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Abstract

The assembly of immunoglobulin genes in developing B lymphocytes by V(D)J recombination is
initiated by the RAG1-RAG2 endonuclease complex. We previously identified an interaction
between RAG1 and VVprBP/DCAF1, a substrate receptor for the Cullin 4-RING E3 ubiquitin ligase
(CRL4). We report here that in mice, B cell-intrinsic loss of VprBP/DCAF1 increases RAG1
protein levels and disrupts expression of the endoribonuclease Dicer, which is essential for miRNA
maturation. Rag1/2transcription is known to be de-repressed by loss of miRNA-mediated
suppression of PTEN, raising the possibility that the elevated level of RAG1 observed in VprBP/
DCAF1-deficient B cells is caused indirectly by the loss of Dicer. However, we show that \VprBP/
DCAF1 restrains RAG1 expression post-transcriptionally and independently of Dicer. Specifically,
loss of VprBP/DCAF1 stabilizes RAG1 protein, which we show is normally degraded via a
mechanism requiring both 20S proteasome and Cullin-RING E3 ubiquitin ligase (CRL) activity.
Furthermore, we show that RAG1 stabilization through small molecule inhibition of CRL
activation promotes V(D)J recombination in a murine pre-B cell line. Thus, in addition to
identifying a role for VprBP/DCAF1 in maintaining Dicer levels in B cells, our findings reveal the
basis for RAG1 turnover, and provide evidence that the CRL4VPrBP/DCAFL complex functions to
maintain physiological levels of VV(D)J recombination.
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Introduction

The generation of a diverse lymphocyte antigen receptor repertoire is fundamental to
adaptive immunity. Developing B cells assemble functional immunoglobulin (1g) genes from
arrays of variable (V), diverse (D), and joining (J) segments via an orchestrated process of
DNA cleavage and joining called V(D)J recombination (1). The process is initiated by the
recombination activating gene proteins 1 and 2 (RAG1 and RAG2), which together comprise
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the site-specific endonuclease that introduces DNA double strand breaks at the
recombination signal sequences (RSSs) flanking Ig gene segments (2, 3). The amino-
terminal region (NTR) of RAG1, spanning aal-383, is dispensable for RAG catalytic
activity /in vitro (4, 5). However, deletion of the NTR impairs the efficiency and fidelity of
V(D)J recombination and reduces peripheral B and T cell numbers in vivo (6-9).

A mechanistic understanding for how the RAG1 NTR contributes to maintaining normal
levels of V(D)J recombination and lymphocyte development remains incomplete. The
discovery that the RAG1 NTR contains a functional RING domain (10), which is
characteristic of E3 ubiquitin ligases that catalyze the transfer of ubiquitin to substrate
proteins (11), raised the possibility that RAG1 mediates ubiquitylation of itself and/or other
target proteins to facilitate V(D)J recombination. Indeed, evidence supporting both
possibilities has been published: RAGL is reported to undergo auto-ubiquitylation (12),
which may stimulate its V(D)J recombination activity (12-14), and has also been implicated
in mediating ubiquitylation of other proteins, including the nuclear transport protein
karyopherin-a. (15) and histone H3 (16, 17). However, the relationship between substrate
ubiquitylation and V(D)J recombination /n vivo remains unclear.

A second, non-mutually exclusive functional role for the NTR is as a protein-protein
interaction domain used to recruit accessory factors that enhance or regulate V(D)J
recombination (18-21). The functional significance of these interactions is not fully
understood. We previously identified an association between the RAG1 NTR and Viral
protein r Binding Protein/DNA Damage Binding Protein 1 (DDB1)-Cullin 4 (Cul4)
Associated Factor 1 (VprBP/DCAFL1; VprBP henceforth), a substrate receptor for the Cul4-
RING (Really Interesting New Gene) E3 ubiquitin ligase (CRL4) (21). We further showed
that when mb1-Cre transgene expression (22) is used to conditionally inactivate Vprbp in
murine B cells (henceforth called VVprBPdel/del mice), B cell development is blocked at the
pro- to pre-B cell transition, and distal V4-DJy and V,.-J, gene rearrangement is impaired
(21).

