Cell Cycle 13:10, 1583-1589; May 15, 2014; © 2014 Landes Bioscience

REPORT
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The transformation/transcription domain-associated protein (TRRAP) is a common component of many histone acet-
yltransferase (HAT) complexes. Targeted-deletion of the Trrap gene led to early embryonic lethality and revealed a criti-
cal function of TRRAP in cell proliferation. Here, we investigate the function of TRRAP in murine B cells. To this end, we
ablated Trrap gene in a B cell-restricted manner and studied its impact on B-cell development and proliferation, a pre-
requisite for class switch recombination (CSR), the process that allows IgM-expressing B lymphocytes to switch to the
expression of IgG, IgE, or IgA isotypes. We show that TRRAP deficiency impairs B-cell development but does not directly
affect CSR. Instead, cells induced to proliferate undergo apoptosis. Our findings demonstrate a central and general role

of TRRAP in cell proliferation.

Introduction

Upon antigen challenge, activated B cells proliferate and
undergo CSR, which plays an important role in antibody diver-
sification. CSR targets specifically the immunoglobulin heavy
chain locus and occurs between highly repetitive S regions
located upstream of the constant genes. The process requires GL
transcription of S sequences that initiates from their upstream
promoters. In addition, CSR absolutely requires AID to initiate
DNA cleavages, which culminate in DSBs at partner S sequences.!
DNA ends are formed and repaired by components of the non-
homologous end-joining DNA repair pathway” in the G, phase of
the cell cycle.>*

TRRAP is a highly conserved member of the PI3KK/ATM
(phosphatidylinositol-3-OH-kinase-like kinases/ataxia-telangi-
ectasia mutated) family and a cofactor of many HAT complexes
in yeast and mammalian cells.’ Previous work suggests that one
function of TRRAP is to recruit HAT complexes to transcrip-
tion factors bound to their target promoters.®!® Other studies
showed that TRRAP was recruited to chromatin surrounding
sites of DNA DSBs and was involved in DNA repair, by pro-
moting chromatin relaxation through histone acetylation, thus
facilitating the recruitment of a subset of DNA repair proteins."

*Correspondence to: Ahmed Amine Khamlichi; Email: ahmed.khamlichi@ipbs.fr

Targeted deletion of 7rrap gene in the mouse indicated an
essential function in early embryonic development, mitotic
checkpoint, and cell cycle progression.!”!? The early embryonic
lethality hampered the study of potential tissue-specific func-
tions of TRRAP and/or its involvement in tissue-specific pro-
cesses. In the present study, we sought to investigate the in vivo
role of the murine TRRAP during B-cell development, CSR and

proliferation upon B cell-specific ablation of 7rrap gene.

Results and Discussion

B cell-specific deletion of TRRAP by CD19-Cre system

In order to obtain a B cell-specific deletion of 7rrap gene,
mutant mice with a floxed 777ap gene'? (hereafter T"" mice) were
crossed with CD19—Cre mice that express Cre sequence under
the transcriptional control of CDI19-regulatory elements.”® The
homozygous mutant mice harboring Cre transgene (CD19¢r/=<T""
mice) were chosen for further analysis in order to increase the
deletion efficiency of Trrap."

Early B-cell development in TRRADP-deficient mice

To assess the impact of 7rrap deletion on B-cell development,
bone marrow cells were stained with specific antibodies and
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Figure 1A and B. Effect of TRRAP deficiency on B-cell development. (A) Top: Bone marrow cells with the indicated genotypes were stained with anti-
B220-APC. Representative plots are shown (n = 6). Middle: For pro-B and pre-B cell populations, bone marrow cells were stained with anti-B220-APC,
anti-lgM-FITC, and anti-CD43-PE and gated on IgM- population (n = 6). Bottom: For immature (and circulating) B cells, bone marrow cells were stained
with B220-APC and anti-lgM-PE (n = 5). Comparative histograms are shown on the right panels. (B) Single pro-B or pre-B cells were sorted in 96-well
plates and subjected to PCR using primer pairs that distinguish between the floxed (1 kb) and the deleted (250 bp) alleles of Trrap. An example of positive
wells (with a detectable PCR product on agarose gels) is shown. The histograms in the right panels depict the percentage of deleted alleles among 92

positive wells (pro-B cells) and 62 positive wells (pre-B cells).

