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The DDB1-DCAF2 complex is essential for B cell
development because it regulates cell cycle progression
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B cell development in the bone marrow is critical for producing
numerous B cells that play an essential role in the adaptive
immune response. B cells develop from common lymphoid
progenitors (CLPs), which then differentiate through a series of
stages, which include prepro-B cells, pro-B cells, pre-B cells,
immature B cells, and mature B cells.1 Within the pro-B stage, cells
undergo proliferation to expand the pro-B cell pool and complete
the recombination of the VH to DHJH segments to form the μ
chain. However, the mechanisms involved in pro-B cell develop-
ment are not fully understood. There have been several studies
about the critical role of ubiquitination modifications in B cell
development.2,3 Here, we report that DNA damage binding
protein 1 (DDB1), an adaptor protein in CUL4-ring E3 ligases that
is highly expressed in a variety of highly proliferative precursor
cells,4 is involved in regulating pro-B cell development.
We initially examined DDB1 expression in B cell precursors at

different stages. Pro-B cells expressed the highest amount of
DDB1 (Fig. S1a), indicating that this protein might be involved in B
lymphocytopoiesis. To further explore the role of DDB1 in B cell
development, we crossed Ddb1fl/fl mice with Mb1Cre mice to delete
DDB1 from late-stage prepro-B cells. The efficiency of DDB1
deletion was verified (Fig. S1b). Strikingly, B cells in the spleen,
lymph nodes and peripheral blood were severely decreased in
DDB1-deficient mice (Fig. S1c). Few serum immunoglobulins were
detectable in DDB1-deficient mice (Fig. S1d). Then, B cell subsets
at different developmental stages in the bone marrow were
analyzed. The number of cells in the pro-B stage decreased
(Fig. 1a). Together, these data demonstrated that DDB1 disruption
severely impaired B cell development at the pro-B cell stage.
Within the pro-B stage, IL-7 signaling provides survival and

proliferation signaling and regulates the V-DJ recombination of
immunoglobulin heavy chain.5 However, DDB1 deletion did not
induce obvious defects in IL-7R expression in pro-B cells (Fig. S2a).
During the pro-B stage, only cells with successfully rearranged V-
DJ segments enter the next stage. PAX5 is an important regulator
of VH-DHJH recombination. DDB1 deletion did not affect PAX5
expression in pro-B cells (Fig. S2b). The recombination of DH to JH
and proximal VH segments (VH7183 and VHQ52 to DHJH) was intact,
while the recombination of distal VH segments (VHGam3.8,
VH3609, and VHJ558 to DHJH) was slightly diminished in DDB1-

deficient pro-B cells (Fig. S2c). This finding might explain the
modest decrease in the intracellular μ chain in DDB1-deficient pro-
B cells (Fig. S2d). It was unclear whether the loss of pro-B cells
was resulted from elevated apoptosis. We performed Annexin V
staining and found that the percentage of Annexin V-positive pro-
B cells was comparable between wild-type and DDB1-deficient
mice (Fig. S2e). Therefore, the severe loss of pro-B cells in DDB1-
deficient mice was not caused by altered IL-7R expression, V-DJ
recombination of IgH or cell apoptosis.
The proliferation of pro-B cells following VH-DHJH rearrange-

ment is crucial for the maintenance of the B cell pool. Next, we
examined whether the loss of pro-B cells was caused by
proliferation defects. Thus, we detected the proliferation markers
proliferating cell nuclear antigen (PCNA) and Ki67. DDB1-deficient
pro-B cells expressed more PCNA and Ki67 (Fig. 1b, Fig. S3a).
Consistently, pro-B cells without DDB1 were larger (Fig. 1c). Cell
cycle analysis showed that DDB1 deficiency led to G2/M-phase
arrest in pro-B cells, with a slight block in S phase (Fig. 1d).
Western blot analysis also showed increased expression of cyclin
B, a G2/M cyclin, in DDB1-deficient pro-B cells, while G1/S cyclins,
including cyclin A and cyclin E, remained unaltered (Fig. S3b).
DDB1 deletion in the mouse brain and lens has been reported to
cause DNA damage accumulation in proliferating cells.4 We
stained cells with antibodies against histone H2AX phosphory-
lated at serine 139 (γH2AX) to assess DNA damage. We found
more γH2AX accumulation in DDB1-deficient pro-B cells (Fig. S3c).
Thus, we proposed that DDB1 deficiency led to the severe loss of
pro-B cells mainly by preventing pro-B cells from going through
the G2/M phase.
DDB1 interacts with DDB1-CUL4 associating factors (DCAFs),

