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Abstract

B cell development in Justy mutant mice is blocked due to a pre-mRNA splicing defect that 

depletes the protein GON4-like (GON4L) in B cell progenitors. Genetic and biochemical studies 

have suggested GON4L is a transcriptional regulator that coordinates cell division with 

differentiation, but its role in B cell development is unknown. To understand the function of 

GON4L, we characterized B cell differentiation, cell cycle control, and mitotic gene expression in 

GON4L-deficient B cell progenitors from Justy mice. We found that these cells established key 

aspects of the transcription factor network that guides B cell development and proliferation and 

rearranged the immunoglobulin heavy chain gene locus. However, despite intact IL-7 signaling, 

GON4L-deficient pro-B cell stage precursors failed to undergo a characteristic IL-7-dependent 

proliferative burst. These cells also failed to upregulate genes required for mitotic division, 

including those encoding the G1/S cyclin D3 and E2F transcription factors and their targets. 

Additionally, GON4L-deficient B cell progenitors displayed defects in DNA synthesis and passage 

through the G1/S transition, contained fragmented DNA and underwent apoptosis. These 

phenotypes were not suppressed by transgenic expression of pro-survival factors. However, 

transgenic expression of cyclin D3 or other regulators of the G1/S transition restored pro-B cell 

development from Justy progenitor cells, suggesting GON4L acts at the beginning of the cell 

cycle. Together, our findings indicate GON4L is essential for cell cycle progression and division 

during the early stages of B cell development.

Introduction

B cell development sustains a pool of peripheral B cells that support antibody-mediated 

immunity. During the earliest stages of this process, a network of transcription factors and 

signaling pathways guide B cell progenitors through alternating phases of differentiation and 

proliferation (1–4). Differentiation requires the DNA-binding proteins E2A, EBF1, PAX5 

and STAT5 (among others) (5–9), which form a transcriptional regulatory network that 

directs the formation of early B cell precursors. In the most primitive progenitors, E2A and 
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EBF1 activate B-lineage genes (10–13), promoting specification towards a B cell fate (1, 2, 

14, 15). EBF1 and PAX5 then activate additional B-lineage genes and repress others that 

promote alternative developmental programs, sealing commitment to a B cell fate (16–20). 

Additionally, the receptors c-Kit, FLT3 and that for IL-7 provide signals that are essential for 

the formation of early B cell progenitors (4).

The B cell transcription factor network and signaling pathways also control the proliferation 

of early-stage B cell precursors. A main driver of this process is IL-7 signaling, which 

activates the transcription factor STAT5 and the MAPK/ERK and PI3K signaling pathways 

(21), thereby promoting expression of proteins essential for survival and mitotic division. 

These include cyclin D3, which controls the G1/S transition of the cell cycle and is essential 

for B cell development (22–24). Further, IL-7 signaling sustains expression of EBF1, which 

also activates mitotic genes (25–28). The roles of STAT5 and EBF1 in B cell development 

are well established (29–31), but less is known about pathways downstream of these proteins 

that control cell division by B cell progenitors.

In Justy mice, B cell development is blocked at an early stage due to a recessive point 

mutation in the Gon4-like (Gon4l) gene (32). This lesion disrupts splicing of Gon4l pre-

mRNA in B cell progenitors, greatly reducing expression of full-length Gon4l transcript and 

protein. The function of GON4L is not understood, but studies in organisms ranging from 

plants to invertebrates to zebrafish have implicated this protein in pathways that control 

differentiation and cell division within developmental programs (33–37). For example, 

GON4L deficiency in zebrafish embryos blocks erythropoiesis, somite formation, and tail 

extension, which was correlated with cell cycle arrest and apoptosis (34, 37). Validating a 

role in cell division, other studies identified GON4L as important for the growth of cultured 

human cancer cells (38–40).

GON4L is a nuclear protein predicted to form domains characteristic of transcriptional 

regulators, including a highly acidic region, 2 paired amphipathic helix repeats and a SANT-

L domain (41). Further, molecular analysis showed GON4L forms complexes with the 

transcriptional regulators YY1, SIN3A and HDAC1, which have all been implicated in the 

regulation of cell division (41–45). Additionally, GON4L binds to NPAT, a transcriptional 

coactivator that regulates histone gene expression during DNA replication (46, 47), and to 

MCM3 and 4, components of the mini-chromosome maintenance complex required for 

DNA replication (37, 48). However, the importance of these interactions for GON4L 

function is poorly understood.

The findings outlined above suggest GON4L is important for cell division during B cell 

development. Therefore, we determined how GON4L deficiency in B cell progenitors from 

Justy mice affected cell cycle progression, proliferation and mitotic gene expression. In 

Justy B cell progenitors, the critical B-lineage transcription factor PAX5 was expressed 

normally and the IL-7 signaling pathway was functional, but these cells nevertheless failed 

to proliferate. This proliferative arrest correlated with impaired cell cycle progression and 

DNA synthesis, and induction of apoptosis. Also, Justy B cell progenitors failed to activate 

genes needed for mitotic division. Enforced expression of proteins that regulate the G1/S 

transition augmented B cell development from Justy cells, suggesting GON4L is critical at 
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this stage of the cell cycle. Together, our data indicate GON4L regulates pathways that guide 

proliferation by early-stage B cell progenitors.

Materials and Methods

Mice

Mice were housed in a specific pathogen-free facility. Justy mice were described previously 

(32). p53-deficient mice (49) were from Jackson Labs (Bar Harbor, ME). All procedures 

were approved by the University of Iowa Institutional Animal Care and Use Committee.

Antibodies and streptavidin conjugates

Antibodies were from BD Biosciences (San Jose, CA), Biolegend (San Diego, CA), 

eBioscience (San Diego, CA) and Cell Signaling Technology (Danvers, MA). Antibody 

clones used were: B220 (RA3-6B2), BP-1 (6C3), BrdU (BU20A), CD3 (145-2C11), CD4 

(GK1.5), CD8a (53-6.7), CD11b/Mac-1 (M1/70), CD11c (N418), CD16/32 (2.4G2), CD19 

(1D3), CD43 (S7), CD49b (DX5), CD127 (A7R34), CD135 (A2F10), Gr-1 (RB6-8C5), IgM 

(B76), Ly6C (AL-21), PAX5 (1H9), pSTAT5 (47), pERK (197G2), pAKT (D9E) and 

Ter-119. Biotinylated IgH-specific antibody was obtained from Vector Laboratories 

(Burlingame, CA). Streptavidin Brilliant Violet 605 was obtained from BD Biosciences.

Flow cytometric analysis and cell sorting

Flow cytometric analysis was performed as described previously (32). For sort purifications, 

target cells were enriched by negative selection by labeling cells with rat anti-mouse 

antibodies specific for Gr-1, IgM, Ly6C and Ter119 and selecting out antibody-bound cells 

using sheep anti-rat Dynabeads (Life Technologies, Carlsbad, CA). Recovered cells were 

stained for non-B lineage (Lin) markers (CD3, CD4, CD8, CD11c, CD49b, Ly6C) and B-

lineage markers (B220, BP-1, CD19, CD43, CD127, FLT3). Pre-pro-B cells (defined as 

Lin−B220+CD43+CD19−FLT3+CD127+) and pro-B cells (defined as 

Lin−B220+CD43+CD19+BP-1−FLT3+/−CD127+) were isolated by 2 consecutive rounds of 

sort purification using a FACSAria. A representative gating strategy used for sort 

purification is shown in supplemental figure 2.