More recently, we reported that the developmental block in VprBPYel/del mice could be
partially bypassed by enforced expression of Bcl2 (henceforth called \prBpdel/del ge2+
mice), which also restored distal V gene rearrangement at both the /ghand /gkloci (23).
Interestingly, most B cells reaching the periphery in VprBpdel/del Bcl2* mice are IgA*,
reflecting a ~10-fold loss in the absolute number of splenic Igx* B cells. This outcome is
correlated with increased levels of secondary V(D)J rearrangements in the /gk locus,
including x-deletion and skewing of VVx rearrangements to Jx5, as well as elevated
rearrangement of the /g/locus (23). These secondary V(D)J rearrangements are often
associated with receptor editing, which can be initiated in response to ligation of the BCR by
self-antigen at the immature B cell stage (24), raising the possibility that loss of VprBP in
VprBpdeldel Bel2* mice leads to excessive V(D)J recombination and receptor editing.

The skewing of the B cell repertoire toward IgA* B cells observed in \VprBpdel/delgc|2+
mice is also reminiscent of what is observed in Bcl2-transgenic mice with a B-lineage
deficiency in the the DiGeorge critical region 8 (DGCRS8) protein (25), a component of the
microprocessor complex essential for producing mature microRNAs (miRNAS) (26). This
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outcome was traced to de-repression of Rag expression and excessive receptor editing
caused indirectly by the loss of mMiRNA-mediated silencing of phosphatase and tensin
homologue (PTEN), a lipid phosphatase that antagonizes phosphoinositide-3-kinase (PI13K)
signaling (25).

Consistent with the possibility that excessive V(D)J recombination is a causal factor that
explains the phenotype observed in \VprBPYl/delBcI2* mice, we show here that RAG1
protein levels are elevated in bone marrow (BM) B cells cultured from \/prBpdel/delgc2+
mice. In the same cells, we show a severe reduction in the protein level of the
endoribonuclease Dicer, another factor which is essential for miRNA biogenesis (26). This
raised the possibility that the skewed Igx:IgA ratio and excessive receptor editing observed
in VprBPdel/delBcI2*+ mice is a secondary effect caused by Dicer loss in developing B cells.
However, the increase in RAGL1 protein under these conditions was not correlated with
elevated Rag1 transcript levels. Furthermore, while we observed increased levels of Ragl
transcript and RAG1 protein in splenic B cells from Bcl2-transgenic mice with a B lineage-
specific deficiency in Dicer (henceforth called Dicerde/deIB¢I2+ mice), which is consistent
with results reported by Coffre et al. (25), splenic B cells from VprBpdel/delBc|2+ mice
showed no increase in Ragl transcript yet RAG1 protein remained elevated. Moreover,
RAG1 protein levels were not elevated in cultured BM B cells from Dicerde!/delBcl2* mice.
Instead, we found that loss of VprBP expression extended the half-life of the RAG1 protein,
and that turnover of RAG1 was proteasome-dependent and required Nedd8-dependent
activation of Cullin-RING E3 ubiquitin ligases (CRLs). These results suggest a model in
which VprBP regulates RAG1 turnover by directing its proteasomal degradation via the
activated CRL4 complex.

We conclude that while both VprBP and Dicer negatively regulate RAG1 expression in order
to restrain excessive RAG activity, they do so through distinct mechanisms: VprBP controls
RAG1 expression post-translationally via proteasome-dependent degradation, whereas Dicer
suppresses Rag transcription. We speculate that these mechanisms operate at different stages
of B cell ontogeny, with VVprBP being crucial for suppressing RAGL1 in pre-B and immature
B cells, and Dicer functioning to control RAG expression in peripheral B cells. Our findings
reveal previously unidentified roles for VprBP in maintaining Dicer protein levels during B
cell development, and in regulating V(D)J recombination by mediating RAG1 turnover.

