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Gfilb negatively regulates Rag expression
directly and via the repression of FoxO1
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Precise regulation of Rag (recombination-activating gene) expression is crucial to prevent
genomic instability caused by the generation of Rag-mediated DNA breaks. Although
mechanisms of Rag activation have been well characterized, the mechanism by which Rag
expression is down-regulated in early B cell development has not been fully elucidated.
Using a complementary DNA library screen, we identified the transcriptional repressor
Gfi1b as negative regulator of the Rag locus. Expression of Gfi1b causes repression of Rag1
and Rag2 in cell lines and primary mouse cells. Conversely, Gfi1b-deficient cell lines exhibit
increased Rag expression, double-strand breaks and recombination, and cell cycle defects.
In primary cells, transcription of Gfi1b inversely correlates with Rag transcription, and
simultaneous inactivation of Gfi7 and Gfi7b leads to an increase in Rag transcription early
in B cell development. In addition, deletion of Gfi7 and Gfi7b in vivo results in a severe
block in B cell development. Gfi1b orchestrates Rag repression via a dual mechanism. Direct
binding of Gfi1b to a site 5’ of the B cell-specific Erag enhancer results in epigenetic
changes in the Rag locus, whereas indirect inhibition is achieved through repression of the
trans-activator Foxo1. Together, our experiments show that Gfi family members are essen-
tial for normal B cell development and play an important role in modulating expression of

the V(D)J recombinase.

The adaptive immune response depends on the
generation of a diverse repertoire of B and T cell
antigen receptors. This is achieved through
V(D)] recombination, whereby site-specific gene
rearrangement takes place at Ig and TCR loci to
generate unique sets of antigen receptor genes
within developing lymphocytes (Tonegawa,
1983). V(D)] recombination depends on the
generation of double-strand DNA breaks at re-
combination signal sequences (RSSs) that flank
rearranging gene segments. These breaks are in-
troduced by a recombinase containing the Ragl
and Rag?2 proteins. Because these proteins gen-
erate double-strand DNA breaks, their expression
represents a threat to genomic integrity. There-
fore, Rag gene expression is tightly regulated
in both a lineage and a stage-specific manner.
In developing B cells, Rag genes are ex-
pressed during heavy chain and light chain gene
rearrangement but down-regulated during the
proliferative burst that separates these stages.
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Once a functional, self-tolerant BCR has been
generated, Rag expression is shut off as B cells
progress to the mature stage. However, if the
BCR recognizes self-antigen, then Rag expres-
sion is maintained and receptor editing ensues
(Schlissel, 2003; Sukumar and Schlissel, 2011).
Although the mechanism of Rag-mediated DNA
cleavage has been extensively studied, compar-
atively little is known about the factors that
regulate the dynamic pattern of Rag gene ex-
pression during the course of development.
Rag1 and Rag2 are physically linked in the
genome and coordinately expressed. Several reg-
ulatory elements have been identified, including
a B lineage—restricted enhancer element, Erag
(Hsu et al., 2003), and T lineage—restricted si-
lencer and anti-silencer elements (Yu et al., 1999;
Yannoutsos et al., 2004). E2A (Bain et al., 1994)
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and FoxP1 (Hu et al., 2006) bind to Erag and contribute to
its activity, whereas the forkhead family transcription factor
Foxol is critical for activating Rag expression at all stages of
B cell development (Amin and Schlissel, 2008; Dengler et al.,
2008). However, the process by which Rag is down-regulated
at specific stages during B cell development and how it is kept
inactive in nonlymphoid-lineage hematopoietic cells have not
been fully explored.

We took advantage of the fact that Abelson murine leuke-
mia virus (AMuLV) infection of total bone marrow results in
the outgrowth of transformed cells that are “frozen” at the
pro— to pre—B cell transition state of B cell development. These
cells cycle continuously in culture, but upon treatment with
the Abl kinase inhibitor STI-571 undergo a process that mim-
ics the developmental transition to the pre—B cell stage (Muljo
and Schlissel, 2003), providing a useful model system for the
study of both leukemic transformation and early B cell devel-
opment. We sought to identify factors critical for Rag down-
regulation by conducting an unbiased retroviral cDNA library
screen in AMuLV-transformed pro—B cells. This screen re-
vealed a novel negative regulator of Rag expression, the tran-
scriptional repressor Growth factor-independent 1b (Gfilb).

RESULTS
A cDNA library screen identifies Gfi1b as a negative
regulator of Rag expression
To identify factors that down-regulate Rag expression during
B cell development, we used a constitutively Rag! high
AMuLV-transformed pro—B cell line, hereafter referred to as
RAG1-GFP"sh, generated from a mutant mouse in which GFP
was targeted to the main coding exon of Ragl (Kuwata et al.,
1999). We infected RAG1-GFP"gh reporter cells with a retro-
viral cDNA library generated from murine bone marrow pro—and
pre-B cells (Amin and Schlissel, 2008). Infected, GFP negative
reporter cells were sorted and their cDNA inserts rescued by
PCR amplification and recloned into the original retroviral vec-
tor. After four rounds of enrichment, the resulting cDNAs were
isolated and sequenced. A cDNA encoding the zinc finger tran-
scriptional repressor Gfilb was isolated on 17 occasions.
Overexpression of a Gfi1b cDNA led to a striking down-
regulation of RAG1-GFP expression in RAG1-GFP"gh cells
(Fig. 1 A). Gfi1b belongs to a family of transcriptional repres-
sors that includes its close relative Gfil (Fiolka et al., 2006).
Overexpression of Gfil also led to down-regulation RAG1-
GFP expression in RAG1-GFP"¢! cells (Fig. 1 B). We went
on to engineer an overexpression vector containing the Gfi1b
c¢DNA fused to cDNA encoding a modified human estrogen
receptor (ER) hormone binding domain (Gfilb-ER) so that
Gfilb nuclear translocation could be induced by addition of
tamoxifen (4-OHT) to the culture medium (Metzger et al.,
1995). Tamoxifen treatment of RAG1-GFPMeh cells express-
ing the Gfilb-ER construct caused a threefold reduction of
both Rag1 and Rag2 transcripts within 12 h (Fig. 1 C).
Because Rag transcription is transiently, not permanently,
down-regulated at the early pre—B cell stage, we asked whether
down-regulation of Rag by Gfilb is reversible. STI-571 causes
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Figure 1. Overexpression of Gfi1B causes down-regulation of
RAG1-GFP transcript levels. (A) Flow cytometric analysis of RAG1-GFP
expression in RAG1-GFP"a" cells isolated from a reporter mouse where GFP
replaces exon1 of Rag 7 and infected with a retroviral construct over-
expressing the Gfi1B ORF or empty vector control. Data are representative
of five independent experiments. (B) Flow cytometric analysis of RAG1-GFP
expression in RAG1-GFP"a" cells overexpressing Gfi1. RAG1-GFP levels
were measured 3 d after infection. Data are representative of three inde-
pendent experiments. (C) Quantitative RT-PCR of Rag7 and Rag2 mRNA
transcripts in RAG1-GFPMah cells infected with a Gfi1B-ER construct and
treated (+) or not (—) with tamoxifen (4-OHT) for 12 h. Numbers 1-3 indi-
cate biological replicates. Levels are expressed relative to HPRT transcripts.
Error bar represents standard deviation of triplicate PCR assays. (D) Flow
cytometric analysis of RAG1-GFP"9" cells overexpressing Gfi1b cultured in
the presence or absence of 2.5 uM of the Abl kinase inhibitor STI-571
(Gleevec) for 12 h. Data are representative of two independent experi-
ments. (E) Flow cytometric analysis of RAG1-GFP"e" cells infected with a
retroviral Gfi1b-ER construct. Cells were treated or not with tamoxifen
(4-OHT) for 5 d and, where indicated, were washed and cultured for 9 d
thereafter. Data are representative of two independent experiments.

