we postulated that impaired
proliferation or survival of ScanT progenitors may underlie their impaired development. To
test this, we sorted the LSK progenitor population from wild type and ScanT bone marrow
and cultured them with SCF, IL-6, and IL-3 cytokines, which stimulate the proliferation of
undifferentiated cells. Under these conditions, we measured the ability of the cells to
proliferate by dilution of cell trace label and the proportion of apoptotic cells by annexin V
staining, gating on Pl negative live cells. We didn’t detect an increase of apoptotic (Annexin
V*) LSK cells from ScanT mice when analyzed ex-vivo, however, when stimulated to
proliferate /n vitro, approximately 45% of ScanT lineage-negative cells were apoptotic as
compared to approximately 20% of wild type cells as measured by Annexin V staining
(Figure 2a and b). The increased apoptosis of ScanT progenitors correlated with
significantly reduced cell numbers (Figure 2b). Approximately 30% of ScanT cells
presented apoptotic DNA breaks after culture as measured by the Tunel assay (Figure 2c).
However, despite their increased apoptosis, ScanT LSK cells diluted the cell trace label
similarly to wild type cells, indicating that the ScanT mutation does not affect their ability to
initiate proliferation (Figure 2d). To investigate if the apoptosis of ScanT LSK cells was
unrelated to a specific differentiation pathway, we attempted to generate hematopoietic cell
lines from wild type and ScanT immune progenitors. For this purpose we generated a
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retroviral construct expressing Lhx2 under the control of the TRE promoter (Dox induced)
(pTrmpVIR-Lhx2). Overexpression of Lhx2 is sufficient to drive the differentiation of
Embryonic Stem cells (ESC) towards immune progenitors and to generate hematopoietic
cell lines in culture from adult bone marrow (24). Although LSK cells derived from ScanT
and wild type mice could be similarly transduced with the TrmpVIR-Lhx2 construct, only
wild type cells could be efficiently maintained in culture and presented an undifferentiated
phenotype (Figure 2e). These results further confirm that although Zbtb1 is required for the
development of immune cells from lineage-committed progenitors, its function is not related
to a specific developmental pathway but to prevent the apoptosis of actively proliferating
cells, presumably by protecting cells to replication stress.

To test if the ScanT mutation leads to increased DNA damage and p53-mediated apoptosis
in response to replication stress, we analyzed yH2AX by microscopy, a marker of DNA
damage and replication stress (25), and intracellular p53 levels on LSK cells that have been
stimulated to proliferate /n vitro. We observed that ScanT progenitors presented a
significantly higher proportion of cells expressing high p53 levels than wild type progenitors
(Figure 2f). Increased p53 levels in ScanT cells correlated with an increased proportion of
cells presenting high yH2AX intensity levels (MFI range 1200-2000) (Figure 2g).
Interestingly, ScanT mice had the same proportion of LT-HSCs (Lin"ckit*Scal*CD150%)
than wild type mice, some of which presented yH2AX foci, in similar proportions to wild
type cells, indicating that ScanT LT-HSC are not undergoing increased replication stress or
DNA damage in vivo (Figure 2h). Thus, Zbtb1 prevents increased yYH2AX and p53 levels,
and prevents apoptosis in immune progenitors when stimulated to proliferate /n vitro.

Zbtbl prevents DNA damage in proliferating B-cells

Upon replication stress, the ATR kinase is recruited to the site of stalled replication forks,
ATR phosphorylates Chk1, which blocks DNA synthesis, allowing time for the DNA lesion
to be repaired (18). Inefficient ATR activation and Chk1 phosphorylation is lethal for the
cell, consequence of high levels of double strand breaks (DSB) and chromosomal
aberrations (26).