Analysis of BrdU incorporation and DNA content

Mice were injected with 1mg of BrdU and bone marrow harvested 6 hours later. Cultured 

cells were incubated for 2 hours in 10 μM BrdU and harvested. Cells were stained for 

surface markers and analyzed as described previously (50). For DNA content analysis, cells 

were stained for surface markers and processed using buffers from BD Biosciences. Cells 

were incubated on ice for 15 min in Cytofix/Cytoperm, washed with Perm Wash and then 

incubated on ice for 10 min in Cytoperm Plus. After washing with Perm Wash, cells were 

incubated at room temperature for 5 min in Cyofix/Cytoperm and then stained with FxCycle 

Violet dye (Life Technologies) immediately prior to analysis.
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RT-PCR analysis

RNA from 2 independent sort purifications was pooled and reverse-transcribed using 

SuperScript III (Life Technologies). Quantitative real-time PCR was performed as described 

previously (32). Analysis of some cell cycle-associated genes was performed using the 

Mouse Cell Cycle PCR Array (Qiagen, Germantown, MD).

Igh gene rearrangement analysis

Cells were digested with Proteinase K (Thermo Fisher Scientific, Pittsburgh, PA) and 

genomic DNA recovered by precipitation. PCR primers used were described previously 

(51). Primer sequences were as follows: JHR3: GTTCTAATGTCACCACAGACCAG; 

VH7183F: CGG-TACCAAGAA(C/G)A(A/C)CCTGT(A/T)CCTGCAAATGA(C/G)C; 

VHJ558F: CGAGCTC-TCCA(A/G)CACAGCCT(A/T)CATGCA(A/G)CTCA(A/G)C.

Intracellular staining

All buffers were from BD Biosciences. Cells were stained for surface markers immediately 

prior to staining for intracellular proteins. To stain for PAX5, cells were incubated on ice for 

15 min in Cytofix/Cytoperm, washed with Perm Wash, incubated on ice for 10 min in 

Cytoperm Plus, washed with Perm Wash and then incubated again in Cytofix/Cytoperm at 

room temperature for 5 min. Cells were then washed with Perm Wash, incubated on ice for 

30 min in Perm Wash containing PAX5 antibody and washed again with Perm Wash prior to 

analysis. To stain for pSTAT5, pERK and pAKT, cells were incubated at 37°C for 10 min in 

Phosflow Fix Buffer 1, washed with stain buffer (PBS containing 3% FBS) and then 

incubated at −20°C for 30 min in Perm Buffer II. Cells were then washed with stain buffer, 

incubated on ice for 30 min in stain buffer containing antibodies and washed again with stain 

buffer prior to analysis.

IL-7 Stimulation

Cells were stained for surface markers, resuspended in ice-cold PBS and incubated on ice 

for 15 min. IL-7 was added to a final concentration of 400 ng/ml followed by incubation at 

37°C for 15 min. Cells were then fixed and processed for pSTAT5 staining as described 

above.

Stromal cell co-cultures and retroviral transduction

Cytokines were from PeproTech (Rocky Hill, NJ). Multipotent progenitors (MPPs) were 

isolated as described previously (32). Cells were added to 24-well plates containing OP9 

stromal cells in RPMI 1640 supplemented with 10% FBS, FLT3 ligand (FLT3L), IL-7 and 

stem cell factor (SCF). Cells were cultured for 7 days and then analyzed. For retroviral 

transduction, progenitor cells were added to OP9 cells in StemSpan SFEM medium 

(Stemcell Technologies, Vancouver, BC) containing FLT3L, IL-3, IL-11, SCF and 

thrombopoietin and cultured for 24 hrs. Cells were then transferred to Retronectin-coated 

plates containing retroviral particles. After 24 hrs, cells were transferred to wells containing 

OP9 cells in Opti-MEM (Life Technologies) supplemented with 5% FBS, FLT3L, IL-7 and 

SCF. Cells were cultured for 11 days and then analyzed.
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Retroviral particle production

Retroviral vectors were constructed using the plasmid pMIG (52) and cDNAs from GE 

Dharmacon (Lafayette, CO). pMIG vector and pCL-Eco (53) were transfected into 293T 

cells. After 24 hours, supernatants were collected, filtered and added to plates coated with 

Retronectin (Clontech, Mountainview, CA).

Analysis of caspase activity

Activated caspase levels were analyzed as described previously (50).

Statistical analysis

Data were analyzed using the unpaired, two-tailed Student’s t test in Prism software 

(GraphPad, San Diego, CA).

Results

GON4L deficiency prevents the accumulation of Flt3− pro-B cells

We previously showed the Justy mutation causes a deficiency for GON4L in B cell 

progenitors, arresting B cell development at the pre-pro-B to pro-B cell transition (32). To 

better understand how this transition is affected, B cell progenitors from wild-type (WT) and 

Justy mice were separated into pre-pro-B and pro-B cell fractions based on expression of 

FLT3 and CD19 (Fig. 1A). These markers were chosen because cells transitioning from the 

pre-pro-B to pro-B cell stage normally downregulate FLT3 and upregulate CD19 (54–57). 

As expected, FLT3+/CD19− pre-pro-B cells and FLT3−/CD19+ pro-B cells were easily 

distinguishable in WT bone marrow. Additionally, some cells were detected that reached the 

pro-B stage as signified by CD19 and PAX5 expression (see Supplemental Fig. 1A) but still 

expressed FLT3. We named these FLT3+ pro-B cells, which we reasoned are a transient 

intermediate between pre-pro-B and pro-B cells. In WT mice, low numbers of pre-pro-B and 

FLT3+ pro-B cells numbers were observed, while those for FLT3− pro-B cells were much 

greater (Fig. 1B). In Justy mice pre-pro-B and FLT3+ pro-B cell numbers were similar to 

WT, but the numbers of FLT3− pro-B cells were greatly decreased (Fig. 1B). These data 

indicate GON4L deficiency impairs accumulation of B cell progenitors at the FLT3− pro-B 

cell stage.

GON4L deficiency impairs DNA synthesis and cell-cycle progression by B cell progenitors

The accumulation of FLT3− pro-B cells in WT mice implies this population is generated by 

a burst of proliferation. This idea is supported by previous studies, which suggested pro-B 

cells undergo division in vivo as judged by DNA content profiles (23, 58). To assess 

proliferation by the B cell progenitor fractions we defined based on FLT3 and CD19 

expression, we analyzed DNA synthesis by injecting WT and Justy mice with the thymidine 

analog BrdU and measuring its incorporation into cells (Fig. 1C, 1D). In WT mice, FLT3+ 

and FLT3− pro-B cells incorporated more BrdU than pre-pro-B cells, suggesting the former 

divide more rapidly. Compared to WT, Justy pre-pro-B and FLT3+ pro-B cells incorporated 

significantly less BrdU, indicating DNA synthesis was impaired by GON4L deficiency. 

Surprisingly, no difference in BrdU incorporation was observed between WT and Justy 
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FLT3− pro-B cells. This may be attributable to selection for mutant cells that express enough 

GON4L to reach the FLT3− pro-B cell stage but are still unable to accumulate or progress 

further in development.

We also analyzed the cell cycle distribution of B cell progenitors by staining for DNA 

content ex vivo (Fig. 1E, 1F). Less than 20% of WT pre-pro-B cells were in the S or G2M 

phases of the cell cycle, suggesting these cells divide at a low rate. Compared to WT, 

significantly more Justy pre-pro-B cells were in the G1 phase of the cell cycle, while fewer 

were in S phase. A trend toward fewer Justy pre-pro-B cells in G2M was also apparent. 