Materials and Methods

Mice

The generation of VprBP/fIBcI2* and VprBPdel/deIBcI2+ mice has been described (23, 27).
Mice bearing conditional Diceralleles (28) (B6.Cg-Dicer1im18ayj; Dicer/fl mice
henceforth) were purchased from the Jackson Laboratory. In order to generate
Dicerdel/delBcl2* mice and littermate controls, Dicer™/l mice were initially crossed with
VprBPIfBcI2+ and VprBPYel/del mice, to breed on the Bcl2 or mb1-Cre transgene onto the
Dicerf! background, and then successively back-crossed to remove the conditional Vorbp
alleles. The resulting Dicer/fIBcl2* and Dicerde!/de! mice were crossed to generate mice for
analysis. All mice were housed in individually ventilated microisolator cages in an
American Association for the Accreditation of Laboratory Animal Care-certified facility at
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Creighton University. For all experiments, control and knockout animals were either co-
housed littermates or were derived from parallel breedings. All experimental procedures
were reviewed and approved by the Creighton University Institutional Animal Care and Use
Committee.

Bone marrow culture

Mice were sacrificed by cervical dislocation at 6-8wk of age and bone marrow cells were
flushed from the femora and tibiae. Cells were prepared as described (29). Briefly, adherent
cells were removed by incubating collected bone marrow cells at 37 °C for 15min. Non-
adherent cells were collected by centrifugation, subjected to red blood cell lysis in ACK
Lysing Buffer (Thermo Fisher), washed, and seeded at a density of 7.5x10%/mL in 1X
Iscove’s Modified Dulbecco’s Medium (IMDM) supplemented with 10% fetal bovine serum
(Life Technologies), 1X penicillin/streptomycin (Corning), 2mM L-glutamine (Sigma-
Aldrich), 5.5x107> M B-mercaptoethanol (Sigma-Aldrich), and 10 ng/ul of recombinant
murine IL-7 (R&D systems). Cells were cultured at 37 °C with 5% CO,, for two consecutive
periods of 4d, with cells being re-seeded at their initial density after the first culture period.
For experiments including IL-7 withdrawal, cells were washed twice in 10 mL of culture
medium and re-seeded at 7.5x10%/ml in fresh medium containing 20 ng/ul of recombinant
murine B cell activating factor (BAFF, R&D systems) and cultured 2d prior to analysis.

Flow Cytometry and Cell Sorting

Single-cell suspensions prepared from bone marrow or spleen of 6-8wk old mice, or
cultured bone marrow cells were analyzed by multicolor immunophenotyping. To detect
surface antigens, cells were Fc-blocked using anti-CD16/32 (2.4G2, Becton Dickenson) and
stained with the following fluorochrome-conjugated antibodies: eBioscience anti-TCRB-PE
(H57-597), anti-CD19-AlexaFluor700 (eBiolD3), anti-lgM-PE-Cy5 (11/41), anti-CD93-PE-
Cy7 (AA4.1), Becton-Dickinson anti-B220-PE-CF594 (RA3-6B2), anti-CD43-APC (S7),
anti-lgx-PerCP-Cy5.5 (187.1), anti-CD21/CD35-APC (7G6), biotinylated anti-CD23
(B3B4) detected with BV510-Streptavidin, anti-IgA-FITC (R26-46) and BioLegend anti-
IgD-APC-Cy7 (11-26¢.2a). For detecting intracellular PTEN, cells were fixed and
permeabilized after surface staining using the CytoFix/CytoPerm kit (Becton-Dickinson)
according to manufacturer instructions. Permeabilized cells were stained with anti-PTEN-
AlexaFluor488 (IC847G, Novus Biologicals) or isotype control antibody (MOPC-21,
eBioscience). All samples were stained with violet-fluorescent LIVE/DEAD dye (Life
Technologies) for discrimination of non-viable cells. All phenotypic analyses were
performed using a ZE5 Analyzer (Bio-Rad). For these analyses, B cells were defined as live,
B220*CD19"TCRp™ cells within a lymphocyte gate. For sorting of splenic B cells,
splenocytes were stained with Becton-Dickenson antibodies anti-B220-PE (RA3-6B2), anti-
CD19-APC-Cy7 (1D3) and anti-CD25-APC-R700 (PC61), and B220"CD19*CD25" B cells
were sorted using a FACSAria (Becton-Dickinson). Sorting of bone marrow was performed
after staining cells with Becton Dickenson antibodies anti-B220-PE (RA3-6B2), anti-1gM-
PE-Cy5 (11/41), and anti-CD43-biotin (S7) detected using BUV737-conjugated streptavidin.
Pre-B cells were sorted as B220"CD43"IgM~. All data generated in phenotyping and sorting
experiments were analyzed using the FlowJo software package (Treestar). For cell cycle
analysis, VprBP/fIBcI2* and VprBPYel/delge|2+ BM cultures were subjected to B cell
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enrichment by magnetic sorting (Miltenyi Biotec) to remove residual non-B cells. Purified B
cells were resuspended in Vindelov’s reagent (100mM Tris, 0.9% NaCl, 0.01mg/mL RNase
A, 0.075mg/mL propidium iodide, 0.1% NP-40) and analyzed on the ZE5. Cell cycle
modeling was performed using the ModFit program (Verity Software House).