To test if ScanT cells were more sensitive to generate DNA damage upon replication stress,
as some B-cells but no T-cell develop in ScanT mice, we used ScanT B-cells as a model
system. We first evaluated if ScanT B-cells were able to initiate cell cycle after stimulation
with LPS overnight. We analyzed the proportion of cells that were in S/G2-phase by FACs
analysis of the intracellular DNA levels (DAPI) and their ability to incorporate BrdU, which
occurs during DNA synthesis. ScanT B-cells initiated cell cycle similarly to wild type cells
as observed by a similar proportion of cells in S/G2-phase and a similar incorporation of
BrdU (Figure 3a). To directly evaluate if Zbtb1 prevents DSBs in proliferating cells we
analyzed metaphase spreads from B-cells that have been treated with different
concentrations of the ATR inhibitor (VE-822). Interestingly, partial inhibition of ATR
function by 300nM treatment caused chromosomal aberrations in approximately 20% of
wild type B-cells, but it led to a significant increase in the proportion of cells with
chromosomal aberrations in ScanT B-cells (Figure 3b), indicating that ScanT cells are more
sensitive to replication stress and to the generation of DNA damage and chromosomal
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aberrations. Increased sensitivity to replication stress in ScanT B-cells also led to a
significant reduction of B-cell numbers at four days after stimulation of proliferation (Figure
3c).

Zbtb1l is required for efficient phosphorylation of Chk1 preventing increased p53 levels in
response to replication stress

As we observed that partial inhibition of ATR led to increased chromosomal abnormalities
in ScanT B-cells, we postulated that Zbtb1 is required for efficient activation of the ATR-
Chk1 pathway, which is necessary to avoid DNA damage and cell death. To test this
hypothesis, we isolated B-cells, stimulated them to proliferate with LPS for 18hs and treated
them with different UV doses to generate thymidine-thymidine dimers that block DNA
synthesis and induce replication stress. 90 minutes after irradiation we measured
phosphorylated (pChk1) and total Chk1 by western-blot. We observed a dose-response
increase of pChk1 in wild type B-cells. Interestingly, ScanT B-cells presented significantly
lower pChk1 levels, indicative of inefficient activation of this pathway (Figure 3d and e).
Inefficient activation of the S-phase response in ScanT cells led to increased DNA damage
evidenced as increased levels of phosphorylated Kapl, yH2AX and p53 levels (Figure 3f and

9)-

These data indicate that Zbtb1 is required for efficient Chk1 phosphorylation in replicating
B-cells, protecting from DNA damage and increased p53 levels.

Transgenic Bcl2 expression and p53 deficiency rescue B-cell development in ScanT mice

As we have observed that ScanT progenitors upregulate p53 levels and undergo apoptosis
when cultured /n vitro, we wanted to test if protection from apoptosis and p53 deficiency
would rescue B-cell development of ScanT progenitors.

To test this, we analyzed the B-cell developmental potential of CLPs isolated from
compound ScanT x Vav-Bcl2 transgenic mice, which protects cells from apoptosis (21) and
from ScanT p53~/~ mice. We observed that both transgenic Bcl2 expression as well as p53-
deficiency significantly rescued the generation of B-cells /7 vitro from CLP ScanT
progenitors (Figure 4a and b). Transgenic Bcl2 expression as well as p53-deficiency
similarly rescued B-cell numbers in ScanT mice (Figure 4c). Analysis of B-cell development
in the Bone marrow revealed lower numbers of proB and preB cells, immature and mature
recirculating B cells in ScanT mice, and this deficiency was reverted by transgenic Bcl2
expression (Figure 4d). We observed a proportional increase of marginal zone B-cells in the
spleens of ScanT mice as previously described (14), and this increase was not reverted by
transgenic Bcl2 expression (Figure 4e), strongly suggesting that Zbtb1 may also affect the
differentiation of B-cells independently of its effects at early stages of B-cell development.
In summary, these results indicate that protection from apoptosis rescues the early stages of
B-cell development leading to normal B-cell numbers, however, ScanT progenitors
preferentially generate marginal zone B-cells.
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Transgenic Bcl2 expression and p53 deficiency partially rescue T-cell development in

ScanT mice

In order to evaluate if p53-mediated apoptosis of ScanT thymic progenitors was the main
mechanism affecting T-cell development, we analyzed the thymic profile of compound
ScanT x Vav-Bcl2 mice and ScanT p53~/~ mice.