Consistent with high BrdU incorporation, most (~60%) WT FLT3+ pro-B cells were in S or 

G2M, indicating these cells divide rapidly. As with pre-pro-B cells, significantly more Justy 
FLT3+ pro-B cells were in G1 relative to WT and fewer were in S or G2M relative to WT. 

Analysis of WT and Justy FLT3− pro-B cells showed no differences in the frequencies of 

cells in G1 or S, but significantly fewer Justy cells were in G2M, indicating the mutation had 

impact on this stage of the cell cycle. Collectively, these results suggest GON4L deficiency 

disrupts the cell cycle in B cell progenitors as they make the transition from the pre-pro to 

pro-B cell stage, thus preventing these cells from undergoing a proliferative burst that 

normally drives the accumulation of FLT3− pro-B cells.

The IL-7 signaling pathway is functional in GON4L-deficient B cell progenitors

B cell progenitor proliferation requires IL-7 (21), which activates the STAT5, ERK, and 

PI3K signal transduction pathways. Therefore, we analyzed the levels of phosphorylated 

(activated) STAT5, ERK and AKT, the latter being a surrogate for PI3K pathway activity. All 

were either normal or elevated in cells from Justy mice that were directly analyzed ex vivo, 

indicating the IL-7 signaling pathway is functional (Fig. 2A–F). To further assess 

responsiveness to IL-7, bone marrow cells from WT and Justy mice were incubated in the 

absence or presence of IL-7, after which the levels of phosphorylated STAT5 in B cell 

progenitors were analyzed (Fig. 2G). We found that exposure to IL-7 increased 

phosphorylated STAT5 levels in both WT and Justy B cell progenitors, confirming the IL-7 

signaling pathway is functional in Justy cells.

Justy B cell progenitors express PAX5 and undergo IgH rearrangement

Pro-B cell formation requires a transcription factor network that controls both B-lineage 

commitment and cell division (1, 2, 31). Our previous study indicated RNAs encoding key 

members of this transcription factor network (e.g. E2A, EBF1 and PAX5) are expressed at 

normal levels in Justy B cell progenitors (32). The DNA-binding protein PAX5 functions at 

the apex of the B-lineage transcription factor network, so we directly measured its 

expression in WT and Justy B cell progenitors (Supplemental Fig. 1A). In cells from WT 

mice, PAX5 expression was low in pre-pro-B cells, much higher in FLT3+ pro-B cells, and 

maintained at high levels in FLT3− pro-B cells. Justy B cell progenitors showed the same 

expression pattern and the absolute PAX5 levels in these cells were similar to WT. These 

data agree with others that showed Justy B cell progenitors express normal levels of CD19 

and other genes activated by the B-lineage transcription factor network (32).
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PAX5 and other members of the B-lineage transcription factor network (e.g. E2A and 

STAT5) also promote Igh gene rearrangement in B cell progenitors (5, 59, 60), so this 

process was analyzed in WT and Justy pro-B cells. Similar to WT, Justy cells rearranged the 

Igh gene and expressed normal levels of IgH protein, which is only produced upon 

successful gene rearrangement (Supplemental Fig. 1B, 1C). These findings show GON4L 

deficiency does not impair the regulation of PAX5 expression or Igh gene rearrangement and 

suggest that critical aspects of the B-lineage transcription factor network are functional in 

GON4L-deficient cells.

Expression of RNAs encoding the major cyclins is decreased in GON4L-deficient B cell 
progenitors

Prior studies suggested GON4L coordinates cell division with cell differentiation (33–37), 

an idea in line with our data suggesting GON4L-deficient pro-B cells fail to undergo a 

proliferative burst. Further, other studies suggested GON4L drives proliferation by human 

cancer cells (38–40). Given these findings, we explored the possibility that GON4L 

deficiency due to the Justy mutation affects the expression of genes that control cell-cycle 

progression and division.

The cyclin proteins are key regulators of the cell cycle, so we measured expression of RNAs 

encoding these proteins in WT and Justy B cell progenitors using quantitative RT-PCR 

analysis. RNA was isolated from sort-purified pre-pro-B and pro-B cells using the strategy 

shown in supplemental figure 2. For pro-B cells, the FLT3− and FLT3+ subsets were pooled 

to obtain enough cells from Justy mice. The D-type cyclins (cyclin D1, D2, and D3) were of 

particular interest because they control the G1 and G1/S phases of the cell cycle, although 

only cyclin D3 is essential for B cell development (23, 24). Correspondingly, Ccnd3 RNA 

expression was much higher in WT and Justy B cell progenitors relative to that for Ccnd1 or 

Ccnd2 (Fig. 3A). Compared to those in WT, Ccnd1 and Ccnd2 RNA levels were 

significantly elevated in Justy pro-B cells (Fig. 3A). More notably, Ccnd3 RNA levels were 

clearly and significantly decreased in Justy B cell progenitors and were not upregulated at 

the pro-B cell stage as seen in WT. The E-type cyclins and cyclin A2 regulate the G1/S and 

S phases of the cell cycle, while B-type cyclins and cyclin F control mitosis. Expression of 

RNAs for all these proteins was significantly reduced in Justy cells except those for Ccne1 
and Ccne2, which was normal (Fig. 3B–3E). Thus, expression of cyclins is reduced in 

GON4L-deficient B cell progenitors.

Expression of RNAs encoding E2F transcription factors and their target genes is impaired 
in GON4L-deficient B cell progenitors

We also analyzed expression of RNAs that encode E2F transcription factors, which are 

activated by cyclin D and E, and upregulate genes needed for DNA replication and mitosis. 

E2f1 and E2f3 RNA levels were normal in Justy cells, but those for E2f2 and Tfdp1 were 

significantly decreased (Fig. 4A, 4B). E2F-regulated genes include those encoding cyclin A2 

and D3 as well as those for E2F2 and DP1 themselves (61, 62). Expression of all these genes 

was reduced in Justy cells (see Fig. 3A, 3C and 4B), so we analyzed expression of other E2F 

targets. RNA levels for some E2F targets were normal in Justy cells (data not shown), but 

those transcribed from the Myb, Rbl1, Skp2 and Rad21 genes (61–66) among several others 
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were significantly reduced (Fig. 4C). Further, in the case of Ki-67 both RNA and protein 

expression were significantly lower in Justy cells compared to WT (Fig. 4D–4F). These 

findings demonstrate that B cell progenitors deficient for GON4L express key cell-cycle 

regulators at abnormally low levels.

The developmental block caused by GON4L deficiency is reproduced in culture

The experiments described above analyzed WT and Justy B cell progenitors removed 

directly from bone marrow, an environment in which defective or dying B cell progenitors 

are likely rapidly eliminated. To assess the impact of GON4L deficiency in a simplified 

setting, we tracked pre-pro-B and pro-B cell development in a culture system. MPPs were 

isolated from bone marrow and cultured with stromal cells and cytokines for several days. 

Afterward, B cell progenitor development and accumulation were assessed by flow 

cytometry (Fig. 5A). WT cultures contained few pre-pro-B and FLT3+ pro-B cells but had 

large numbers of FLT3− pro-B cells, reflecting normal differentiation from the pre-pro-B to 

pro-B cell stage (Fig. 5B, 5C). In comparison, Justy cultures generated abnormally high 

numbers of pre-pro-B cells, fewer FLT3+ pro-B cells and dramatically less FLT3− pro-B 

cells, indicating the pre-pro-B to pro-B cell transition was disrupted. Similar to results from 

our ex vivo analysis, pSTAT5 levels were normal in Justy B cell progenitors generated in 

culture, confirming IL-7 signaling was functional (Fig. 5D). Additionally, cultured Justy 
pro-B cells expressed significantly less Ccnd3 RNA relative to WT (Fig. 5E) as was 

observed in cells isolated directly from bone marrow. Thus, the Justy phenotype was 

faithfully reproduced in the culture system.