analyzed by flow cytometry. In agreement with previous find-
ings,” we found no significant difference between CD19<e/cr
mice compared with T and WT controls (Fig. 1A and data
not shown). In contrast, a ~2-fold decrease was found for total
B220" cells in CD19°<“T" mice (Fig. 1A, top panels). Analysis
of B-cell populations revealed an -2-fold accumulation of
pro-B (B220*CD43"¢"[gM") cells, an ~3-fold decrease of pre-B
(B220*CD43"IgM") cells (Fig. 1A, middle panels), and an
~3-fold decrease in the B220*IgM"* population in CD19re/eT*"*
mice (Fig. 1A, bottom panels).
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In order to check the deletion efficiency of 7rrap in the bone
marrow of CD19“T" mice, we resorted to single-cell PCR on
genomic DNAs purified from sorted B-cell populations. In pro-B
cells, the majority of cells (-67%) either deleted a single allele
of Trrap (-31%) or had no deletion at all (36%), whereas 33%
deleted both alleles (Fig. 1B). In pre-B cells, the monoallelically
deleted fraction represented 47% of the total population, while
its biallelically deleted counterpart represented 37% (Fig. 1B).

These data reveal that B-cell development in the bone marrow
is compromised in TRRAP-deficient mice with an accumulation
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Figure 1C and D. (C) Spleen cells were stained with anti-B220-APC (top) (n = 6), with anti-B220-APC and anti-IgM-PE (middle) (n = 5), or with CD21-APC
and anti-CD23-FITC (bottom) (n = 5). The right panels show the statistical data for each staining. (D) Single resting B ells were sorted and analyzed as in
(B). The histograms show the percentage of deleted alleles among 95 positive wells.

of pro-B cells and a decrease of pre-B and immature B-cell popu-
lations. While these results suggest that TRRAP is important for
early B-cell development, the fact that some B cells still develop
could be due to a lack of or monoallelic deletion of 7rrap, or to
the persistence of sufficient levels of TRRAP in the case of bial-
lelic deletion. It is also possible that the living cells that we detect
are non-proliferating (see below). In this case, doubly deleted
pre-B cells, which undergo a burst of proliferation, would disap-
pear from the population, which is manifest in the reduction of
immature B-cell population.

In unstimulated spleen, there was an ~2-fold decrease in the total
B220* population and the B220*IgM* population in CD19ere/eT"*
mice (Fig. 1C, top and middle panels). The marginal zone B cells
were totally absent in CD19“*/*“T"" mice, as a consequence of the
loss of CD19 (Fig. 1C), and follicular B cells were reduced (-2.5-
fold) in CD19</*T" mice (Fig. 1C, bottom panels).

Single-cell PCR analysis of sorted unstimulated B cells from
CD19e</=*T" spleen showed that the majority (~80%) has
lost both Trrap alleles (Fig. 1D). This finding, together with

www.landesbioscience.com

the relatively mild reduction of IgM-expressing splenic B cells
(Fig. 1C), suggests that although TRRAP is important for late
B-cell development, the majority of resting B cells that have
deleted both alleles may not die immediately, but possibly upon
induction of cell proliferation (see below).

CSR in the absence of TRRAP

As a first step in the analysis of the role of TRRAP in CSR,
sorted CD43" resting B cells from spleens were induced to switch
to IgGl by culturing B cells in the presence of LPS+IL4. At
day 4 post-stimulation, the percentage of IgG1* was reduced in
CD19e<**T"" mice (Fig. 2A). These results suggest a possible
defect in CSR in activated CD19</“T"" B-cell populations,
which is unlikely to result from decreased Ij-, I'yl-derived GL
transcripts or AID transcripts, as no significant alteration of
these transcripts was seen at day 2 post-stimulation (Fig. 2B).