Western blot analysis

Cultured or sorted cells (2-4x108) were incubated for 10min on ice in RIPA lysis buffer
(50mM Tris, 150mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1mM
EDTA) supplemented with ImM sodium orthovanadate and 2% v/v protease inhibitor
cocktail (Sigma-Aldrich P8340). Proteins were resolved by SDS-PAGE prior to transfer onto
PVDF membrane and detection. The following primary antibodies were used: Anti-Dicer
(Bethyl Laboratories, A301-936A), anti-VprBP (Proteintech group, 11612-1-AP), anti-
RAGL1 (rabbit mAb developed by the Schatz group, see (18)), anti-RAG2 (EMD Millipore,
MABE1104), and anti-B-actin (Sigma-Aldrich, A5316). HRP-conjugated goat-anti-rabbit or
anti-mouse secondary antibodies (Cell Signaling Technology) were used to detect primary
antibody, and blots were developed using Pierce ECL2 substrate (Thermo-Fisher) and
imaged using a Typhoon 9410 Variable Mode Imager (GE Healthcare). All western blot
signal quantification was performed using the ImageJ image processing tool (https://
imagej.NIH.gov).

RT-qPCR analysis

Total RNA was isolated from cultured BM cells or sorted splenic B cells using the GenElute
Mammalian Total RNA Miniprep kit (Sigma-Aldrich). cDNA was prepared using Tagman
Reverse Transcription Reagents (Life Technologies). qPCR reactions were set up using 2X
SYBR Green Mastermix (Thermo-Fisher) and carried out on a CFX96 Real-Time system
(Bio-Rad) with the following thermal cycling conditions: 95 °C for 1min, followed by 35
cycles of 95 °C for 30sec, 55 °C for 15sec and 72 °C for 15sec. Data were analyzed using
software accompanying the instrument. The following primer pairs were used for RT-qPCR
assays (30, 31) (OriGene Technologies, MP203654):

Primer Name  Sequence

Ragl - F 5’-ATGGCTGCCTCCTTGCCGTCTACC-3’
Ragl - R 5’-CTGAGGAATCCTTCTCCTTCTGTG-3
Rag2 - F 5 -TTAATTCCTGGCTTGGCCG-3’

Rag2 - R 5'-TTCCTGCTTGTGGATGTGAAAT-3’

Dicer —F 5’-AGCAGTGCTGAGAAGAGGAAGG-3’
Dicer - R 5’-CCGCTTTTCTCCACAGTGATGC-3
Hprt-F 5’-CTGGTGAAAAGGACCTCTCG-3’
Hprt—-R 5'-TGAAGTACTCATTATAGTCAAGGGCA-3’

PCR-southern blot analysis of V(D)J rearrangements

Genomic DNA was prepared from sorted splenic B cells and specific V(D)J rearrangements
were amplified from 10000, 2500, or 625 cell equivalents in PCRs with primer sets and
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thermal cycling conditions as previously described (23). For PCR amplification of Vx-RS
rearrangements, the RS primer (23) was paired with a degenerate Vx primer (5'-
GGCTGCAGSTTCAGTGGCAGTGGRTCWGGRAC-3', ref. (32)), and thermal cycling
conditions identical to those for IRS-RS were used (23). PCR products were transferred to
nitrocellulose membranes, hybridized with 32P labeled oligonucleotide probes, and detected
by autoradiography.