Cultured GON4L-deficient B cell progenitors show defects in DNA synthesis, DNA profiles, 
and survival

We next assessed BrdU incorporation by B cell progenitors generated in culture (Fig. 6A, 

6B). Similar to findings from in vivo labeling studies (see Fig. 1C, 1D), Justy pre-pro-B cells 

incorporated significantly less BrdU relative to WT. This was also observed for FLT3+ pro-B 

cells, but here the difference between WT and Justy cells was much more dramatic. BrdU 

incorporation by Justy FLT3− pro-B cells was modestly, but still significantly, lower as well. 

Therefore, the GON4L deficiency impairs DNA synthesis by B cell progenitors produced in 
vivo and in vitro.

The cell-cycle profiles of cultured B cell progenitors were visualized by staining for DNA 

content (Fig. 6C, 6D). Here, FLT3+ and FLT3− pro-B cells were pooled for the analysis. 

Consistent with a decrease in BrdU incorporation, significantly fewer Justy pre-pro-B and 

pro-B cells were in S phase. More strikingly, both pre-pro-B and pro-B cells in Justy 
cultures had much greater numbers of cells with a sub G1 (< 2N) DNA content, indicating 

DNA fragmentation and apoptosis (Fig. 6C, 6E). Given these results, we analyzed levels of 

activated caspase 8, an initiator of pro-apoptotic pathways (Fig. 6F, 6G). WT and Justy pre-

pro-B cells contained low levels of activated caspase 8, but the amount detected in Justy 
cells was significantly increased. FLT3+ and FLT3− pro-B cells contained higher levels of 

activated caspases 8 and these were significantly elevated in Justy cells. Activated levels of 

the pro-apoptotic caspases 3 and 7 were also elevated in Justy cells (data not shown). 

Combined, these findings indicate that deficiency for GON4L in B cell progenitors leads to 
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the induction of pro-apoptotic pathways, which helps explain why Justy pro-B cells fail to 

accumulate in bone marrow or in culture.

Promoting survival fails to rescue pro-B cell development from GON4L-deficient cells

Given Justy B cell progenitors are prone toward apoptosis, we asked how B cell 

development from Justy cells was affected by promoting survival. In zebrafish, defects 

caused by GON4L deficiency were partially rescued by suppressing p53 expression (34, 37). 

In Justy mice, however, Trp53 deficiency failed to restore B cell development (Supplemental 

Fig. 3A, 3B). We next asked whether enforced expression of pro-survival factors could 

rescue Justy pro-B cell development in vitro. WT and Justy MPPs were transduced with a 

control retroviral vector or that expressing BCL-2 or BCL-xL and then cultured for several 

days. Afterward, the frequencies of pro-B cells within the Mac-1−Gr-1−GFP+ fraction were 

determined, with GFP expression marking transduced cells. Enforced expression of BCL-2 

or BCL-xL had no effect on pro-B cell accumulation in WT cultures and suppressed, rather 

than augmented, pro-B cell formation in Justy cultures (Supplemental Fig. 3C–3E). Thus, 

the effects of GON4L deficiency in B cell progenitors cannot be overcome by promoting 

survival.

Enforced expression of G1/S regulators rescues pro-B cell development from GON4L-
deficient cells

Our data showed Ccnd3 RNA expression is decreased in Justy B cell progenitors and that 

events controlled by cyclin D3 (e.g. activation of E2F expression) are impaired (see Figs. 3 

and 4). Therefore, we asked how pro-B cell development in vitro was affected by increasing 

cyclin D3 expression. MPPs were transduced with a control retroviral vector or that 

expressing cyclin D3 and several days later the frequencies of pro-B cells within the 

Mac-1−Gr-1−GFP+ (transduced) populations were determined. For WT cultures, enforcing 

cyclin D3 expression significantly reduced pro-B cell development (Fig. 7A, 7B). In 

contrast, enforced expression of cyclin D3 in Justy cells greatly increased the frequency of 

pro-B cells (Fig. 7A, 7C). Determining total cell yields confirmed that the changes in pro-B 

cell frequencies caused by cyclin D3 overexpression correlated with differences in the 

absolute numbers of pro-B cells generated (Supplemental Fig. 4). We then asked how 

enforced expression of other cyclins affected pro-B cell development (Fig. 7A–7C). 

Retroviral-mediated expression of cyclin E1 had no effect on pro-B cell development from 

WT MPPs, but dramatically increased that from Justy cells. In contrast, enforced expression 

of cyclin A2 or cyclin B1 had no effect on pro-B cell formation from either WT or Justy 
MPPs.

Justy pro-B cells expressed significantly less E2f2 RNA, so we asked how enforcing E2F2 

expression affected pro-B cell development. Retroviral E2F2 expression slightly decreased 

pro-B cell development from WT cells but significantly increased that from Justy cells (Fig. 

7D, 7E). Here, the effect was less dramatic than that caused by overexpression of cyclin D3 

or E1. These data demonstrate that impairment of pro-B cell development caused by 

GON4L deficiency is overcome by increasing the expression of factors important for the 

G1/S and S phases of the cell cycle.
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Discussion

We defined how GON4L deficiency affected the differentiation and proliferation of B cell 

progenitors. Our findings show GON4L-deficient cells express the critical B-lineage 

transcription factor PAX5, undergo Igh gene rearrangement and can signal through the IL-7 

receptor. However, these cells had defects in cell cycle progression and DNA synthesis, and 

underwent apoptosis. Further, GON4L deficiency impaired activation of cell cycle-

associated genes. Transgenic expression of proteins that promote the G1/S transition 

overcame the block in B cell development, allowing GON4L-deficient pro-B cells to 

accumulate. Combined, our data suggest GON4L regulates proliferation by B cell 

progenitors, likely by acting during the early phases of the cell cycle.

In zebrafish embryos, loss of GON4L disrupts erythropoiesis and the formation of somites, 

the latter giving rise to the vertebral column and other tissues (34, 37, 67). For both defects, 

GON4L deficiency prevented expression of transcription factors required for the respective 

developmental pathway (i.e., GATA-1 for erythropoiesis, MyoD for somite formation). 

These results suggest GON4L is required to activate the gene expression programs that drive 

erythropoiesis and somite formation. In contrast, our data suggest GON4L is not required to 

put central aspects of the B cell developmental program in motion, as Justy B cell 

progenitors express PAX5 at normal levels and undergo Igh gene rearrangement. This 

conclusion is also supported by data from our previous study, which showed that critical B-

lineage genes (e.g. Ebf1, Cd19, Cd79a and Cd79b) are expressed at normal levels in Justy B 

cell progenitors (32). Thus, our findings argue that GON4L-deficient pro-B cells can 

establish specific parts of the B-lineage gene program but fail to further develop, potentially 

due to defects in downstream pathways that affect gene expression and cell division.

The B cell transcription factor network is critical for proliferation by B cell progenitors. Key 

players here are IL-7 signaling, STAT5 and EBF1 (21, 27). At the cellular level, the 

developmental arrest associated with GON4L deficiency closely resembles that caused by 

the absence of IL-7 signaling or EBF1 (7, 25). However, in Justy cells IL-7 signaling and 

Ebf1 mRNA expression are normal (32). Of note, proliferation and development of B cell 

progenitors deficient for the IL-7 receptor can be partially rescued by enforced expression of 

EBF1 (25). However, overexpression of EBF1 in Justy progenitors had only a slight effect 

on B cell development (JYB and JDC, unpublished data), suggesting defects due to GON4L 

deficiency are distinct from those caused by disruption of IL-7 signaling. Together, these 

findings suggest GON4L acts downstream of IL-7 signaling, STAT5, and EBF1.