As previously reported, ETP, DN2, DN3 and DN4 thymocytes were absent in the ScanT
thymus. We observed that transgenic Bcl2 expression rescued the generation of ETP, DN2a
and DN3 thymocytes but not the generation of DN4 thymocytes (Figure 5a, b, ¢ and d) or
DP thymocytes (Figure 6a). p53-deficiency, however, was sufficient to rescue the generation
of ETP, DN2a, DN3 and DN4 thymocytes (Figure 5a, b, ¢ and d), as well as DP thymocytes,
but not the generation of CD4 or CD8 single positive thymocytes (Figure 6b).

These results indicate that prevention of apoptosis in ScanT progenitors is sufficient to
rescue the early but not the late stages of T-cell development, and that ScanT thymocytes
cannot progress beyond the preTCR checkpoint and remain arrested at the DN3 stage of
development. They also show that p53-deficiency is sufficient to bypass the preTCR
developmental block of ScanT thymocytes, leading to the generation of DP thymocytes, but
thymocytes cannot undergo positive selection. This partial rescue of T-cell development in
ScanT mice by transgenic Bcl2 expression as well as p53-deficiency was observed as a
partial increase of thymic cellularity (Figure 6d).

The T-cell developmental phenotypes of ScanT cells, when protected from apoptosis, are
highly reminiscent of Rag-deficient thymocytes, in which absence of a rearranged TCRf
leads to a developmental block at the DN3 stage, which can be bypassed by p53-deficiency
but not by transgenic Bcl2 expression (27, 28). Therefore, we postulated that Zbtb1 might be
required for TCRp rearrangements and absence of a rearranged TCR in ScanT thymocytes
may be responsible for these phenotypes. To evaluate this, we measured intracellular TCRB
levels which can be detected in cells that underwent productive TCRp rearrangements at the
DN3 stage. Surprisingly, we observed that the few DP thymocytes that are generated in
ScanT mice express a rearranged TCRp as well as ScanT p53~/~ DP thymocytes (Figure 6c),
indicating that complete lack of TCR rearrangements is not the underlying cause of the
developmental block.

Transgenic Bcl2 expression and p53 deficiency rescue the generation of Myeloid and B-
cells but not the generation of T-cells from ScanT progenitors in bone marrow chimeras

As the defect in the generation of myeloid cells from ScanT progenitors was observed only
in competitive bone marrow chimeras, we set up to analyze if transgenic Bcl2 and p53-
deficiency could rescue myeloid, as well as B and T-cell development from ScanT
progenitors in competitive bone marrow chimeras with wild type cells as performed in
Figure 1a. We observed that both the development of myeloid and B-cells from ScanT
progenitors were significantly recovered by transgenic Bcl2 and p53-deficiency. As
expected, however, T-cell development was not recovered (Figure 7a and b).

Altogether, we have identified that Zbtb1 is expressed in hematopoietic stem cells and
immune progenitors before commitment to lymphoid or myeloid lineages occur, and at this
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stage, it prevents the generation of DNA damage and p53-mediated apoptosis by allowing
the activation of the S-phase checkpoint response. Interestingly, although B-cell and myeloid
development from ScanT progenitors was rescued by protection from apoptosis and p53-
deficiency, abrogating the p53 pathway only rescued the earlier but not the later stages of T-
cell development, indicating that p53-mediated apoptosis is not the only mechanisms by
which Zbtb1 controls T-cell development.

DISCUSSION

Zbtb1 is required for lymphoid development, but its mechanism of action has not been
elucidated (14, 15). We report here that the main function of Zbtb1 is to maintain genome
stability in immune progenitors without which cells undergo increased DNA damage and
p53-mediated apoptosis during replication and differentiation.