RAG1 protein half-life experiments

Statistics

Results

BM cells from VprBPI/fBcI2* or VprBpdel/delgcl2+ mice were expanded 8d in the presence
of IL-7, followed by 48h of culture in medium lacking IL-7 and supplemented with BAFF as
described above. At 24h following IL-7 withdrawal, MLN4924 (Selleckchem, 3uM),
Bortezomib (Selleckchem, 5uM), or DMSO (vehicle control) was added and cells were
cultured for an additional 24h. Cycloheximide (CHX, 20 ug/ml, Sigma-Aldrich) was added
for the final 2h of the culture period, and cells were harvested at 30 min intervals. For
experiments using the A70 cell line (33), cells were seeded at a density of 1x10%/mL in
RPMI medium supplemented with 10% fetal bovine serum (Life Technologies), 1X
penicillin/streptomycin (Corning), 2mM L-glutamine (Sigma-Aldrich), 5.5x107> M -
mercaptoethanol (Sigma-Aldrich). Cells were cultured with STI-571 (Tocris Bioscience,
5uM) for 24h, and then cultured for an additional 24h in the presence of MLN4924 (3uM) or
DMSO (vehicle control). For the final 2h, CHX (20ug/mL) was added, and cells were
harvested at 30 min intervals.

Data are presented as mean values +/— SEM. All data were analyzed by ANOVA with
Bonferroni Correction using the GraphPad Prism platform. P-values of < 0.05 were
considered significant.

VprBP controls expression of RAG1 and Dicer in developing B cells

Our previous observation that x-deletion was elevated in sorted Igx™ B cells from
VprBpUeldelBc|2+ mice (23) raised the possibility that the skewed Igx*:IgA* ratio on this
genetic background is caused by excessive RAG activity. To explore this possibility, we used
a stromal cell-independent BM culture system in which pro- and pre-B cells are expanded in
the presence of recombinant IL-7 for 8d (8d+IL-7), and then cultured for an additional 2d
after substituting IL-7 for recombinant BAFF (2d+BAFF) (29). IL-7 withdrawal has been
shown to stimulate transit from the large- to small-pre-B cell stage and upregulate Rag
expression, while BAFF enhances cell survival in the absence of 1L-7 (29, 34, 35).
Compared to 0d cultures, the 8d+IL-7 BM cultures from VprBPT/fBcI2* and
VprBpPdel/delBc|2+ mice showed substantial enrichment of B220*CD19* cells, which
persisted in the 2d+BAFF cultures (Fig. 1A). Cells from VprBPT/fBcl2* and
VprBPUel/delBc12* mice showed very similar cell cycle profiles when cultured under both
conditions (Fig. 1B); IL-7 withdrawal led to an increase in the percentage of cells in the G1
phase of the cell cycle for both genotypes. Western blotting of cell lysates prepared from
both the 8d+IL-7 and the 2d+BAFF BM cultures revealed the presence of VprBP in samples
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from VprBP/fIBcI2* mice, but not VprBPIeVdelBcI2+ mice (Fig. 1C). Interestingly, RAG1
protein was elevated ~6-fold in 8d+1L-7 BM cultures from VprBPYel/delgc|2+ mice relative
to VprBPT/fBcl2* mice (Fig. 1C-D), but levels of Rag1 transcript were not significantly
different in these samples (Fig. 1E). Withdrawal of IL-7 stimulated a ~10-fold increase in
Rag1 transcript in VprBP/fIBcI2* cells, which was accompanied by a ~3-fold increase in
RAGL1 protein levels (Fig 1C—E). By contrast, VprBPYel/delBc|2+ cells failed to robustly
induce Rag transcription, showing significantly lower expression than VprBPf/fIBcI2* cells
after IL-7 withdrawal (Fig. 1E). Notably, despite poor Rag1 transcriptional induction, RAG1
protein levels in these samples were ~3-fold higher than in comparable samples from
VprBPIfBcI2+ mice (Fig. 1C-D). In these samples, RAG2 protein levels were similar
between VprBP-proficient and VprBP-deficient cells (Fig. 1C), whereas the levels of Rag2
transcript followed a similar pattern as observed for Rag? (Fig. 1E).