GON4L deficiency in zebrafish embryos causes a G2M arrest in primitive erythroid 

progenitors (34). A similar but more modest G2M arrest appears to occur in cells within the 

tail of the embryo, which fails to undergo extension in the absence of GON4L (37). 

Consistent with a defect at the G2M phase, apoptosis in specific tissues is dramatically 

increased in GON4L-deficient zebrafish embryos (37). These defects were attributed to 

disruption of cell cycle regulation and activation of p53-dependent pathways for G2M arrest 

or apoptosis, a conclusion supported by data showing p53 knockdown in zebrafish embryos 

partially rescues erythropoiesis, somite formation, and tail extension and also suppresses 
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apoptosis (34, 37). One implication of these findings is that the absence of GON4L causes 

DNA damage or some other genotoxic stress that induces p53-dependent pathways.

Consistent with the findings described above, our data show GON4L deficiency in B cell 

progenitors disrupts the cell cycle and causes apoptosis. However, our results suggest p53-

dependent pathways are not an important factor in the defects caused by GON4L deficiency 

in B cell progenitors. It remains unclear why different effects were observed in our studies 

and those of zebrafish. One possible explanation is that GON4L-deficient B cell progenitors 

undergo apoptosis via p53-independent pathways that supersede p53 activation and G2M 

arrest, thus lessening the role of p53.

Our data suggest GON4L acts at the G1/S phase of the cell cycle. Particularly compelling 

are our results showing pro-B cell development from Justy cells is partially rescued by 

enforced expression of the G1/S regulators cyclin D3, E, and E2F2. Previous studies 

demonstrated cyclin D3 is essential for B cell development (23, 24) but the role of the E-

type cyclins has not been addressed. We imagine enforced expression of cyclin D3 or cyclin 

E affects similar, or overlapping, pathways that promote progression through the G1/S 

transition. In support of this conclusion, defects caused by cyclin D1 deficiency are rescued 

by cyclin E (68), indicating functional overlap between the D- and E-type cyclins. Enforced 

E2F2 expression had a more modest effect relative to that caused by overexpressing cyclin 

D3 or E. This result implies the function of GON4L goes beyond acting as a cofactor for 

E2F2. More likely is the possibility that GON4L controls proliferation by functioning 

together with (or in parallel to) the G1/S cyclins. B-lymphoblastic leukemia (B-ALL) 

originates from early-stage B cell progenitors (69). The generation and growth of B-ALL 

cells likely relies on the proliferative capacity of B cell progenitors. Our data argue that 

GON4L is a key component of the machinery that controls B cell progenitor proliferation. 

Given this, it would be of interest to determine the importance of GON4L for the 

transformation and expansion of cells that give rise to B-ALL. A central role for GON4L in 

B-ALL, and a better understanding of how GON4L functions, could lead to novel 

therapeutic strategies for treating B-ALL.
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MPPs multipotent progenitors
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SCF stem cell factor

WT wild-type

References

1. Nutt SL, Kee BL. The transcriptional regulation of B cell lineage commitment. Immunity. 2007; 
26:715–725. [PubMed: 17582344] 

2. Mandel EM, Grosschedl R. Transcription control of early B cell differentiation. Curr Opin Immunol. 
2010; 22:161–167. [PubMed: 20144854] 

3. Clark MR, Mandal M, Ochiai K, Singh H. Orchestrating B cell lymphopoiesis through interplay of 
IL-7 receptor and pre-B cell receptor signalling. Nat Rev Immunol. 2014; 14:69–80. [PubMed: 
24378843] 

4. Reth M, Nielsen P. Signaling circuits in early B-cell development. Adv Immunol. 2014; 122:129–
175. [PubMed: 24507157] 

5. Bain G, Maandag EC, Izon DJ, Amsen D, Kruisbeek AM, Weintraub BC, Krop I, Schlissel MS, 
Feeney AJ, van Roon M, van der Valk M, Riele HPJ, Berns A, Murre C. E2A proteins are required 
for proper B cell development and initiation of immunoglobulin gene rearrangements. Cell. 1994; 
79:885–892. [PubMed: 8001125] 

6. Zhuang Y, Soriano P, Weintraub H. The helix-loop-helix gene E2A is required for B cell formation. 
Cell. 1994; 79:875–884. [PubMed: 8001124] 

7. Lin H, Grosschedl R. Failure of B-cell differentiation in mice lacking the transcription factor EBF. 
Nature. 1995; 376:263–267. [PubMed: 7542362] 

8. Urbanek P, Wang ZQ, Fetka I, Wagner EF, Busslinger M. Complete block of early B cell 
differentiation and altered patterning of the posterior midbrain in mice lacking Pax5/BSAP. Cell. 
1994; 79:901–912. [PubMed: 8001127] 

9. Yao Z, Cui Y, Watford WT, Bream JH, Yamaoka K, Hissong BD, Li D, Durum SK, Jiang Q, 
Bhandoola A, Hennighausen L, O’Shea JJ. Stat5a/b are essential for normal lymphoid development 
and differentiation. Proc Natl Acad Sci USA. 2006; 103:1000–1005. [PubMed: 16418296] 

10. Sigvardsson M, O’Riordan M, Grosschedl R. EBF and E47 collaborate to induce expression of the 
endogenous immunoglobulin surrogate light chain genes. Immunity. 1997; 7:25–36. [PubMed: 
9252117] 

11. Kee BL, Murre C. Induction of early B cell factor (EBF) and multiple B lineage genes by the basic 
helix-loop-helix transcription factor E12. J Exp Med. 1998; 188:699–713. [PubMed: 9705952] 

12. O’Riordan M, Grosschedl R. Coordinate regulation of B cell differentiation by the transcription 
factors EBF and E2A. Immunity. 1999; 11:21–31. [PubMed: 10435576] 

13. Lin YC, Jhunjhunwala S, Benner C, Heinz S, Welinder E, Mansson R, Sigvardsson M, Hagman J, 
Espinoza CA, Dutkowski J, Ideker T, Glass CK, Murre C. A global network of transcription 
factors, involving E2A, EBF1 and Foxo1, that orchestrates B cell fate. Nat Immunol. 2010; 
11:635–643. [PubMed: 20543837] 

14. Singh H, Medina KL, Pongubala JM. Contingent gene regulatory networks and B cell fate 
specification. Proc Natl Acad Sci USA. 2005; 102:4949–4953. [PubMed: 15788530] 

15. Welinder E, Ahsberg J, Sigvardsson M. B-lymphocyte commitment: identifying the point of no 
return. Sem Immunol. 2011; 23:335–340.