up-regulation of Rag transcription in Abelson cells (Muljo and
Schlissel, 2003). Treatment of Gfilb-overexpressing RAG1-
GFPhigh cells with STI-571 partially reversed down-regulation
of Rag expression (Fig. 1 D). In addition, washing out tamoxi-
fen from the culture medium of Gfilb-ER—expressing cells
completely restored RAG1-GFP expression (Fig. 1 E), indi-
cating that Gfilb’s effect on Rag transcription is reversible.

Expression of Gfi1b represses Rag transcription in primary
B-lineage cells and inhibits differentiation

We next asked whether forced Gfilb overexpression could
modulate Rag transcription in primary developing B cells.

Gfi1b negatively regulates RAG expression | Schulz et al.



We infected cultured total bone marrow cells isolated from
RAG1-GFP reporter mice with a Gfilb-expressing retrovirus
and compared levels of RAG1-GFP in these cells to bone
marrow cells infected with an empty vector. RAG1-GFP
levels were lower in early B cells that overexpressed Gfilb
when compared with those infected with the empty vector
(Fig. 2 A). This was also the case for Gfil (Fig. 2 B).

If Gfi1b controls the expression levels of genes critical for
B cell development, we predict that overexpression of Gfilb
in bone marrow cells would impair their ability to differenti-
ate to the IgM-positive stage. We thus compared the num-
bers of IgM-positive cells that accumulate in bone marrow
cultures infected with the Gfi1b-expressing virus or an empty
vector control. Fewer IgM-positive, Gfilb-overexpressing
cells accumulate when compared with cells infected with the
empty vector (Fig. 2 C). Whether this effect is directly and
exclusively related to Gfilb’s repression of Rag is a topic of
future study.

Targeted disruption of Gfi1b and GfiT causes a severe block
in B cell development in vivo

Both Gfi1 and Gfi1b are expressed during the early stages of
B cell development (Yiicel et al., 2004; Vassen et al., 2007).
Targeted disruption of Gfil in the mouse causes a defect in
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Figure 2. Gfi1b overexpression represses Rag expression in primary
cells. (A) Flow cytometric analysis of GFP levels in cultured bone marrow
cells from RAG1-GFP heterozygous mice infected with a Thy1.1-marked
retrovirus overexpressing either Gfi7b or an empty vector. Plots show
populations gated according to B220, IgM, and Thy1.1 expression as indi-
cated. Data are representative of five independent experiments. (B) Flow
cytometric analysis of RAG1-GFP expression in IL-7-cultured bone mar-
row cells from RAG1-GFP heterozygous mice infected with a retroviral
Gfi1 overexpression construct or an empty vector. This plot is representa-
tive of three different experiments. (C) Flow cytometric analysis of IgM
expression in IL-7-cultured bone marrow cells from RAG1-GFP heterozygous
mice infected with a retroviral Gfi1b overexpression construct or an empty
vector. Data are representative of three independent experiments.
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differentiation from lin~, sca®, c-kit" (LSK) multipotent pro-
genitors to B220* B cells (Rathinam and Klein, 2007). Defects
in IL-7 receptor signaling also impair B cell development at
the pro—B cell stage in Gfil-deficient mice. Although Gfil’s
effect on B cell development has been well characterized
(Rathinam and Klein, 2007), Gfi1b’s role within the B cell com-
partment has remained elusive because Gfi1b-deficient mice
die at day 15 of gestation (Saleque et al., 2002).

To examine the role of Gfilb in Rag regulation in vivo,
we bred mice carrying a floxed allele of Gfi1b (Khandanpour
et al., 2010) with MB-1-Cre mice that express Cre starting at
the pro—B cell stage of development (Hobeika et al., 2006).
MB-1-Cre—driven deletion of Gfi1b within the B cell com-
partment did not alter Rag transcript levels or significantly im-
pair B cell development at any of the developmental stages
examined (unpublished data), suggesting significant functional
redundancy between Gfil and Gfilb as previously demon-
strated (Fiolka et al., 2006; van der Meer et al., 2010). This is
consistent with our observation that overexpression of Gfil in
cell lines and in primary cells phenocopies overexpression of
Gfilb (Fig. 1 B and Fig. 2 B) and led us to consider whether
Gfil could be compensating for the lack of Gfilb in the
B cell-specific Gfilb KO mouse. To test this idea, we mated
a CD19-Cre Gfi1b™fx mouse to a Gfi1 KO mouse to obtain
B cell-specific Gfi1/Gfilb double KO animals (DKO; Fig. 3 A).
Gfi1/Gfi1b DKO animals were born at less than the expected
Mendelian ratios (unpublished data). Flow cytometry revealed
that the percentage of B220"IgM™ cells in the bone marrow
of Gfi1/Gfilb DKO animals is much lower compared with
WT controls or Gfi1b and Gfil single KO animals (Fig. 3 B),
indicating a very early block in B cell development. The per-
centage of B220"IgM™ cells is also very low in DKO animals
compared with WT and single KO controls (Fig. 3 B). Thus,
the defects in B cell development previously described for
Gfi1 KO animals (Rathinam and Klein, 2007) are exacerbated
when both Gfi1 and Gfi1b are ablated (Fig. 3 B). Although
Gfil appears to compensate for a deficiency in Gfilb, we ob-
served that Gfilb does not fully compensate for a deficiency in
Gfil during B cell development (Fig. 3 B). This may be a re-
sult of the fact that Gfil deficiency also results in a hematopoi-
etic stem cell proliferative defect, as well as a defect in the
transition from LSK multipotent progenitors to B220* B cells
(Rathinam and Klein, 2007). It is possible that Gfi1b plays less
of a role in these critical early points in development, and thus
exhibits a weaker developmental phenotype when eliminated.
These data point to a partially redundant but crucial role for
these transcription factors in B cell development.