Two isoforms of Zbtb1 were described a 644aa and a 713aa form. The 713aa form is highly
expressed in hematopoietic cells including HSC and MPP progenitors in bone marrow, T
cells and B-cells. The expression pattern of the 713aa form of Zbtb1 was shown to be
regulated during B and T-cell development. Interestingly, although Zbtb1 expression was
shown to be high in immature B-cells and downregulated during B-cell development, the
pattern of expression seemed different during T-cell development and it was reported to be
upregulated in DP thymocytes (15). As previously reported, we observed an increase of
relative Zbtb1 expression levels in DP thymocytes compared to DN thymocytes by RT-PCR
(data not shown), however analysis of Zbtb1 expression using our reporter Zbtb1-GFP mice
didn’t show this pattern and Zbtb1 levels were downregulated during T-cell development.
This apparent discrepancy could be explained by differences in the housekeeping gene
expression (HPRT) between DN and DP subsets. In agreement with the reported expression
of Zbtb1, we identified high expression of Zbtb1 in HSCs and immune progenitors.

Replication stress occurs during normal proliferation due to either base modifications, DNA
adducts or absence of other factors, which lead to stalling of the replication fork. The
continuous action of helicases at stalled forks generates single stranded DNA, leading to the
recruitment and activation of the ATR kinase, which in turn phosphorylates the S-phase
checkpoint kinase Chk1. Phosphorylated Chk1 stimulates the degradation of Cdc25a,
leading to a reversible block of DNA synthesis to allow repair of the DNA lesion before
mitosis (17, 18). Once DNA synthesis stops, several mechanisms exist to repair the DNA
lesion, one of them is called translesion DNA synthesis (TLS) and consists on the
recruitment of low fidelity DNA polymerases that can bypass the lesion by incorporating
either matched or mismatched nucleotides (19). Zbtb1 was shown to interact with Kap1,
leading to relaxation of the DNA after replication stress, to the recruitment of Rad18 to the
lesion and initiation of TLS. Knock-down of Zbtb1 in Hela cells leads to deficient
recruitment of TLS polymerases in response to UV irradiation. However, as normal Chk1
phosphorylation was observed in these experiments, it was postulated that Zbtb1 exerts a
specific function in TLS but not in initiation of the S-phase checkpoint (16). Our data differs
from this previous report in that we have observed severely impaired Chk1 phosphorylation
in ScanT primary cells after UV irradiation, which led to increased sensitivity to replication
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stress, chromosomal aberrations and p53-mediated cell death, suggesting that Zbtb1-
deficiency has a more profound effect in preventing DNA damage than previously described.

A possible explanation for this discrepancy is that Zbtb1l may play specific DNA damage
functions in immune cells. Alternatively, as the ATR-Chk1 pathway is essential for the
normal proliferation of cells, cells with defects in this pathway would disappear from the
culture in cell lines, and therefore, defects in this pathway would have not been observed in
the reported manuscript (16).

Impaired Chk1 phosphorylation in ScanT cells led to increased sensitivity to replication
stress and to the induction of chromosomal aberrations when the Chk1 pathway was
partially inhibited. Increased DNA damage in ScanT cells in response to replication stress
was also observed as increased phosphorylation of H2AX (YH2AX) and Kapl, which are
downstream targets of ATM and markers of DNA damage (29-31), indicating that deficient
activation of the ATR-Chk1 pathway leads to increased double strand breaks (DSB) in
ScanT cells.

As activation of the ATR-Chk1 pathway is required for the survival of all replicating cells, it
is intriguing that the ScanT phenotype is highly restricted to the immune lineage.
Furthermore, we have observed that disruption of Zbtb1 doesn’t affect the reconstitution of
HSCs and immune progenitors in competitive chimeras while the generation of mature
immune cells is highly affected. Although ScanT immune progenitors can be generated /n
vivo in bone marrow chimeras, they become apoptotic when stimulated to proliferate in
culture. A possible explanation for these observations is that compensatory mechanisms
exist in hematopoietic stem cells that allow their efficient expansion and repopulation of
immune progenitors /7 vivo and that the described function of Zbtb1 is restricted to lineage
committed immune progenitors. Self-renewal of HSCs occurs in the hypoxic environment of
the bone marrow and it is driven by anaerobic glycolysis, leading to a different metabolic
profile from that of committed progenitors (32). It is possible that Zbtb1 effects are
evidenced in committed progenitors due to different metabolic requirements. Alternatively, it
is possible that the proliferative burst of differentiating immune progenitors is of higher
magnitude than that of repopulating HSCs and cells are therefore more sensitive to Zbtb1
deficiency.