16. Nutt SL, Heavey B, Rolink AG, Busslinger M. Commitment to the B-lymphoid lineage depends on 
the transcription factor Pax5. Nature. 1999; 401:556–562. [PubMed: 10524622] 

Barr et al. Page 12

J Immunol. Author manuscript; available in PMC 2018 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



17. Mikkola I, Heavey B, Horcher M, Busslinger M. Reversion of B cell commitment upon loss of 
Pax5 expression. Science. 2002; 297:110–113. [PubMed: 12098702] 

18. Schebesta A, McManus S, Salvagiotto G, Delogu A, Busslinger GA, Busslinger M. Transcription 
Factor Pax5 Activates the Chromatin of Key Genes Involved in B Cell Signaling, Adhesion, 
Migration, and Immune Function. Immunity. 2007; 27:49–63. [PubMed: 17658281] 

19. Pongubala JM, Northrup DL, Lancki DW, Medina KL, Treiber T, Bertolino E, Thomas M, 
Grosschedl R, Allman D, Singh H. Transcription factor EBF restricts alternative lineage options 
and promotes B cell fate commitment independently of Pax5. Nat Immunol. 2008; 9:203–215. 
[PubMed: 18176567] 

20. Nechanitzky R, Akbas D, Scherer S, Gyory I, Hoyler T, Ramamoorthy S, Diefenbach A, 
Grosschedl R. Transcription factor EBF1 is essential for the maintenance of B cell identity and 
prevention of alternative fates in committed cells. Nat Immunol. 2013; 14:867–875. [PubMed: 
23812095] 

21. Corfe SA, Paige CJ. The many roles of IL-7 in B cell development; mediator of survival, 
proliferation and differentiation. Sem Immunol. 2012; 24:198–208.

22. Mandal M, Powers SE, Ochiai K, Georgopoulos K, Kee BL, Singh H, Clark MR. Ras orchestrates 
exit from the cell cycle and light-chain recombination during early B cell development. Nat 
Immunol. 2009; 10:1110–1117. [PubMed: 19734904] 

23. Cooper AB, Sawai CM, Sicinska E, Powers SE, Sicinski P, Clark MR, Aifantis I. A unique 
function for cyclin D3 in early B cell development. Nat Immunol. 2006; 7:489–497. [PubMed: 
16582912] 

24. Powers SE, Mandal M, Matsuda S, Miletic AV, Cato MH, Tanaka A, Rickert RC, Koyasu S, Clark 
MR. Subnuclear cyclin D3 compartments and the coordinated regulation of proliferation and 
immunoglobulin variable gene repression. J Exp Med. 2012; 209:2199–2213. [PubMed: 
23109711] 

25. Kikuchi K, Lai AY, Hsu CL, Kondo M. IL-7 receptor signaling is necessary for stage transition in 
adult B cell development through up-regulation of EBF. J Exp Med. 2005; 201:1197–1203. 
[PubMed: 15837809] 

26. Roessler S, Gyory I, Imhof S, Spivakov M, Williams RR, Busslinger M, Fisher AG, Grosschedl R. 
Distinct promoters mediate the regulation of Ebf1 gene expression by interleukin-7 and Pax5. Mol 
Cell Biol. 2007; 27:579–594. [PubMed: 17101802] 

27. Gyory I, Boller S, Nechanitzky R, Mandel E, Pott S, Liu E, Grosschedl R. Transcription factor 
Ebf1 regulates differentiation stage-specific signaling, proliferation, and survival of B cells. Genes 
Dev. 2012; 26:668–682. [PubMed: 22431510] 

28. Ahsberg J, Ungerback J, Strid T, Welinder E, Stjernberg J, Larsson M, Qian H, Sigvardsson M. 
Early B-cell factor 1 regulates the expansion of B-cell progenitors in a dose-dependent manner. J 
Biol Chem. 2013; 288:33449–33461. [PubMed: 24078629] 

29. Boller S, Grosschedl R. The regulatory network of B-cell differentiation: a focused view of early 
B-cell factor 1 function. Immunol Rev. 2014; 261:102–115. [PubMed: 25123279] 

30. Malin S, McManus S, Busslinger M. STAT5 in B cell development and leukemia. Curr Opin 
Immunol. 2010; 22:168–176. [PubMed: 20227268] 

31. Heltemes-Harris LM, Farrar MA. The role of STAT5 in lymphocyte development and 
transformation. Curr Opin Immunol. 2012; 24:146–152. [PubMed: 22342169] 

32. Lu P I, Hankel L, Knisz J, Marquardt A, Chiang MY, Grosse J, Constien R, Meyer T, Schroeder A, 
Zeitlmann L, Al-Alem U, Friedman AD, Elliott EI, Meyerholz DK, Waldschmidt TJ, Rothman PB, 
Colgan JD. The Justy mutation identifies Gon4-like as a gene that is essential for B lymphopoiesis. 
J Exp Med. 2010; 207:1359–1367. [PubMed: 20530203] 

33. Friedman L, Santa Anna-Arriola S, Hodgkin J, Kimble J. gon-4, a cell lineage regulator required 
for gonadogenesis in Caenorhabditis elegans. Dev Biol. 2000; 228:350–362. [PubMed: 11112335] 

34. Liu Y, Du L, Osato M, Teo EH, Qian F, Jin H, Zhen F, Xu J, Guo L, Huang H, Chen J, Geisler R, 
Jiang YJ, Peng J, Wen Z. The zebrafish udu gene encodes a novel nuclear factor and is essential 
for primitive erythroid cell development. Blood. 2007; 110:99–106. [PubMed: 17369489] 

Barr et al. Page 13

J Immunol. Author manuscript; available in PMC 2018 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



35. Brownfield L, Hafidh S, Durbarry A, Khatab H, Sidorova A, Doerner P, Twell D. Arabidopsis 
DUO POLLEN3 is a key regulator of male germline development and embryogenesis. Plant Cell. 
2009; 21:1940–1956. [PubMed: 19638475] 

36. Bulchand S, Menon SD, George SE, Chia W. Muscle wasted: a novel component of the Drosophila 
histone locus body required for muscle integrity. J Cell Sci. 2010; 123:2697–2707. [PubMed: 
20647374] 

37. Lim CH, Chong SW, Jiang YJ. Udu deficiency activates DNA damage checkpoint. Mol Biol Cell. 
2009; 20:4183–4193. [PubMed: 19656853] 

38. Kittler R, Pelletier L, Heninger AK, Slabicki M, Theis M, Miroslaw L, Poser I, Lawo S, Grabner 
H, Kozak K, Wagner J, Surendranath V, Richter C, Bowen W, Jackson AL, Habermann B, Hyman 
AA, Buchholz F. Genome-scale RNAi profiling of cell division in human tissue culture cells. Nat 
Cell Biol. 2007; 9:1401–1412. [PubMed: 17994010] 

39. Luo J, Emanuele MJ, Li D, Creighton CJ, Schlabach MR, Westbrook TF, Wong KK, Elledge SJ. A 
genome-wide RNAi screen identifies multiple synthetic lethal interactions with the Ras oncogene. 
Cell. 2009; 137:835–848. [PubMed: 19490893] 

40. Agarwal N, Dancik GM, Goodspeed A, Costello JC, Owens C, Duex JE, Theodorescu D. GON4L 
Drives Cancer Growth through a YY1-Androgen Receptor-CD24 Axis. Cancer Res. 2016; 
76:5175–5185. [PubMed: 27312530] 

41. Lu P I, Hankel L, Hostager BS, Swartzendruber JA, Friedman AD, Brenton JL, Rothman PB, 
Colgan JD. The developmental regulator protein Gon4l associates with protein YY1, co-repressor 
Sin3a, and histone deacetylase 1 and mediates transcriptional repression. J Biol Chem. 2011; 
286:18311–18319. [PubMed: 21454521] 

42. Cowley SM, Iritani BM, Mendrysa SM, Xu T, Cheng PF, Yada J, Liggitt HD, Eisenman RN. The 
mSin3A chromatin-modifying complex is essential for embryogenesis and T-cell development. 
Mol Cell Biol. 2005; 25:6990–7004. [PubMed: 16055712] 