Gfi1 and Gfi1b repress Rag transcription in vivo

To further assess the role of Gfil and Gfilb during B cell devel-
opment, we bred a Gfilb*x/flox Gfitfex/fox mouse to a mouse
carrying an ER-Cre transgene at the Rosa26 locus (Ventura et al.,
2007). Total bone marrow was isolated from these mice and
cultured in the presence of IL-7 with either a vehicle control or
with tamoxifen to delete both Gfi1 and Gfi1b. Tamoxifen-
treated and control cells were then sorted into B220*IgM ™ and
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B220*IgM™ fractions and RINA was purified from each popula-
tion. PCR assays were used to check for deletion of the floxed
alleles (Fig. 3 C). It should be noted that mouse 1 exhibited
partial deletion of the floxed Gfi1b allele before tamoxifen treat-
ment; we believe this to be the result of leaky expression of the
ER-Cre transgene. We found that transcription of Ragl in-
creased upon treatment with tamoxifen specifically in the
IgM™ fraction (Fig. 3 D, left), whereas this was not the case for
IgM* cells (Fig. 3 D, right). Differences in Rag transcription
in IgM™ cells were statistically significant for each mouse ana-
lyzed (calculated P < 0.004 according to a Student’s ¢ test).
However, deletion of the floxed alleles for both Gfi1 and Gfi1b
was not complete within the timeframe of tamoxifen treatment
(Fig. 3 C). This implies that the observed increase in Rag tran-
scription in tamoxifen-treated IgM ™ cells likely represents an
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more complete deletion of the floxed alleles,
we observed an increase in cell death at later
time points, thus confounding the interpre-
tation of the data after 48 h of tamoxifen treatment. The in-
crease in Rag transcription in IgM™ cells that occurs upon
deletion of the floxed alleles of Gfil and Gfilb indicates that
these proteins are bona fide repressors of Rag transcription
in vivo, and that their repressive activity operates mainly at the
pro—and pre—B cells stages of B cell development. The fact that
this effect is observed specifically in IgM™ cells is consistent
with the fact that transcription of Gfi1 and Gfilb ceases at the
immature stage of B cell development (Vassen et al., 2007).
Thus, we would not necessarily expect that deletion of Gfil
and Gfi1b would result in an increase in Rag transcription in
cells that have already progressed to the IgM™ stage.

Finally, we found that levels of Rag transcription were
inversely correlated with levels of Gfi1b but not Gfi1 transcrip-
tion in pro— and pre—B cells sorted directly from WT bone

Gfi1b negatively regulates RAG expression | Schulz et al.
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Figure 4. Gfi1b regulates transcription of a large number of genes in
AMuLV pro-B cells. (A) Hierarchically clustered heat map of genes whose
transcription level is significantly altered (P < 0.01) upon retroviral expression
of Gfi1b in RAG1-GFPHe" cells. Each column represents an independent repli-
cate. (B, top) Quantitative RT-PCR analysis of germline /gk and SpiB transcripts
relative to HPRTin RNA from Gfi1b-ER-overexpressing AMuLV cells treated
with tamoxifen (4-OHT) as indicated. (B, bottom) Quantitative RT-PCR analysis
of these same transcripts relative to HPRT using RNA from wt or Gfi16=/~
AMUuLV cells. Error bar represents standard deviation of triplicate PCR assays.

marrow (Fig. 3 E). Gfilb transcript levels were highest in ac-
tively dividing cells during the large pre—B cell stage of develop-
ment where Rag transcription is low. Gfilb transcript levels
decreased at the small pre-B cell stage during which Ig light
chain rearrangement takes place, correlating with an increase in
Rag transcription (Fig. 3 E). The fact that transcription of Gfil
does not vary significantly during the early stages of develop-
ment (Fig. 3 E) may indicate that, of the two proteins, Gfilb
plays the more dominant role, although this has not been con-
clusively shown in our analysis. The fact that simultaneous dele-
tion of Gfil and Gfi1b causes an increase in Rag transcription in
pro— and pre—B cells, together with the inverse relationship be-
tween transcription of Gfi1b and Rag in cycling versus actively
rearranging cells, point to a role for repression of Rag transcrip-
tion by Gfi1b during early B cell development.

Studies in Abelson cells reveal a dual mechanism

of repression of Rag transcription by Gfilb

A more global role for Gfil and Gfi1b during B cell develop-
ment is supported by the fact that expression of Gfilb in
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Figure 5. Anti-Gfi1 Western blot analysis of four independently
generated Abelson cell lines and two lines retrovirally transduced
with a Gfi1 cDNA as a positive control (RAG1-GFP"is" Gfi1 and DKO
Gfi1). Anti-Lamin B was used to control for loading. Data are representa-
tive of two independent experiments.

Abelson cells results in changes in expression of a large num-
ber of genes (Fig. 4). Microarray analysis revealed ~300
genes, including Rag1 and Rag2, that showed significant dif-
ferences in transcript levels (P < 0.01) when Gfilb-ER—
expressing cells were exposed to tamoxifen for 12 h, as
measured by an ANOVA statistical test (Miller et al., 2002;
Fig. 4 A). Several regulated genes, including SpiB, ¢-Rel,
Aiolos, Ig3, Blk, Id2, and Zap70, are critical for B cell develop-
ment. We validated our microarray results using quantitative
real-time RT-PCR (Fig. 4 B). Genes whose transcripts were
up-regulated or down-regulated by at least twofold (P < 0.01)
are shown in Tables S1 and S2.

Because of the technical limitation involved in modeling
the absence of Gfil and Gfilb proteins in vivo (almost no
B cells are produced), we turned to the Abelson cell system to
learn more about the role of both proteins in the regulation
of Rag expression. We transformed cultured bone marrow
from poly-IC—treated, GfilbP¥/fox x Mx-Cre mice with
AMuLV to generate a Gfilb~’~ pro—B cell line (Khandanpour
etal., 2010). Gfi1~/~ and DKO-transformed cell lines were
created in parallel. One peculiarity of the Abelson cell sys-
tem is that although Gfilb is expressed normally, Gfil is not
expressed in WT (W) cells (unpublished data), even though
both proteins are normally expressed by early B cells in vivo
(Ytcel et al., 2004). We performed Western blots on a panel
of independently generated Abelson lines to address whether
the absence of Gfil was a peculiarity of our newly generated
cell lines, or a general feature of Abelson-transformed cells.
A positive control for Gfil expression was provided by
using two different cell lines transduced with a retrovirus to
express Gfil (RAG1-GFPMeh Gfil and DKO Gfil). We
found that none of the independently generated Abelson
cell lines expressed detectable levels of Gfil (Fig. 5). Thus,
the lack of Gfil expression in Abelson cells appears to be a
general feature of these transformed cells. These data also
indicate that the high level of Rag transcription observed in
the RAG1-GFP"¢b cell line used in the screen is likely inde-
pendent of the lack of Gfil expression in these cells. Be-
cause Gfil is not expressed in Abelson cells, we focused our
attention on the mechanism of repression of Rag by Gfilb
in this system.
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Gfi1b deficiency results in increased Rag expression

and recombination

We first verified that deletion of Gfi1b in Abelson cells results
in higher levels of endogenous Rag transcription. As in our
in vivo studies, we found that Rag1 and Rag2 transcripts were
expressed at higher levels in Gfi1b~/~ cells compared with
their WT (W) counterparts in pools of Abelson-transformed
mutant cells (Fig. 6 A).