To check the status of Trrap deficiency in switched B cells,
purified CD19°<“T"' B cells were induced to switch to IgG1 with
LPS+IL4, then IgGl* and IgGl- cells were sorted for single-cell
PCR analysis. The results clearly show that the majority (-85%)
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of IgG1* B cells have at least one copy
of Tirap (Fig. 2C). In contrast, the
vast majority (-90%) of IgG1~ B cells
has deleted both alleles, suggesting
that this TRRAP-deficient popula-
tion may represent a population that
could not lead CSR to completion
or that is undergoing early apoptosis
(see below).

Combined, the data suggest that
biallelic deletion of 77rap does not
lead immediately to cell death, but
does so upon a proliferative burst.
This would imply a major effect of
TRRAP deficiency on the prolif-
erative ability of B cells. If so, then
inducing resting B cells to switch,
which requires prior proliferation,
would lead to massive death, and
the switched B cells would most
likely originate from few TRRAP-
proficient cells. Indeed, single-cell
PCR revealed that only 15% of IgG1*
cells had a biallelic deletion of 7rrap,
strongly suggesting that TRRAP is
required for proliferation of B cells,
so that they can engage in the CSR
pathway. In stark contrast, the vast
majority of IgG1~ B cells had a bial-
lelic deletion of T7rap, and it is con-
ceivable that this TRRAP-deficient
population mainly represents the
population undergoing early apopto-
sis. Thus, the defect in CSR seen in
the bulk double-mutant population
is likely an indirect consequence, due
to a failure of activated B cells to pro-
liferate, culminating in cell death.

B-cell proliferation in the
absence of TRRAP

In order to check that the dimin-
ished CSR in TRR AP-deficient B cells
is due to an impaired proliferation, we
performed a proliferation assay and
cell cycle analysis on CD19</“T"f and
T7 B cells. The CD43" sorted splenic
B cells were labeled with CFSE,
induced to switch with LPS+IL4, and
their proliferation ability was tracked
by FACS. We found that proliferation
of CD19</“T"" B cells was mark-
edly reduced after the first division
(Fig. 3A).
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Figure 2. Reduced CSR in the absence of TRRAP. (A) CD43- sorted splenic B cells with the indicated geno-
types were induced to switch to IgG1 with LPS+IL4. At day 4 post-stimulation, the cells were stained with
anti-B220-APC and anti-IgG1-FITC (top). The statistical data are shown in the bottom panel (n = 7). (B) The
levels of GL and Aicda transcripts were estimated by semi-quantitative RT-PCR. Total RNA was prepared
at day 2 from LPS+IL4-activated B cells and reverse transcribed. Five-fold serial dilutions of single-strand
cDNAs were amplified by using appropriate primers. Actin transcripts were used for normalization (n = 5).
(€) Resting B cells were induced to switch for 3 d and stained with anti-IgG1-FITC. The IgG1* fraction was
sorted and analyzed as described in Figure 1B. The histograms show the percentage of deleted alleles
among 95 positive wells. The IgG1- fraction was sorted and analyzed as described in Figure 1B. The his-
tograms show the percentage of deleted alleles among 46 positive wells.

To further strengthen this finding, we performed a cell cycle  at the cell cycle phases was tracked on a daily basis by FACS.
analysis. CD43" sorted CD19°'**T" and T" B cells were induced ~ The percentage of cells having undergone DNA synthesis was

to switch with LPS+IL4, and the distribution of cell populations  already -2 times larger at day 1 post-stimulation in T” compared
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Figure 3. Role of TRRAP in B-cell proliferation and cell cycle progression. (A) Negatively
(CD43") sorted B cells were stained with CFSE and induced to switch with LPS+1L4, and their
proliferation ability tracked by FACS for the indicated days (n = 3). (B) Resting B cells were
induced to switch with LPS+IL4 for 3 d. Aliquots were labeled on a daily basis with Pl and
cell distribution at the cell cycle phases analyzed by FACS using ModFit software. The bot-
tom panels are a compilation of the data shown in the top panels; n = 2 with 3 mice of each
genotype in each experiment.