and more than ninety DCAFs have been identified.6 The ImmGen
database showed that among the most studied DCAFs in mice,
DCAF2 was relatively highly expressed in B cell progenitors
(Fig. S4a). In addition, DCAF2 is important for maintaining normal
cell cycle progression.7 The expression profile of DCAF2 in B cell
subsets showed that the highest abundance of DCAF2 was found
in pro-B cells (Fig. S4b), which is similar to the DDB1 expression
pattern (Fig. S1a). To determine whether DCAF2 interacted with
DDB1 in pro-B cells, we performed immunoprecipitation using Ba/
F3 cells, and immunoprecipitated products were analyzed by mass
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Fig. 1 The DDB1-DCAF2 complex is required for B cell development because it controls cell cycle progression. a Prepro-B
(Lin−IgM−B220+CD43+CD24−CD19−), pro-B (Lin−IgM−B220+CD43+CD24+CD19+), pre-B (Lin−IgM−B220+CD43−), immature B (Lin−IgM+-
B220low), and mature B (Lin−IgM+B220hi) cells from the indicated mice were analyzed by flow cytometry (n= 3). The absolute numbers of B
cells at different stages are shown in the column chart. b PCNA staining of pro-B cells. MFI of PCNA is shown on the right. c The size of pro-B
cells from the indicated mice. d Cell cycle analysis of pro-B cells by DAPI staining. The percentage of each cell phase is shown on the right.
e Ba/F3 cells expressing Flag or Flag-DCAF2 were subjected to immunoprecipitation, and proteins that were pulled down were identified by
mass spectrometry. A protein-protein interaction network was generated with the identified proteins by using the STRING database (https://
string-db.org). f Coimmunoprecipitation of CUL4A, DDB1 and ROC1 with DCAF2 in Ba/F3 cells. Each experiment was independently repeated
at least three times. g Flow cytometry analysis of B cell subsets in the bone marrow from the indicated mice (n= 3). The absolute numbers of B
cells at different stages are shown in the column chart. h PCNA staining of pro-B cells from wild-type and DCAF2-deficient mice. MFI of PCNA
is shown on the right (n= 3). i The size of pro-B cells was determined by forward scatter (FSC) signals. j Cell cycle analysis of pro-B cells of the
indicated genotypes by DAPI staining. The percentage of each cell phase is shown on the right. k The protein levels of CHK1 and P21 in pro-B
cells from DDB1-deficient mice and wild-type littermates were analyzed by flow cytometry. MFI of each protein was determined and is shown
on the right (n= 3). l The protein levels of CHK1 and P21 in pro-B cells from DCAF2-deficient mice and wild-type littermates were analyzed by
flow cytometry. MFI of each protein was determined and is shown on the right (n= 3). Bars represent the mean ± SD. Data are representative
of at least three independent experiments. Statistical analysis was performed using two-tailed, unpaired Student’s t test. NS, not significant,
*P < 0.05, **P < 0.01, ***P < 0.001
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spectrometry. The results showed that DDB1 and CUL4A were
enriched in the Flag-DCAF2 group (Fig. 1e). Regulators of CRL4 E3
ligase, such as PCNA and the constitutive photomorphogenesis
9 signalosome, were enriched in the Flag-DCAF2 group as well
(Fig. 1e). In addition, endogenous DCAF2 interacted with
endogenous components of CRL4, such as CUL4A, DDB1 and
ROC1 (Fig. 1f). These data suggested that DDB1 interacted with
DCAF2 to form a complex in pro-B cells.
Then, we crossed Dcaf2fl/fl mice with Mb1Cre mice. Peripheral

lymphoid organs showed few B cells, and serum immunoglobulins
were undetectable in DCAF2-deficient mice (Fig. S5a, b). In
addition, B cell development was severely blocked in the pro-B
stage (Fig. 1g). Further analysis showed that DCAF2-deficient pro-B
cells displayed similar defects as DDB1-deficient pro-B cells:
increased PCNA levels, larger cell sizes, G2/M-phase arrest and
more DNA damage (Fig. 1h-j and Fig. S6a). Moreover, DCAF2 loss
did not affect the apoptosis of pro-B cells (Fig. S6b). These data
suggested that the reduction in pro-B cells in DCAF2-deficient
mice was due to G2/M retention, as observed in DDB1-
deficient mice.
We tested the expression of three reported targets of DCAF2 in

DDB1- or DCAF2-deficient pro-B cells8–10 and found that either
DDB1 or DCAF2 deletion resulted in the abnormal accumulation of
CHK1, P21, and SET8 in pro-B cells (Fig. 1k, l and Fig. S7a, b).
Together, these results indicated that the DDB1-DCAF2 complex
was involved in the proper degradation of cell cycle-related
proteins such as CHK1, P21, and SET8, which induced pro-B cells to
progress through the cell cycle.
In summary, we found that CRL4-DDB1-DCAF2 E3 ligase acts as

a new player in B cell lymphopoiesis by regulating the proper G2/
M phase exit of pro-B cells. These findings will help to provide
a better understanding of the regulatory network of B cell
development.
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