Our data supports a requirement of Zbtb1 for the expansion of immune progenitors in
culture as we were not able to generate cell lines from ScanT immune progenitors, strongly
suggesting that Zbth1 functions are not restricted to a specific immune lineage. We have
observed that mature B-cells are also susceptible to Zbtb1 deficiency when stimulated to
proliferate /n vitro. ScanT mice were previously shown to have reduced number of immature
B-cells in bone marrow (14), and Zbtb1-deficient mice showed a proportional reduction of
pre-B cells (15). Our analysis of B-cell development indicated that although we detected
reduced numbers of pro-B and pre-B cells in ScanT mice, a severe developmental deficiency
is observed in immature B-cells after the pre-B cell stage in correlation with the previous
report (14), and this deficiency was reverted by transgenic Bcl2 expression. As previously
reported (14), we have observed an increase of Marginal Zone B-cells in ScanT mice,
however, this increase was not reverted by transgenic Bcl2 expression, strongly suggesting
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that Zbtb1 may also control the differentiation of mature B cells into Follicular B and
Marginal Zone B-cells. We have also observed that T-cell deficiency of ScanT mice was
correlated with a severe reduction of ETP, DN2 and DN3 thymocytes, which are generated
after extensive proliferation of few thymic seeding progenitors (33).

Based on the inability of Bim-deficiency, which rescues TCR-signaled apoptosis of self-
reactive thymocytes (34), to rescue the generation of T-cells in ScanT mice (14), it was
postulated that the requirement of Zbtb1 for T-cell development is not due to prevention or
protection from apoptosis. Contrary to this postulate, our data shows that increased p53
levels and p53-mediated apoptosis in ScanT cells are responsible for disrupted lymphoid,
myeloid and T-cell development of ScanT progenitors. Protection from apoptosis by
transgenic expression of Bcl2 or p53-deficiency rescued B-cell development, myeloid
development in competitive chimeras, and rescued the early but not late stages of T-cell
development. Although ETP, DN2a and DN3 thymocytes were recovered, T-cell
development remained arrested at the DN3 developmental stage by expression of transgenic
Bcl2.

Why is Zbtb1 more profoundly required for T-cell than for B-cell development?. One
possible explanation is that the proliferative burst that occurs after preTCR signal would lead
to extensive DNA damage in ScanT cells and to a mitotic catastrophe that cannot be rescued
by protecting cells from apoptosis (35, 36). Another possible mechanism would be that
Zbtb1 plays additional functions during T-cell development that are not required during B-
cell development. Although the block in T-cell development that we observed at the preTCR
and TCR checkpoint in compound ScanT x Vav-Bcl2 and ScanT p53~/~ mice respectively
could be explained by deficient TCR rearrangements, we observed that ScanT p53~/~
thymocytes presented intracellular TCRp. Although this would suggest that deficient TCR
rearrangements in ScanT mice are not the main mechanism of the developmental block, it is
also possible that Zbtb1 controls TCRf rearrangements and that DN3 thymocytes that have
rearranged TCRp actively proliferated, leading to an accumulation of DP thymocytes. A
requirement of Zbtb1 for productive TCRa rearrangements could be the underlying cause of
the DP developmental block that we observed in ScanT p53~/~ mice and deserves further
characterization.

Altogether, we have identified a novel DNA damage function of Zbtb1 in controlling the
activation of the ATR-Chk1 pathway in response to replication stress. This function of Zbtb1
was essential to maintain genome integrity during lymphoid development, preventing DNA
damage, activation of p53 and apoptosis. We have further identified a specific requirement
of Zbtb1 at the preTCR and TCR checkpoints during T-cell development, which may be
independent of the DNA damage function described here and explains the severe T-cell
defects in Zbtb1-mutant and -deficient mice.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Zbtbl is required for the generation of normal numbers of lymphoid and myeloid cells
a) FACS analysis of mixed bone marrow chimeras generated with a 1:1 mixture of