43. Dannenberg JH, David G, Zhong S, van der Torre J, Wong WH, Depinho RA. mSin3A corepressor 
regulates diverse transcriptional networks governing normal and neoplastic growth and survival. 
Genes Dev. 2005; 19:1581–1595. [PubMed: 15998811] 

44. Yamaguchi T, Cubizolles F, Zhang Y, Reichert N, Kohler H, Seiser C, Matthias P. Histone 
deacetylases 1 and 2 act in concert to promote the G1-to-S progression. Genes Dev. 2010; 24:455–
469. [PubMed: 20194438] 

45. Kleiman E, Jia H, Loguercio S, Su AI, Feeney AJ. YY1 plays an essential role at all stages of B-
cell differentiation. Proc Natl Acad Sci USA. 2016; 113:E3911–3920. [PubMed: 27335461] 

46. Yang XC, Sabath I, Kunduru L, van Wijnen AJ, Marzluff WF, Dominski Z. A conserved 
interaction that is essential for the biogenesis of histone locus bodies. J Biol Chem. 2014; 
289:33767–33782. [PubMed: 25339177] 

47. Zhao J, Kennedy BK, Lawrence BD, Barbie DA, Matera AG, Fletcher JA, Harlow E. NPAT links 
cyclin E-Cdk2 to the regulation of replication-dependent histone gene transcription. Genes Dev. 
2000; 14:2283–2297. [PubMed: 10995386] 

48. Bell SD, Botchan MR. The minichromosome maintenance replicative helicase. Cold Spring Harb 
Perspect Biol. 2013; 5:a012807. [PubMed: 23881943] 

49. Donehower LA, Harvey M, Slagle BL, McArthur MJ, Montgomery CA Jr, Butel JS, Bradley A. 
Mice deficient for p53 are developmentally normal but susceptible to spontaneous tumours. 
Nature. 1992; 356:215–221. [PubMed: 1552940] 

50. Gorman JV, Starbeck-Miller G, Pham NL, Traver GL, Rothman PB, Harty JT, Colgan JD. Tim-3 
directly enhances CD8 T cell responses to acute Listeria monocytogenes infection. J Immunol. 
2014; 192:3133–3142. [PubMed: 24567532] 

51. Schlissel MS, Corcoran LM, Baltimore D. Virus-transformed pre-B cells show ordered activation 
but not inactivation of immunoglobulin gene rearrangement and transcription. J Exp Med. 1991; 
173:711–720. [PubMed: 1900081] 

52. Van Parijs L, Refaeli Y, Lord JD, Nelson BH, Abbas AK, Baltimore D. Uncoupling IL-2 signals 
that regulate T cell proliferation, survival, and Fas-mediated activation-induced cell death. 
Immunity. 1999; 11:281–288. [PubMed: 10514006] 

Barr et al. Page 14

J Immunol. Author manuscript; available in PMC 2018 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



53. Naviaux RK, Costanzi E, Haas M, Verma IM. The pCL vector system: rapid production of helper-
free, high-titer, recombinant retroviruses. J Virol. 1996; 70:5701–5705. [PubMed: 8764092] 

54. Ogawa M, ten Boekel E, Melchers F. Identification of CD19(−)B220(+)c-Kit(+)Flt3/Flk-2(+)cells 
as early B lymphoid precursors before pre-B-I cells in juvenile mouse bone marrow. Int Immunol. 
2000; 12:313–324. [PubMed: 10700466] 

55. D’Amico A, Wu L. The early progenitors of mouse dendritic cells and plasmacytoid predendritic 
cells are within the bone marrow hemopoietic precursors expressing Flt3. J Exp Med. 2003; 
198:293–303. [PubMed: 12874262] 

56. Delogu A, Schebesta A, Sun Q, Aschenbrenner K, Perlot T, Busslinger M. Gene repression by 
Pax5 in B cells is essential for blood cell homeostasis and is reversed in plasma cells. Immunity. 
2006; 24:269–281. [PubMed: 16546096] 

57. Holmes ML, Carotta S, Corcoran LM, Nutt SL. Repression of Flt3 by Pax5 is crucial for B-cell 
lineage commitment. Genes Dev. 2006; 20:933–938. [PubMed: 16618805] 

58. Johnson K, Chaumeil J, Micsinai M, Wang JM, Ramsey LB, Baracho GV, Rickert RC, Strino F, 
Kluger Y, Farrar MA, Skok JA. IL-7 functionally segregates the pro-B cell stage by regulating 
transcription of recombination mediators across cell cycle. J Immunol. 2012; 188:6084–6092. 
[PubMed: 22581861] 

59. Fuxa M, Skok J, Souabni A, Salvagiotto G, Roldan E, Busslinger M. Pax5 induces V-to-DJ 
rearrangements and locus contraction of the immunoglobulin heavy-chain gene. Genes Dev. 2004; 
18:411–422. [PubMed: 15004008] 

60. Bertolino E, Reddy K, Medina KL, Parganas E, Ihle J, Singh H. Regulation of interleukin 7-
dependent immunoglobulin heavy-chain variable gene rearrangements by transcription factor 
STAT5. Nat Immunol. 2005; 6:836–843. [PubMed: 16025120] 

61. Ren B, Cam H, Takahashi Y, Volkert T, Terragni J, Young RA, Dynlacht BD. E2F integrates cell 
cycle progression with DNA repair, replication, and G(2)/M checkpoints. Genes Dev. 2002; 
16:245–256. [PubMed: 11799067] 

62. Bracken AP, Ciro M, Cocito A, Helin K. E2F target genes: unraveling the biology. Trends Biochem 
Sci. 2004; 29:409–417. [PubMed: 15362224] 

63. Campanero MR, Armstrong M, Flemington E. Distinct cellular factors regulate the c-myb 
promoter through its E2F element. Mol Cell Biol. 1999; 19:8442–8450. [PubMed: 10567569] 

64. Zhang L, Wang C. F-box protein Skp2: a novel transcriptional target of E2F. Oncogene. 2006; 
25:2615–2627. [PubMed: 16331253] 

65. Xu X, Bieda M, Jin VX, Rabinovich A, Oberley MJ, Green R, Farnham PJ. A comprehensive 
ChIP-chip analysis of E2F1, E2F4, and E2F6 in normal and tumor cells reveals interchangeable 
roles of E2F family members. Genome Res. 2007; 17:1550–1561. [PubMed: 17908821] 

66. Burkhart DL, Wirt SE, Zmoos AF, Kareta MS, Sage J. Tandem E2F binding sites in the promoter 
of the p107 cell cycle regulator control p107 expression and its cellular functions. PLoS Genet. 
2010; 6:e1001003. [PubMed: 20585628] 

67. Hammerschmidt M, Pelegri F, Mullins MC, Kane DA, Brand M, van Eeden FJ, Furutani-Seiki M, 
Granato M, Haffter P, Heisenberg CP, Jiang YJ, Kelsh RN, Odenthal J, Warga RM, Nusslein-
Volhard C. Mutations affecting morphogenesis during gastrulation and tail formation in the 
zebrafish, Danio rerio. Development. 1996; 123:143–151. [PubMed: 9007236] 

68. Geng Y, Whoriskey W, Park MY, Bronson RT, Medema RH, Li T, Weinberg RA, Sicinski P. 
Rescue of cyclin D1 deficiency by knockin cyclin E. Cell. 1999; 97:767–777. [PubMed: 
10380928] 

69. Pui CH, Robison LL, Look AT. Acute lymphoblastic leukaemia. Lancet. 2008; 371:1030–1043. 
[PubMed: 18358930] 

Barr et al. Page 15

J Immunol. Author manuscript; available in PMC 2018 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Justy B cell progenitors display impaired DNA synthesis and alterations in cell cycle 
distribution
(A) Analysis of early B cell progenitors in bone marrow. Lineage-marker negative, 

B220+CD43+ cells were subdivided into pre-pro-B (ppB) cells, FLT3+ pro-B cells and 

FLT3− pro-B cells based on CD19 and FLT3 expression as shown at the top of the panel. (B) 

Yields of the indicated B cell progenitors from WT and Justy bone marrow. Circles represent 

values from 6 independent experiments in which a WT and a Justy mouse were analyzed; 

lines represent mean values. (C) DNA synthesis by WT and Justy B cell progenitors as 
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measured by BrdU incorporation. Mice were injected with BrdU and bone marrow harvested 

6 hours later for analysis. Cells were identified as represented in panel A. The percentages of 

BrdU+ cells are shown. (D) Frequencies of BrdU+ cells within the indicated cell populations. 