To ascertain whether higher levels of Rag expression in
Gfilh~/~ cell lines result in greater Ig gene rearrangement po-
tential, we infected wt or Gfi1lb~/~ Abelson cells with a V(D)]J
recombination reporter construct. Upon rearrangement, an
ires-GFP sequence surrounded by two RSSs is deleted, bring-
ing a human CD4 gene under control of a heavy chain gene
promoter element. Cells having undergone a rearrangement
event gain hCD4 expression. We observed higher levels of
recombination in cells lacking Gfilb when compared with
Wt cells (Fig. 6 B). In addition, we detected higher levels of
V-to-] rearrangements at the endogenous Igk locus in these
same mutant cells (Fig. 6 C), as well as higher levels of Jk signal
end dsDNA breaks, an intermediate in the recombination
pathway (Schlissel et al., 1993; Fig. 6 D). We conclude that
higher levels of Rag transcripts in cells lacking Gfi1b result in
a higher rearrangement potential in these cells, indicating that
one role for Gfil or Gfilb proteins in early B cell development
may be to prevent deregulated rearrangement during periods
of proliferation or after production of a functional BCR.

Treatment of AMuLV-transformed cells with STI-571
mimics key aspects of the transition from the large pro—B to
the small pre-B stage in B cell development (Muljo and
Schlissel, 2003). To understand how loss of Gfi1b might affect
this transition, we treated wt and Gfilh~/~ AMuLV-trans-
formed cell lines with STI-571 and monitored Rag transcrip-
tion. Rag transcription was induced to strikingly high levels in
cells deleted for Gfi1b (Fig. 6 E). This led us to hypothesize
that a biological role for Gfilb might be to limit Rag protein
levels during rearrangement so that promiscuous DNA
cleavage does not occur at rearranging loci, cryptic RSSs, or
elsewhere in the genome. To test whether global levels of
double-strand breaks are higher in cells deleted for Gfi1b, we
performed immunofluorescence experiments using an anti-
body to phospho-H2AX, a histone variant found in associa-
tion with double-strand DNA breaks (Ayoub et al., 2009).
We found higher numbers of phospho-H2AX foci per cell in
Gfi1b=’~ cells when compared with wr cells (Fig. 7, A and B).
Because Rag proteins generate double-strand breaks, we in-
terpret these data to indicate that Gfilb’s expression within
the B cell compartment may prevent Rag proteins from
reaching levels high enough to cause genomic instability.

We tested whether treatment with STI-571 causes perturba-
tions in the cell cycle in Gfi1h™/~ cells. We performed PI stain-
ing on Gfilb™'~ cells
treated with STI-

Figure 6. The deletion of Gfi7b results
571 and compared

in increased Rag transcription and gene
rearrangement. (A) Quantitative RT-PCR
analysis of Rag transcripts in Wt and Gfi1b=/~
AMULV cell lines. Levels are expressed relative

A 127 B to HPRT transcripts and consist of the mean
< 104 M Rag1 y of triplicate assays. (B) Flow cytometric
2 8- [RrRag2 ED~QkD(RES|CFP analysis of Wtand Gfilb~/~ AMuLV cell lines
< @ infected with a rearrangement reporter con-
E % 61 T struct diagrammed above. Upon rearrange-
Eop 41 o 47.7 ment, the IRES-GFP segment is deleted and
% 2 ‘2‘5 hCD4 is expressed. Ew, IgHC enhancer; VHKI,
© O__-—‘—] < VH gene promoter; triangles, RSSs. Data are
= Wit ' Gfi1b™- hCD4 —>» representative of two independent experi-
ments. (C) PCR assay for Vk-Jk1 coding joints
C .. . 1.5 dilutions D in a series of diluted DNA samples from Wt
Break and GfiTb~/~ AMuLV cell lines. S, splenic DNA;
307bp — - —— ' '
P o - VK-JK1 i47kp product H20, water-only control. Data are representa-
147bp — i tive of two independent experiments. (D) LM-
1470D — | e s s e e e HPRT P | | e | L pRT PCR analysis of DNA breaks at the Ji1 RSS in
Wit Gfilb® S H20 Wi Gfilb™ Wtand Gfi1b~/~ AMuLV cells. The inverted
image of an agarose gel analysis of PCR prod-
E 'g 45000 A = 2500 - ucts is shown. Data are representative of two
< '@ 40000 1 _e— Wt < -% independent experiments. (E, left) Quantitative
é g 35000 A —a— Gfilb™* é @ 2000 1 —— Wt RT-PCR analysis of Rag1 transcript levels
£ x 30000 [ %‘ 1500 (relative to HPRT) in Wtand Gfilb~/~ AMuLV
‘é 2 25000 > o cell lines treated for the indicated times with
X% 20000 § '(% 1000 A STI-571, and, where indicated, washed and
L 15000 © cultured for an additional 36h. (E, right) Replot
10000 =~ 500 of data shown on the left on a smaller scale
5000 0 - to reveal values from the wt cell line. Error
0 bars denote standard deviation of triplicate
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_— ——— I —— assays. Data are representative of two inde-
STI STl wash out STI STl wash out pendent experiments.
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the cell cycle profile in these cells to that of identically treated
wt cells. Treatment with STI-571 led to a greater number of
mutant cells in the G1 phase and fewer in S phase of the cell
cycle compared with wt cells (Fig. 7 C). In addition, a much
greater fraction of Gfi1b™'~ cells had sub-G1 DNA content,
indicating increased apoptosis (Fig. 7 C). We verified that
these cell cycle effects were specific to Gfilb by reconstitut-
ing a Gfilb~/~ cell line with Gfilh and treating these cells
with STI-571. Cell cycle profiles in the reconstituted cell line
were nearly identical to those observed in the wt cell line
(Fig. 7 D). We conclude that Gfilb protects Abelson
cells from apoptosis and cell cycle arrest caused by treatment
with STI-571.

Gfi1b binds directly to the Rag locus and recruits

chromatin modifying complexes to repress Rag

in a replication-dependent manner

To test whether Gfilb down-regulates Rag transcription by
directly binding to the locus, we performed a chromatin
immunoprecipitation (ChIP)—Chip analysis using a FLAG
epitope-tagged Gfi1b construct expressed in both the RAG1-
GFPhgh cell line as well as a Gfilh null cell—cell line. We
found significant amounts of Gfi1b binding at a region ~35 kb
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5" of the Rag? first exon, neighboring the B cell-specific en-
hancer element Erag (Hsu et al., 2003; Fig. 8 A). A cluster of
three AATC core Gfilb binding sites lies within the peak
(chr2 101,399,676-101399,733; Fig. S1). We then performed
ChIP experiments using an anti-FLAG or IgG control anti-
body followed by quantitative real-time PCR with three primer
sets within the peak of Gfilb binding and two primer sets
flanking the peak (Fig. 8 A). Larger amounts of Gfilb bound
within the peak when compared with the regions 5" and 3’ of
the peak, confirming the array result (Fig. 8 B, left). Similar
results were obtained by performing ChIP using an epitope-
tagged Gfil construct (Fig. 8 B, right). These results indicate
that both Gfil and Gfilb can bind directly to the Rag locus.
Target gene repression by Gfilb is mediated through its
association with cofactors that introduce local chromatin
modifications (Vassen et al., 2006; Saleque et al., 2007).
H3K9 dimethylation is characteristic of de novo silencing
(Fuks, 2005), and in other systems, levels of dimethylated
H3KD9 increase as a result of Gfilb-mediated recruitment of
histone methyltransferases (Vassen et al., 2006; Saleque et al.,
2007). We tested whether Gfilb overexpression altered the
level of dimethylated H3K9 at the Gfilb binding region
(GBR) identified by ChIP-Chip. After treatment with
tamoxifen, cells infected with the
Gfi1b-ER construct had higher lev-