CD45.1*(C57BL/6):CD45.2*(C57BL/6 or ScanT) donor cells. Donor chimerism is
identified in LSK (Lin~Scal*cKit*) and LT-HSC (Lin"CD150*FIt3~ Scal*cKit™) cells in
bone marrow and T-cells (TCRBM), B-cells (CD19%) and myeloid cells (CD11b*) in spleen.
The numbers represent the proportion of cells within the indicated gates. Below is the
quantitation of the proportion of myeloid/LSK cells derived from CD45.2* cells. Data was
calculated by dividing the % of CD45.2*CD11b* in spleen by the % of CD45.2*LSK in
bone marrow from each mouse and data of 4 independent chimeras for each condition is
represented. Three independent experiments with 3—4 chimeras per condition were
performed with similar results. b) FACS analysis of LMPP cells co-cultured with OP9-DL1
cells in the presence of lymphoid (IL-7 and FIt3I) cytokines for 15 days to initiate T-cell
development. The numbers indicate the proportion of DN3 cells generated. ¢) FACS analysis
of LMPP cells co-cultured with OP9 cells in the presence of myeloid (GM-CSF, M-CSF,
IL-3) cytokines for 6 days to initiate myeloid development. The numbers indicate the
proportion of myeloid cells generated. d) FACS analysis of CLP cells co-cultured with OP9-
DL1 cells in the presence of lymphoid (IL-7 and FIt3l) cytokines for 6 days to initiate T-cell
development. The numbers indicate the proportion of DN2 cells generated. €) FACS analysis
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of CLP cells co-cultured with OP9 cells in the presence of lymphoid (IL-7 and FIt3I)
cytokines for 6 days to initiate B-cell development. The numbers indicate the proportion of
B cells generated. f) Quantitation of cell numbers obtained during /n vitro differentiation
experiments outlined in (b—e) at 6 days. Each dot represents data of cells isolated from an
individual mouse, horizontal bars represent the mean and the dotted line represent the
original cell number plated. p values corresponding to the significance using T-test are
shown.
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Figure 2. Zbtb1 protects hematopoietic progenitors from apoptosis
a) FACs analysis for annexin V staining in LSK (Lin~Scal*cKit") cells ex-vivo or after 3

day culture with SCF, IL-6 and IL-3. The gate indicates the proportion of Annexin V* cells
within the P1~ live cells. b) Scatter plots representing the percentage of annexin V* cells
obtained in (a), and the number of cells obtained after 3 days in culture. Each dot
corresponds to data from one mouse and horizontal bars represent the mean. ¢) Histogram
showing the percentage of Tunel* cells after culture. The dashed line represents T-cells
treated with DNAse | before the Tunel assay as positive control. Data is representative of
two mice. d) FACS analysis of cell trace dilution in cultured LSK cells as in (a), the gray
histogram represents non-proliferating T-cells maintained with IL-7 for 3 days and the
dashed line represents cells not stained with the cell trace dye. The vertical dotted line is
placed as reference for comparison and the stripped histogram represent cells non-labeled
with Cell Trace to indicate the background cell trace fluorescence. This experiment is
representative of three independent experiments with two mice per condition. e) LSK cells
were transduced with the TrmpVIR-Lhx2 retrovirus, transduced GFP* cells were sorted and
kept in culture for one month. The dot plot shows the LSK phenotype of generated cell lines.
f) FACS analysis of intracellular p53 levels in cultured LSK cells as in (a). The scatter plot
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represents the proportion of p53Ni cells, each dot corresponds to data from one mouse and
horizontal bars represent the mean. g) Confocal microscopy to identify yH2AX fluorescence
in LSK cells after 2 day culture with SCF, IL-6 and IL-3 as in (a). Red arrows indicate cells
that present increased yH2AX staining. The histogram represents the Mean Fluorescence
Intensity of yH2AX within the DAPI* region corresponding to the nucleus. h)
Immunofluorescence showing yH2AX foci in LT-HSCs. The histogram represents the
number of yH2AX foci within the DAPI* region corresponding to the nucleus. p values
corresponding to the significance using T-test are shown. Data is representative of more than
3 independent experiments.
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Figure 3. Zbtb1 protects B-cells from DNA damage in response to replication stress
a) FACs analysis of DNA content and BrdU incorporation in isolated B-cells after 18hs LPS