Recent work by the Koralov group suggests that Rag expression is constrained at the
transcriptional level indirectly through miRNA-mediated suppression of PTEN (25). They
further reported that loss of miRNAs in B cells skews the ratio of Igx*:IgA* cells toward
IgA™ B cells, a feature that resembles what we previously observed in \VprBpdel/delgc2+
mice (23). Two reports indicating a role for VprBP in directing ubiquitin-dependent
degradation of Dicer in response to certain stimuli (36, 37) suggested a potential mechanistic
link between Rag expression and VprBP through its regulation of Dicer-mediated miRNA
biogenesis. This prompted us to investigate whether Dicer expression was altered in \VprBP-
deficient B cell progenitors. Strikingly, we found that Dicer is undetectable by western blot
in VprBpdel/delgc12+ BM cells cultured under both the 8d+1L-7 and 2d+BAFF conditions
(Fig. 1C). The effect of VprBP deficiency on Dicer protein levels is independent of
transcription, as there is no significant difference in Dicer mMRNA levels between
VprBP/fIBcI2+ and VprBPUeldelBcl2+ BM cultured under either condition (Fig. 1F). Taken
together, these data suggest that VprBP suppresses RAG1 expression post-transcriptionally,
and is necessary for efficient transcriptional upregulation of RagI upon attenuation of IL-7
receptor signaling. Furthermore, VprBP is necessary for maintaining cellular Dicer levels in
a manner that is independent of Dicertranscription.

VprBP and Dicer restrain excessive RAG activity through distinct mechanisms

The previous data suggest that the increase in RAG1 protein observed in VprBpdel/delgc|2+
B cells is not a secondary effect of Dicer loss that results in Rag transcriptional upregulation.
To test this more directly, we generated Dicerf/fIBcl2* and Dicerde!/deIBcI2* mice as
reported previously (25, 38), and compared them to VprBPT/fIBcI2* and VprBpdel/delgc|2*
mice (Fig. 2). B220"CD19* B cells account for ~60% and ~40% of live TCRB™ splenocytes
in VprBpdel/delBcl2* and Dicerdel/delBcl2+ mice, respectively (Fig. 2A, top panels). The
percentage of B cells expressing surface Ig was higher in \VprBPYl/delBc|2+ mice expressed
compared to Dicerde!/deIBc|2+ mice (Fig. 2A, middle panels). Nevertheless, the absolute
number of splenic B cells, and the absolute numbers of Igx* and IgA* B cells, were not
significantly different between these two genetic backgrounds (Fig. 2B, left and right panels,
respectively). Consistent with the phenotype of Bcl2-transgenic DGCR8-deficient B cells
reported previously (25), splenic B cells from Dicerdel/delBc|2* mice express low levels of
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surface IgM, but this feature is not recapitulated in splenic B cells from \VprBpdel/delgc|2*
mice (Fig. 2C).

In VprBPdel/delBc|2+ and Dicerde!/delBcl2* mice, the ratio of Igx*:1gA™* cells was observed
to be ~1:3 and ~1:1, respectively, whereas it was ~3:1 in both VprBP/fIBcI2* and
DicerfIBcI2* mice (Fig. 2A bottom panels and Fig. 2D). As might be expected, levels of
intron recombining sequence (IRS)-to-recombining sequence (RS) and Vx-RS
rearrangements leading to x-deletion (39) were correspondingly increased in sorted
B220"CD19*CD25™ splenic B cells from both \VprBPYel/delBcI2* and Dicerdel/delBcl2+ mice
compared to their counterparts lacking mb1-Cre, but were slightly higher in the sorted B
cells from \VprBPYel/delBc2* mice than those from Dicerde/delBcl2* mice (Fig. 2E).
Excessive light chain gene rearrangement in these mice was also evidenced by skewing of Jx
gene segment usage to Jx5, as well as increased VA 1-JA1 rearrangement (Fig. 2E).