A Phospho-H2AX Secondary B PO P=0.01 els of H3K9me2 in the GBR (Peak
= o) @ 30 | 1-3) of the Rag locus, whereas levels
8100 3 20 of H3K9me?2 were lower in regions
8 3
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Ke) o Figure 7. Deletion of Gfi1b leads to
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Wt Gfi1b Wt Gfitb of Wtand Gfilb~/~ AMulV-transformed
C 807 ] %G1 257 B Sub G1 cells stained with anti-phospho-H2AX anti-
& %S bodies and counterstained with DAPI. Arrows
60 W %G2 201 indicate foci of anti-phospho-H2AX
L R2] 151 staining. Bars, 10 uM. Data are representa-
3 40 8 tive of three independent experiments.
X =104 (B) Quantitation of data from the experi-
20- ment in A. The total number of H2AX foci/
51 cell was counted (left) for 400 cells. Data
were analyzed using Student's ¢ test. Right,
STI 0- - 6h 20h - 8h 20h STIO T T6h 20n - 6h 20h number of cells with two or more foci/cell,
- - n = 400. Data are representative of 3 bio-
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60 A W %G2 571 (STI) for the indicated times. (C, right)
2 50 - Percentage of cells with sub-G1 amounts of
§ DNA indicating apoptosis. Error bar repre-
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20 A Data are representative of three indepen-
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Figure 8. Gfi1b binds directly to the Rag locus and acts through a
chromatin modifying mechanism. (A) a-FLAG ChIP-Chip on RAG1-GFPhieh
or Gfi1b=/~ cells overexpressing FLAG-tagged Gfi1b analyzed using a cus-
tom genomic tiling array. Data are shown for the region upstream and
including Rag? and Rag2 as indicated. Arrows denote the location of primer
sets used in B. (B) Quantitative PCR of DNA recovered from ChlIP using
Gfi1b~/~ cells overexpressing FLAG-tagged Gfi1b (left) or Gfi1 (right). IgG is
a control IP done in parallel and error bars indicate standard deviation of
triplicate assays. (C) Quantitative PCR of H3K9me2 ChIP products in RAG1-
GFPhien Gfi1b-ER cells treated for 3 d in the presence (+) or absence (—) of
tamoxifen (4-OHT). Error bar represents standard deviation of triplicate PCR
assays. Data are representative of two independent experiments. (D) Flow
cytometric analysis of RAG1-GFP levels in RAG1-GFPhioh cells infected with
a retrovirus expressing either a wt or P2A mutant Gfi1b protein compared
with uninfected cells. Data are representative of two independent experi-
ments. (E) Quantitative RT-PCR of Rag7 and Rag2 transcripts relative to
HPRT in RAG1-GFP"¢h cells infected with a retroviral Gfi1b-ER construct
and treated (+) or not (—) with tamoxifen (4-OHT) for 12 h in the presence
(+) or absence (—) of the DNA replication inhibitor aphidicolin. Error bar
represents standard deviation of triplicate PCR assays. Numbers indicate
fold differences with error bars from triplicate assays.
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5" and 3’ of the GBR and at the APRT control locus (Fig. 8 C).
Because the SNAG domain of Gfilb is necessary for its re-
pressor activity (Fiolka et al.,, 2000), we tested whether
mutating this domain would abrogate Gfilb’s effect on Rag
transcription. Mutation of aa 2 in Gfilb from a proline to an
alanine (P2A mutation) does not disrupt its DNA binding ac-
tivity but does eliminate its association with chromatin modi-
fying cofactors (Fiolka et al., 2006; Saleque et al., 2007). We
found that the P2A mutant fails to down-regulate RAG1-
GFP when overexpressed (Fig. 8 D). These data imply that
Gfi1b’s effect on Rag transcription depends on its association
with chromatin-modifying cofactors.

In some systems, changes in patterns of epigenetic gene
regulation require DNA replication (Falbo and Shen, 2009).
We asked whether treating RAG1-GFPhigh cells with a DNA
replication inhibitor would affect Gfilb’s ability to down-
regulate Rag transcription. Although induction of Gfilb-ER
with tamoxifen resulted in decreased Rag mRNA levels, we
found that this same treatment had little effect on Rag transcrip-
tion in the presence of the DNA synthesis inhibitor aphidicolin
(Fig. 8 E). As Abelson cells divide approximately every 12 h,
the repression of Rag by Gfilb observed within 12 h of tamox-
ifen treatment (Fig. 1 C) is consistent with the requirement for
replication. Collectively, these data imply that Gfilb’s effect
on Rag transcription is mediated primarily through a replica-
tion-dependent chromatin-modifying mechanism.

The Rag locus GBR is necessary for complete
down-regulation of Rag expression

To assess the functional activity of the GBR identified by
ChIP-Chip, we cloned a 700-bp fragment encompassing this
sequence into a reporter construct containing the Rag2 pro-
moter (R2P) driving GFP and analyzed expression after stable
transfection. In addition, we cloned Erag alone and in com-
bination with the GBR upstream of R2P (Fig. 9 A). All re-
porter constructs were stably integrated into the genome
using a selectable drug marker before analyses were per-
formed. The promoter alone supported low levels of GFP
expression and inclusion of the GBR upstream of the pro-
moter had little effect on GFP expression. The Erag enhancer
substantially increased the fraction of GFP-positive cells when
positioned upstream of R2P; however, the presence of the
GBR in combination with the Erag enhancer led to a de-
crease in the fraction of GFP-positive cells (Fig. 9 B). Over-
expression of Gfilb had little effect on cells containing the
construct with R2P alone but did decrease GFP expression
in the construct also containing the GBR (Fig. 9 B). Over-
expression of Gfilb in cells containing the Erag construct led
to a partial reduction in GFP expression, whereas overexpres-
sion in cells containing the GBR in combination with Erag
led to a complete inactivation of GFP expression (Fig. 9 B).
We conclude that binding of Gfi1b to the GBR has a functional
effect and that Gfi1b is a direct repressor of Rag transcription.
In addition, the data indicate that Gfilb might act on the Rag
locus via an indirect mechanism. We did not see evidence
of Gfilb binding to Erag by ChIP-Chip (Fig. 8 A) or by
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Figure 9. The Gfi binding region within
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the RAG locus has a functional effect on
RAG expression. (A) Reporter constructs used
to assay RAG locus elements for effects on
promoter activity. Erag, B cell-specific Rag
locus enhancer; GBR, Gfi binding region; GFP,
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green fluorescent protein. (B) Flow cytometric
analysis of GFP expression in AMuLV pro-B
cells with stably integrated reporter constructs

wherein GFP is driven by the indicated Rag locus DNA binding elements. Cells were analyzed in the absence or presence of a retroviral Gfi1b overexpression

construct. Data are representative of two independent experiments.

conventional ChIP (unpublished data), yet Gfilb can par-
tially inhibit reporter construct activity in the presence of
Erag alone (Fig. 9 B). In light of this indirect effect, we hy-
pothesized that Gfilb might also regulate expression of a
positively acting factor that binds to Erag. Because Foxol
binds to Erag and directly activates Rag transcription during B
cell development (Amin and Schlissel, 2008; Dengler et al.,
2008), we went on to test whether Gfilb has an indirect
effect on Rag transcription through regulation of Foxo1.