with CD19°<“T" B-cell populations, and while the percentage
of cells in S phase increased in T B-cell population at day 2, it
remained virtually constant in CD19°“T" B-cell population,

www.landesbioscience.com Cell Cycle

where the majority of cells were blocked at G
(Fig. 3B, top and bottom panels). Thus B cell-
restricted deletion of 77rap leads to a major
defect in cell cycle progression.

B-cell death in the absence of TRRAP

We next asked whether the defect in prolifera-
tion was associated with cell death. To this end,
purified CD19“T"" and T"" B cells were acti-
vated with LPS+I14, and the percentage of dead
cells was monitored by FACS by using PI. The
percentage of dead cells increased with time for
both populations; however, the percentage was
clearly higher for CD19°*“T"" B-cell popula-
tion (-2-times) (Fig. 4A). This was confirmed by
analyzing the percentage of early apoptotic B cells
(B220* Annexin5*7-AAD-) among the B cells that
have been induced to proliferate. This percent-
age steadily increased with time for CD19<</=<T""
B cells (Fig. 4B). These data strongly suggest that
CD19=</“T™" B cells that have been induced to
proliferate trigger an enhanced programmed cell
death in the absence of TRRAP.

Our findings hint to a general role of TRRAP,
probably more critically in proliferating cell
populations. The present study provides evi-
dence that it is indeed the case in B cells. But the
requirement for TRRAP in proliferation'®!!¢
does obviously not preclude a role in the repair of
DNA DSBs during CSR. Given the evolution-
ary conservation of TRRAP function,’ it is con-
ceivable that TRRAP may be recruited to sites
of DSBs at S regions, where it could promote
chromatin remodeling and DNA repair. In the
absence of TRRAP, DSBs generated at G, phase
may not be repaired, leading to the triggering of
DNA damage checkpoint and cell cycle arrest. If
the DSBs are not processed properly after a pro-
longed period, the cell will undergo apoptosis.

In conclusion, our study demonstrates that
TRRAP is necessary for normal B-cell devel-
opment and B-cell proliferation, supporting
a ubiquitous and critical role for TRRAP in
proliferation.

Materials and Methods

Mice

T and CDI19-Cre mice have been
described."*”® The experiments on mice have
been performed according to the CNRS Ethical

Committee guidelines.
FACS analyses

Bones from 6- to 8-wk-old mice were flushed with 10% FCS-
containing RPMI 1640. Single-cell suspensions were stained
with APC-conjugated anti-B220 (Biolegend), PE-conjugated
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PI, 0.1% W/V tri-sodium citrate, 1 pg/ml
* ¥k RNase-A, 0.1% triton X-100) and analyzed
by FACS (Becton Dickinson FACScan) by
** adjusting the flow below 200 events/second.
Cell death and early apoptosis
CD43" B cells were induced to switch as
described above. Every 24 h, aliquots were
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Early apoptotlc cells

removed, labeled with PI, or with anti-B220-
APC, 7-amino-actinomycin D (7-AAD) and
d3 anti-annexin V-PE as per manufacturer’s

instructions (BD PharMingen) and analyzed
by FACS (Becton Dickinson FACScalibur).

Single-cell PCR

experiment.