treatment to induce proliferation. Number represent the proportion of cells within the gates
identifying cells that have initiated DNA synthesis. b) Metaphase spreads to identify the
chromosomal integrity of proliferating B-cells after treatment with suboptimal
concentrations of the ATR inhibitor (VE822). Arrows indicate chromosomal aberrations
(deletions or fusions). The column graph represents the percentage of cells presenting
chromosomal abnormalities after treatment with 0.3uM of VE822. Data corresponds to three
independent experiments c) Analysis of B-cell numbers in culture in the presence of LPS
stimulation, (Mean £ SD, n=6). d) Western-blot 90 minutes after UV irradiation in
proliferating B-cells. ) Quantitation of the relative intensity observed in (d) from three
independent experiments. f) Western-blot of proliferating B-cells 5 hours after UV
irradiation. g) Quantitation of the relative intensity of p53 observed in (f) from two
independent experiments. p values corresponding to the significance using T-test are shown.
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Figure 4. Transgenic Bcl2 expressio
progenitors

n and p53-deficiency rescue B-cell development of ScanT

a) FACs analysis of /n vitro B-cell differentiation in OP9 co-cultures of sorted CLP cells
from the indicated strains. The numbers represent the proportion of cells within the gates. b)
Scatter plot representing the number of cells obtained under the differentiation conditions in
(a). c) B-cell numbers (CD19*B220%) in spleen. Each dot represents data from a mouse.
Horizontal bars represent the mean value. p values corresponding to the significance using
T-test are shown. Data in () is representative of 4 independent experiments. d) Analysis of
immature B-cell populations in Bone marrow from the indicated mice corresponding to
proB, preB, immature (imm) and mature (mat) B-cells. The numbers represent the

percentage of cells within the indi

cated gates. Below is the quantitation of cell numbers

corresponding to each subpopulation in two mice from each strain. ) FACs analysis of B-

cells in spleen, numbers represent

the proportion of events within each gate, which

correspond to Marginal Zone B-cells (CD21*CD23~ and IgMNilgD!?), data is representative
of two mice from each strain. Below is the quantitation of Maginal Zone B-cell numbers
corresponding to each subpopulation in two mice from each strain
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Figure 5. Transgenic Bcl2 expression and p53 deficiency partially rescue the early stages of T-cell
development in ScanT mice

a) FACs analysis of lineage negative thymocytes in the indicated strains showing the
percentage of CD44NicKith thymocytes. b) Analysis of ETP and DN2 proportions in cells
gated in (a). ¢) Analysis of DN3 (CD25*CD44™) and DN4 (CD25-CD44") proportion in the
indicated strains. d) Quantitation of cell numbers at different developmental stages in the
indicated strains. (Mean + SD). Data is representative of more than 4 independent
experiments.
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Figure 6. Transgenic Bcl2 expression and p53 deficiency fail to rescue the late stages of T-cell
development in ScanT mice

FACs analysis of the indicated strains (a and b). Numbers indicate the percentage of cells
within the gates. c) Intracellular TCRp staining of the indicated gated thymocytes. d) Scatter
plot showing thymocyte numbers in the indicated mice, each dot corresponds to a mouse,
horizontal bars indicate the mean. p values corresponding to the significance using T-test are
shown.
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Figure 7. Transgenic Bcl2 expression and p53 deficiency rescue the generation of Myeloid and B-
cells from ScanT progenitors in hematopoietic bone marrow chimeras

a) FACS analysis of mixed bone marrow chimeras generated with the indicated mixture of
bone marrow donor cells. Donor chimerism is identified in myeloid cells (CD11b*), B-cells
(CD19%) and T-cells (TCRpBM), in spleen. The numbers represent the proportion of cells
within the indicated gates. A representative plot out of four per condition is shown. b)
Quantitation of the results obtained in (a), (Mean + SD; n=4). p values corresponding to the

significance using T-test are shown.
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