Gfi1b represses Foxo1, a positive requlator of Rag expression
We assayed Foxol mRNA and protein levels in AMuLV-
transformed pro—B cells overexpressing Gfilb, as compared
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with control pro—B cells, and found that levels of Foxol pro-
tein and mRNA are decreased in cells overexpressing Gfilb
(Fig. 10, A and B). Conversely, levels of Foxol are higher in
mutant pro—B cells lacking Gfi1b (Fig. 10 C). To test whether
Gfi1b’s effect on Rag transcription is solely mediated through
Foxol, we sorted Gfilb-overexpressing Rag reporter cells and
asked whether Foxol overexpression could restore Rag tran-
scripts to a high level. We found that overexpression of Foxol
led to a partial rescue of Rag transcription (Fig. 10 D), indicat-
ing that Gfi1b likely uses multiple pathways to down-regulate
Rag transcription in early B cells. ChIP-Chip analysis at the
Foxo1 locus revealed a peak of Gfilb binding at a site 3" to the
first exon of Foxo1 (Fig. 10 E), and these results were confirmed

using conventional ChIP (Fig. 10 F). Thus, Gfilb’s

partial repression of GFP expression in the Erag re-

porter construct (Fig. 9 B) might be mediated by

Figure 10. Gfi1b's effect on Rag transcription is
mediated in part through Foxo1. (A) Anti-Foxo1 West-
ern blot analysis of whole cell extracts from RAG1-GFPhioh
cell lines infected with a Gfi1b-ER retroviral overexpression
construct and treated (+) or not (—) with tamoxifen (4-OHT)
for 12 h. Tubulin was used as a loading control. Data are
representative of three independent experiments. (B) Quan-
titative RT- PCR assay for FoxoT transcripts in RNA
from Gfi1b-ER-overexpressing RAG1-GFP"e" cells treated
or not (—) with tamoxifen (4-OHT) for the indicated times.
Error bars denote standard deviation of triplicate assays.
(C, left) Anti-Foxo1 Western blot using whole cell extracts
from the indicated AMuLV cell lines and anti-tubulin as a
loading control. (C, right) Quantitation of this Western blot
' showing the ratio of Foxo1 to tubulin signals. Data are
representative of three independent experiments. (D) Flow
cytometric analysis of RAG1-GFP expression in RAG1-
. GFPhish parental cells, or RAG1-GFP"a cells overexpressing
Gfi1b alone, or Gfi1band foxol. Data are representative of
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two independent experiments. (E) a-FLAG ChIP-Chip analy-
sis of RAG1-GFPNis" and Gfi7b~/~ cells overexpressing
FLAG-tagged Gfi1b analyzed using a custom genomic tiling
array. Data are shown for the Foxo7 gene locus. Arrows
indicate location of primer sets used in F. (F) Quantitative
PCR analysis of the indicated ChIP samples conducted on
Gfi1o~/~ cells overexpressing FLAG-tagged Gfi1b or on
untransduced GfiTb~/~ cells using either the 1.74B or con-
trol primer sets. Error bar represents standard deviation of
triplicate PCR assays. Data are representative of two inde-
pendent experiments.
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repression of Foxol. Because both Erag and the GBR are nec-
essary for complete down-regulation of reporter construct ac-
tivity (Fig. 9 B), we conclude that Gfi1b regulates Rag expression
via a dual mechanism: by direct binding to the locus, and by re-
pression of the trans-activating Foxo1.

DISCUSSION

Mouse models in which GFP has been knocked into either
the Gfi1 or Gfi1blocus have elucidated where these genes are
expressed within the hematopoietic system. Gfi1 is highly ex-
pressed in early B cells and in T cells, where its activity peaks
at the pre-TCR stage. Gfil expression is absent in mature
B and T cells but is reinduced when T cells become activated
(Yticel et al., 2004). Gfi1 is also expressed in hematopoietic
stem cells, common lymphoid progenitors, and in monocytes,
granulocytes, and their progenitors. It is absent in common
myeloid progenitors, as well as in megakaryocytes, erythroid
cells, and their progenitors (Zeng et al., 2004). Although ex-
pressed in early B and T cells, Gfi1b is not induced upon
T cell activation. Unlike Gfi1, it is not expressed within the
macrophage/granulocyte lineages. Instead, it is expressed in
erythroid and megakaryocyte cells and their monocyte pro-
genitors (MEP; Vassen et al., 2007).

We have identified a new role for the transcriptional re-
pressors Gfil and Gfilb as potent negative regulators of Rag
expression in B-lineage cells (Figs. 1, 2, and 3). Our data indi-
cate that Gfilb represses Rag transcription in pro— and pre—B
cells in vivo, and that transcription of this protein inversely
correlates with levels of Rag transcription in early B lineage
cells (Fig. 3). Using the Abelson system, we further demon-
strate that Gfil and Gfilb bind directly to a region upstream of’
Erag, and that binding of these proteins is followed by changes
in chromatin structure at the Rag locus (Fig. 8).

Our efforts to define distinct roles for Gfil and Gfilb in
the regulation of Rag transcription have been complicated by
several factors. Although it has been proposed that target genes
may exist that are specific for Gfil and not Gfilb (Fiolka et al.,
2006), both proteins have many overlapping targets and exhibit
functional redundancy (Fiolka et al., 2006; van der Meer et al.,
2010). In addition, Gfil and Gfilb both auto- and cross-regulate
one another’s expression (Doan et al., 2004;Yiicel et al., 2004;
Huang et al., 2005; Vassen et al., 2005; Laurent et al., 2009).
This may explain why the single deletion of either Gfi1 or
Gfi1b in vivo does not alter the level of Rag transcription in
developing B cells (unpublished data). However, deletion of both
proteins simultaneously results in an increase in Rag tran-
scription in IgM™ progenitor B cells, indicating that Gfil and
Gfi1b are bona fide repressors of Rag transcription in vivo.
Although it is clear from the single KO studies that Gfil can
fully compensate for the absence of Gfilb, transcriptional
profiling of the two proteins reveals that transcription of Gfilb,
and not Gfil, is inversely correlated with levels of Rag tran-
scription (Fig. 3 E). This may point to a more dominant role
for Gfi1b in controlling Rag transcription in vivo.