Figure 4. Cell death in TRRAP-deficient B cells. (A) The percentage of dead cells was moni-
tored by labeling the cells that have been induced to proliferate with PI. Standard variations are
shown, n = 2 with 3 mice of each genotype in each experiment. (B) To quantify the percentage
of early apoptotic cells (B220*7-AAD~ Annexin V), resting B cells were induced to proliferate with
LPS+IL4 for 3 d. Every day, an aliquot was removed, labeled with anti-B220-APC, anti-Annexin
V-PE, and 7-AAD and gated on 7-AAD~ population; n = 2 with 3 mice of each genotype in each

Pro-B and pre-B cells were stained as
described above. CD43- splenic B cells were
either stained with anti-B220-APC and
sorted, or induced to switch as described
above. Cells were labeled with anti-IgGl-
FITC, and the IgGl* and IgGl- fractions

anti-CD43 (BD PharMingen), and PE- or FITC-conjugated
anti-IgM (Biolegend). For FACS acquisition, the data were
obtained on 3 x 10* viable cells. Pro-B (B220*IgM-CD43"s")
and pre-B (B220*IgM-CD43"") populations were sorted using a
Becton Dickinson apparatus (FACSAria II-Sorp). Single-cell sus-
pensions from spleens of 6- to 8-wk-old mice (5 x 10° cells/assay)
were labeled by using anti-B220-APC, anti-IgM-PE, anti-CD21-
APC, and anti-CD23-FITC (Biolegend). Controls to exclude
non-specific binding of anti-sera to dead cells included isotype
controls, PI, and gating on live cells. CSR assays were performed
as described” starting with 750 000 cells/ml, and adjusted to this
concentration at days 2 and 3. CD43" B cells were activated with
20 pg/ml of LPS (S. typhimurium, Sigma) and 10 ng/ml of IL-4
(R&D Systems). At day 4, cells were stained with anti-B220-
APC and anti-IgG1-FITC (Biolegend). In all FACS acquisitions,
dead cells were excluded by labeling with PI.

RT-PCR

At day 2 post-stimulation, aliquots of cells were removed. Total
RNA preparation, the primers used to amplify S, Sy1 GL, Aicda,
and actin transcripts, the RT-PCR conditions, and the expected
sizes of the PCR products have been described."” For quantifica-
tion, agarose gels were dried for 1 h at 80 °C using a gel dryer
(BioRad), stained with SYBR green I (Fisher Bioblock) for 1 h, and
scanned by using a phosphorimager and Image Quant software
(Molecular dynamics). After substracting background levels, the
signals in the diluted lanes were normalized against actin signals.

Proliferation assay

CD43- B cells were labeled with CESE (Molecular Probes)
according to manufacturer’s instructions. The cells were induced
to switch as described above. The number of cell divisions was
measured by FACS at days 2 and 4.

Cell cycle analysis

CD43 B cells were induced to switch as described above. Every
24 h, aliquots were removed and washed with ice-cold PBS. Cells
were then labeled with ice-cold PI staining solution (25 pg/ml

1588 Cell Cycle

were sorted. Two sorts were performed in
parallel for each population, a single-cell sort
in 96-well plates and a standard bulk sort to check the purity of
the sorted cells (>95%). Fifteen .l of lysis buffer (1xPCR buffer,
100 pg/ml proteinase K, 0.2 mM dNTPs, 12.1 [AGAGTAGAGC
GTCATTGTC] and G7.0 [GACAAAACCA ACGACAGAGC(]
primers at 0.5 pM, in H,0) were immediately added per well,
incubated at 56 °C for 20 min, followed by incubation at 95 °C
for 5 min in a thermocycler (BioRad). After the samples were
cooled down, a PCR was performed as follows: 0.15 pl of GoTaq
(Promega) were added, then heated at 95 °C for 2 min; 30 cycles
of 94 °C for 30 s, 58 °C for 30 s, 72 °C for 2 min; 5 min of final
elongation at 72 °C. Three microliters were then subjected to a
new round of PCR in the same conditions.
Statistical analysis
Results are expressed as mean + SEM (GraphPad Prism), and
overall differences between values from control and mutant mice
were evaluated by a ANOVA parametric test with Newman—
Keuls post-test or the Kruskal-Wallis non-parametric test with
Dunn post-test, or by a 2-tailed unpaired Student 7 test. The dif-
ference between means is significant if P value < 0.05 (*), very
significant if P value < 0.01 (**), and extremely significant if
Pvalue < 0.001 (***).
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