(E) DNA profiles for the indicated cell populations. The percentages of cells in the G0/G1, S 

or G2M phases of the cell cycle are shown. (F) Frequencies of cells in the indicated stages 

of the cell cycle as determined from DNA content profiles. For panel D and F, circles 

represent values from 3 independent experiments in which a WT and a Justy mouse were 

analyzed; lines represent mean values. * P < .05; ** P < .01; **** P < .0001.
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Figure 2. The IL-7 signaling pathway functions normally in Justy mutant B cell progenitors
Bone marrow cells were stained for surface markers and analyzed as shown in Figure 1A to 

identify pre-pro-B (ppB) cells, FLT3+ pro-B cells and FLT3− pro-B cells. Cells were also 

stained and analyzed for intracellular levels of phosphorylated STAT5 (pSTAT5; panels A 

and B), phosphorylated ERK (pERK; panels C and D) and phosphorylated AKT (pAKT; 

panels E and F). (G) Bone marrow cells were stained for surface markers, rested on ice and 

then incubated at 37°C in the absence or presence of IL-7. Intracellular levels of pSTAT5 in 

Flt3− pro-B cells were then analyzed. Histograms in panels A, C, E and G represent data 

obtained from at least 3 independent experiments. Circles in bar graphs (panels B, D and F) 

each represent median fluorescence intensity (MFI) values obtained from 3 independent 

experiments. * P < .05; ** P < .01.
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Figure 3. Justy B cell progenitors display decreased expression of cyclin genes
(A–E) Quantitative RT-PCR analysis measuring the levels of RNAs encoded by the 

indicated genes. RNA was isolated from sort-purified pre-pro-B (ppB) and pro-B cells. 

Values are relative to that for Hprt RNA, which was analyzed as an internal standard. Bars 

represent the mean and standard error of values from at least 3 independent experiments. * P 
< .05; ** P < .01.
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Figure 4. Decreased expression of genes encoding E2F transcription factors and their target 
genes in Justy B cell progenitors
(A–D) Quantitative RT-PCR analysis measuring the levels of RNAs encoded by the 

indicated genes. RNA was isolated from sort-purified pre-pro-B (ppB) and pro-B cells, 

which were isolated as shown in supplemental figure 2. Values are relative to that for Hprt 
RNA, which was analyzed as an internal standard. Bars represent the mean and standard 

error of values from at least 3 independent experiments. (E) Analysis of Ki-67 protein 

expression in pro-B cells (pool of FLT3+ and FLT3− cells). Pro-B cells were identified as 

shown in Figure 1A. FMO samples represent pro-B cells that were not stained with anti-

Ki-67 antibody. Data shown are representative of results from 3 independent experiments. 

(F) Median fluorescence intensities (MFI) for Ki-67 staining. Circles represent values from 

3 independent experiments in which a WT and a Justy mouse were analyzed; lines represent 

mean values. * P < .05; ** P < .01; *** P < .001.
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Figure 5. The ability of Justy multipotent progenitors to generate pro-B cells in vitro is greatly 
impaired
(A) Analysis of B cell progenitors generated from WT and Justy MPPs after culturing for 7 

days on OP9 stromal cells in the presence of IL-7, SCF, and FLT3L. Pre-pro-B (ppB) cells, 

FLT3+ pro-B cells, and FLT3− pro-B cells were identified as shown at the top of the panel. 

(B, C) Frequencies (B) and numbers (C) of the indicated of B cell progenitors generated in 

the cultures. (D) Analysis of phosphorylated STAT5 (pSTAT5) levels in pre-pro-B and pro-B 

cells (pool of FLT3+ and FLT3− cells). Data are representative of results from 3 independent 

experiments. (E) quantitative RT-PCR analysis of cyclin D3 RNA levels in sort-purified pro-

B cells (pool of FLT3+ and FLT3− cells). For panels B, C, and E, bars represent the mean 

and standard error of values from at least 3 independent experiments. * P < .05; ** P < .01; 

*** P < .001; **** P < .0001.
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Figure 6. Cultured Justy B cell progenitors show cell-cycle defects and increased levels of 
apoptosis
MPPs from WT and Justy mice were cultured for 7 days on OP9 stromal cells in the 

presence of IL-7, SCF and FLT3L. B cell progenitors were identified as shown in Figure 5A. 

(A) DNA synthesis by WT and Justy B cell progenitors as measured by BrdU incorporation. 

BrdU was added to cultures, which were harvested 2 hours later and stained for surface 

markers and BrdU. The percentages of BrdU+ cells are shown. (B) Frequencies of BrdU+ 

cells within the indicated cell populations. (C) DNA content profiles for the indicated cell 

populations. The percentages of cells in the G0/G1, S and G2M phases of the cell cycle or in 

the sub G1 fraction are shown. (D) Frequencies of cells in the indicated stages of the cell 

cycle as determined from DNA content profiles. (E) Frequencies of pre-pro-B and pro-B 

Barr et al. Page 22

J Immunol. Author manuscript; available in PMC 2018 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cells in the sub G1 fraction based on DNA content profiles. Bars represent the mean and 

standard error of values from 3 independent experiments. (F) Analysis of activated caspase 8 

in the indicated cell populations. The frequencies of activated caspase 8+ cells are shown. 

(G) Frequencies of activated caspase 8+ cells in the indicated cell populations. For panel B, 

D and G, circles represent values from 3 independent experiments in which a WT and a 

Justy culture were analyzed; lines represent mean values. * P < .05; ** P < .01; *** P < .

001; **** P < .0001.

Barr et al. Page 23

J Immunol. Author manuscript; available in PMC 2018 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. Enforced expression of cyclin D3, cyclin E or E2F2 promotes pro-B cell development 
from Justy multipotent progenitors
MPPs from WT and Justy mice were transduced with a GFP-expressing control retrovirus 

lacking a cDNA insert (Empty) or that expressing both GFP and the indicated protein. Cells 

were cultured on OP9 stromal cells in the presence of IL-7, SCF, and FLT3L for 11 days and 

analyzed as shown in supplemental figure 3C. (A, D) Analysis of Gr-1−Mac-1−B220+CD43+ 

cells that were GFP+ following transduction with the indicated retroviral vectors. Gates in 

the flow plots identify pro-B cells; numbers represent the percentage of cells in the gates. 

Data are representative of results from at least 6 independent experiments. (B, C and E) 
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Frequencies of GFP+ pro-B cells per million GFP+ cells generated by WT or Justy MPPs 

following transduction with the indicated retroviral vectors. Bars represent the mean and 

standard error of values from at least 6 independent experiments. * P < .05; ** P < .01; **** 

P < .0001.
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