Rag-mediated double-strand DNA breaks can lead to se-
nescence, apoptosis, or chromosomal abnormalities, such as
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large deletions or translocations. Some translocations activate
oncogenes and result in the development of leukemias and
lymphomas (Franco et al., 2006; Schlissel et al., 2006).
We find that cells lacking Gfi1b have a buildup of signal ends
(Fig. 6 D) and accumulate multiple DNA breaks per cell
(Fig. 7 A), and that STI-571 treatment of these cells results in
a more rapid G1 arrest (Fig. 7 C). We suggest that Gfi family
members may be responsible for keeping recombinase levels
in check during gene rearrangement to prevent the promiscu-
ous generation of DNA double-strand breaks. They may also
be required to repress Rag after heavy chain gene rearrange-
ment so that early B cells can progress forward in develop-
ment without risking additional DNA damage, particularly in
those undergoing DNA replication. This 1s in agreement with
our finding that Gfi1b transcription peaks in cycling large pre—
B cells (Fig. 3 D) and points to a role for this protein in re-
pressing Rag specifically in early proliferating B cells.

Gfi1b and Gfil are encoded by genes on separate chro-
mosomes but have very similar structures. These include an
N-terminal SNAG domain that mediates association with
chromatin modifying proteins, and a zinc finger C-terminal
domain that allows the proteins to bind directly to DNA. The
intermediate region between these domains is variable (Grimes
et al., 1996; Zweidler-Mckay et al., 1996; Lee et al., 2010).
Association of Gfil and Gfilb with chromatin modifiers
through their SNAG domains allows them to reversibly repress
their targets (Saleque et al., 2007). Accordingly, we demon-
strate that the integrity of the SNAG domain is required for
Gfilb-mediated repression of Rag expression and that Gfil and
Gfi1b interact with chromatin at the Rag locus (Fig. 8), leading
to an increase in the level of dimethylated H3K9 within this
region. This is consistent with a recent study, reporting that
Gfi1b binds to the Rag locus in a stem cell line (Wilson et al.,
2010). In transcription reporter constructs containing R2P and
the Erag enhancer, inclusion of the GBR is necessary for com-
plete down-regulation, yet Gfilb is able to mediate partial
down-regulation when Erag alone is included in these con-
structs (Fig. 9). These data support the existence of two modes
of Rag down-regulation by Gfilb: a direct mechanism medi-
ated by binding to the GBR within the Rag locus, and an indi-
rect mechanism mediated by its repression of Foxo1, an activator
of Erag (Fig. 10). The interplay between Foxo1 and Gfilb may
coordinate when and where the Rag proteins are expressed.
One model is that Foxol is induced before the initiation of
gene rearrangement and that this event is followed by induc-
tion of Gfilb as part of a feedback loop, limiting recombinase
levels during rearrangement by repressing Foxol expression.
Further repression of Rag by these Gfi proteins may follow
gene rearrangement and promote developmental progression,
allowing the cells to replicate without risking DNA damage.

Our microarray data indicate that Gfilb controls several
B cell-specific genes (Fig. 4). In addition, chromatin IP ex-
periments indicate that Gfilb binds to several genes that are
important for early B cell development (unpublished data). In
light of these data, it is perhaps not surprising that knocking
out both proteins causes a severe block in B cell development
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(Fig. 3). Elucidating the transcriptional pathways by which
these factors control developmental progression is an exciting
area for future study.

It remains to be seen whether Gfilb plays a role in pre-
venting Rag expression in non—B lineage cells. Gfilb is ex-
pressed in several other cell types (Vassen et al., 2007) and has
been found to play an essential role in development of the ery-
throid and megakaryocytic lineages (Saleque et al., 2002). Gfil
proteins also play a role in transcriptional priming that occurs
in early hematopoietic progenitor cells. Although high levels
of Gfil support neutrophil development, lower levels of Gfil
favor macrophage development (Laslo et al., 2006). We are
currently investigating whether repression of Rag transcription
by Gfil and Gfilb plays an important role in developmental
progression in either the myeloid or erythroid lineages.

MATERIALS AND METHODS

Cell culture. Cells were cultured in RPMI 1640 medium supplemented with
10% (vol/vol) FCS, 2 mM r-glutamine, 100 g/ml penicillin, 100 g/ml strepto-
mycin, and 50 mM 2-mercaptoethanol and were grown at 37°C in 5% CO,.

Retroviral production and infection. Retrovirus was harvested from the
EcoPack2 packaging cell line (Takara Bio Inc.). EcoPack2 cells were trans-
fected with retroviral plasmid resuspended in Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s protocol and viral supernatant was collected
and filtered 48 h after transfection. AMuLV-transformed RAG1-GFP pro-B
cells were infected by resuspension of the cells in viral supernatant containing
4 g/ml polybrene (Sigma-Aldrich) and cultured overnight. Cells were then
expanded into normal media. Primary cells were infected as in (Amin and
Schlissel, 2008). Cells were labeled with anti-IgM (11/41), anti-B220 (RA2-
6B2), and anti-CD43 (S7), plus anti-Thy-1.1 (OX-7). Cells were analyzed
3—4 d after retroviral infection. Lentiviral constructs were cotransfected with
VSVG and pMD2G into 293T cells using Lipofectamine 2000 as described,
and virus was harvested and used to infect cell lines as described.

In vitro deletion of Gfil and Gfilb. Total bone marrow was isolated
from Gfi1bflxfox Gfi1flox/flox ER-Cre transgenic mice and fractionated using
histopaque to eliminate red blood cells. Cells were separated into two pools
and cultured with either tamoxifen or a vehicle control for 1 or 2 d in the
presence of IL-7 at a concentration of 2 ng/ml. Finally, RNA was extracted
from sorted B220*IgM ™~ or IgM™ cells and analyzed by RT-PCR for Rag1
expression. All animal experimentation was approved by the University of
California, Berkeley Animal Care and Use Committee (protocol R253, ap-
proved March 18, 2011).

Expression analysis in WT mice. Bone marrow was isolated and pooled
from eight WT BALB/c mice. After elimination of red blood cells, CD19*
cells were isolated using CD19 MicroBeads (Miltenyi Biotec) on a MACS
column (Miltenyi Biotec) and then further sorted into small pro, large pro,
large pre, small pre, and immature fractions using anti-IgM (II/41), anti-
B220 (RA2-6B2), and anti-CD43 (S7), as well as forward scatter.

Generation of AMuLV-transformed KO cell lines. MxCre tg Gfit/f
or Gfi1bfl (or compound mutants) were injected with pIpC (Sigma-Aldrich)
at a dose of 500 pg per injection every other day for a total of five injections.
Bone marrow was infected as described in Retroviral production and infection
with the AMuLV previously described in Rosenberg et al. (1975). Cells were
cultured for 412 wk in standard RPMI until transformed cells grew out.

Gene expression analysis. RNA was isolated by lysing cells in TRIzol re-
agent (Invitrogen), followed by chloroform extraction. Reverse transcription
was performed using MoMLV-RT (Invitrogen) according to the manufac-
turer’s instructions. Quantitative real-time PCR was performed using Jump-
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Start Taq polymerase (Sigma-Aldrich) according to the manufacturer’s
protocol and fluorescent labeling with EvaGreen (Biotium). PCR cycling
conditions were 95°C for 4 min, followed by 45 cycles of 95°C for 30 s,
60°C for 30 s, and 72°C for 1 min. Primer sequences are given in Table S3.

Rag reporter studies. AMuLV pro—B cells were electroporated with 4 ug
of linearized DNA using the Lonza nucleofector kit V. (VCA-1003) and the
program T-001 on the Lonza Nucleofector device (AAD-1001). Cells were
selected for 2 wk in G418 r IMG/ML to select for those cells that had inte-
grated the constructs.

Expression plasmids. All retroviral plasmids were based on the MSCV
retroviral vector and were modified to contain an IRES in-frame with a sur-
face marker protein (Thy-1.1, or human CD4) to mark retrovirus-infected
cells. The cDNA was cloned upstream of the IRES sequence.

The Gfilb-ER fusion construct was created by PCR amplification of the
ER hormone-binding domain and amplification of the ORF of Gfi1b from the
cDNA library. Pfu TurboUltra (Agilent Technologies) was used for PCR accord-
ing to the manufacturer’s protocol, and fragments were cloned into the MSCV
retroviral vector upstream of IRES thy1.1. Constructs were subsequently verified
by DNA sequence analysis. The position 2 proline to alanine mutation (P2A)—
mutated Gfilb construct was created by PCR amplification with a primer con-
taining the mutation. The Gfi1 ¢cDNA was PCR amplified with Pfu, as described,
and cloned upstream of the IRES Thy1.1 within the MSCV retroviral vector.

The rearrangement reporter construct was created by Pfu-mediated
PCR of the Ep heavy chain enhancer and a VKI promoter (Bates et al.,
2007) and subsequent insertion into the pMX-delCJ (Bredemeyer et al.,
2006) rearrangement reporter. The ires was inserted upstream of GFP using
appropriate restriction sites. The Ep, ViKI, ires-GFP, RSS 12, RSS23, and
hCD4 fragments were excised in a single unit and inserted into the pLV-
UT-tTR-KRAB lentiviral vector obtained from Addgene.

MSCV-Foxol-ires-hCD4 was described previously (Amin and Schlissel,
2008). The Rag reporter constructs were provided by T. Kuo (University of
California, Berkeley, Berkeley, CA). PCR with Pfu TurboUltra (Agilent
Technologies) was used to amplify the 700-bp GBR and Erag and these were
inserted upstream of R2P using appropriate restriction sites.

Drugs. Tamoxifen (EMD) was used at a concentration of 1 pM. STI-571
(Novartis) was used at 2.5 uM. Aphidicolin (Sigma-Aldrich) was used at a
concentration of 4 uM. G418 was used at 1 mg/ml.

ChIP and ChIP-chip. Chromatin immunoprecipitation was performed as
described in Yu et al. (2000). In brief, 100 million cells were fixed with
formaldehyde, sonicated, incubated with an anti-H3K9me2(Abcam), anti-
FLAG, or IgG control antibody (Sigma-Aldrich), collected using magnetic
protein G beads (Invitrogen) three times with low salt buffer, once with high
salt buffer, and once with LiCl buffer as described in Yu et al. (2000). DNA—
protein cross-links were reversed, and DNA was precipitated and subjected
to quantitative real-time PCR using primers listed in Table S3. For ChIP-
chip, DNA was fragmented and ligated using the Whole Genome Amplifi-
cation kit (Sigma-Aldrich). Samples were labeled and hybridized to a custom
genome tiling array generated by Nimblegen.

Rearrangement and LM-PCR. Genomic DNA was isolated and sub-
jected to 30 cycles of PCR using the VS and Jk1 primers listed in Table S3.
For LM-PCR, broken ends were ligated to the BW linker and then ampli-
fied with the BW-H and k05 primers (see Table S3) as described in Schlissel
et al. (1993). Ligated DNA was subjected to 12 cycles of PCR with the
following cycling conditions: 94°C for 1 min and 66°C for 2.5 min. BW-H
and ko3 primers (see Table S3) were used to amplify 2 ul of DNA from the
first reaction for 30 cycles under the same cycling conditions.

Flow cytometry. Single-cell suspensions depleted of red blood cells were
prepared from mice or from cultured cells and were incubated for at least 10 min

with Fc receptor—blocking antibody (2.42G; purified from a hybridoma
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supernatant) and then were labeled with fluorochrome- or biotin-conjugated
antibodies by standard techniques. A FC500 or an Elite XL flow cytometer
(Beckman Coulter) was used for flow cytometry;a MoFlo high-speed cell sorter
(Dako) was used for sorting. Data were analyzed with FlowJo software (Tree
Star) and, with the exception of cell cycle analyses, dead cells were gated out
using forward and side scatter for all analyses. All antibodies were obtained
from eBioscience, except anti-CD43 and anti-Thy-1.1 (both from BD).

Immunoblot. AMuLV-transformed pro—B cells were lysed in RIPA buffer
(Gilbert et al., 2002), analyzed by Bradford, centrifuged to clear insoluble
material, and boiled for 10 min. For immunoblot of Gfil, nuclei were iso-
lated and the cytosolic fraction removed before boiling. Lysate was separated
by 8 or 10% SDS-PAGE and then transferred to nitrocellulose membranes.
Membranes were blocked in 5% milk and labeled with primary and second-
ary antibodies according to the manufacturer’s instructions. Membranes
were analyzed with the Odyssey Infrared Imaging System (LI-COR Bio-
sciences). Anti-Foxol (9462) was obtained from Cell Signaling Technologies,
and anti-Gfilb (sc-8559), anti-Actin (sc-1615), and anti-Lamin B (sc-M20)
were obtained from Santa Cruz Biotechnology, Inc. Anti-FLAG (F1804)
and anti-tubulin (T3526) antibodies were obtained from Sigma-Aldrich.
Anti-Gfil was obtained from R&D Systems. Infrared dye—conjugated sec-
ondary antibodies were from Invitrogen.

Immunofluorescence. Cells were affixed to frosted X slides using a cyto-
spin. Cells were then fixed with 4% paraformaldehyde and blocked before
staining with anti-H2AX (Abcam). Cells were washed and stained with
DAPI and anti—rabbit infrared dye—conjugated secondary antibody (Invitro-
gen). Cells were visualized with a Eclipse microscope (E800; Nikon).

Primers. Primer sequences are listed in Table S3.

Microarray. RAG1-GFPheh cells infected with a Gfilb-ER fusion con-
struct were treated for 12 h with tamoxifen or a vehicle control. mRNA was
isolated using Trizol reagent (Invitrogen), followed by cleanup with the
RNeasy kit (QIAGEN), and submitted for analysis to the UCSF core facil-
ity. The microarray accession no. is GSE33709.

Online supplemental material. Fig. S1 shows a cluster of three AATC
sites that are found in the GBR 5’ of Rag2.Table S1 shows identities of
genes whose transcripts are down-regulated by at least twofold (P < 0.01)
upon Gfilb expression in Abelson cells. Table S2 shows identities of genes
whose transcripts are up-regulated by at least twofold (P < 0.01) upon
Gfilb expression in Abelson cells. Table S3 shows sequences of primers
used in this study.
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