The Koralov group attributed the excessive Ig light chain gene editing phenotype of
DGCRS8-deficient B cells to increased expression of PTEN, which suppresses PI13K
signaling and thereby allows elevated transcription and activity of Rags in the periphery
(25). While we observed increased levels of intracellular PTEN in splenic B cells from both
VprBpdeldelBc|2+ mice and DicerdedeIBcI2* mice using flow cytometry (Fig. 2F-G), Ragl
and RagZtranscript levels were only found to be elevated in sorted B cells from
Dicerdel/delBc|2* mice, and not \VprBPYel/delBeI2+ mice, consistent with the block in Rag
transcription observed in cultured BM cells from the latter mice (Fig. 2H). Despite low
levels of Rag1 transcript in VprBPdeldelgc|2+ splenic B cells, RAG1 protein was clearly
detected by western blotting in these cells, whereas it was not evident in VprBP/fiBcI2+
cells (Fig. 21). Consistent with increased Rag? transcript in Dicerde/delBcI2* splenic B cells,
RAG1 was also detectable in these cells, albeit at a lower level than in \VprBpdel/delgc|2*
cells (Fig. 21). Taken together, these data suggest that while both VprBP and Dicer function
to constrain V/(D)J recombination activity by controlling RAG protein levels, they do so via
distinct mechanisms.

Loss of Dicer alone is insufficient to elevate RAG1 expression in cultured BM cells

Given the upregulation of Rag1 transcript observed in splenic B cells from Dicerdel/delgc|2+
mice, but not VprBPYel/delBc|2+ mice, we next wished to determine whether this
phenomenon would also be observed in the BM cell culture system. In the 8d+IL-7 cultures,
B220*CD19" cells from VprBPYel/delBc|2+ and Dicerde!/delBcl2* mice were enriched to a
similar degree (Fig. 3A). Importantly, while the level of RAG1 protein was elevated in
cultured \/prBPdel/delBcI2* BM cells as compared to their VprBP/fIBcl2* counterparts, it
was diminished in Dicerde!/delBcI2* cells (Fig. 3B), suggesting that elevation of RAG1
protein is not secondary to the loss of Dicer on the VprBPYel/delBc|2+ background.
Furthermore, we found that levels of RagZ and Rag2 transcript were slightly diminished in
both the VprBP- and Dicer-deficient BM cultures (Fig. 3C). Intracellular PTEN levels were
not elevated in either knockout strain, suggesting that miRNAs are not critical for
suppressing Rag expression at early B cell developmental stages (Fig. 3D-E). Consistent
with these observations, marks of receptor editing, including x-deletion, IgA rearrangement,
and skewing of Vx-Jx joins to Jx5, were elevated in sorted \VprBPYe/delBcl2* hone marrow
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pre-B cells as compared to VprBPf/fIBcl2* pre-B cells, whereas levels of these
rearrangements between Dicer-proficient and —deficient pre-B cells were quite similar (Fig.
3F). We also noted a marked overall decrease in /gk rearrangement in DicerdeV/deIBc|2* pre-
B cells as compared to Dicerf/fIBcl2* counterparts (Fig. 3F), which may be partly attributed
to lower RAG1 protein levels observed in Dicerde/delBc|2+ BM cultures (Fig. 3B) (see
Discussion section). Taken together, these data support a model in which, during early B cell
development, VprBP functions to post-transcriptionally regulate RAG1 protein levels,
independently of its role in maintaining cellular Dicer levels, whereas in the periphery, Dicer
is necessary for proper suppression of Rag transcription, but loss of VprBP overrides the
effects of an absence of Dicer.

VprBP Is required for normal turnover of RAGL1 protein

We next sought to determine the mechanism by which VprBP mediates RAG1 post-
transcriptional suppression. A well-established feature of cellular RAGL1 is its short half-life
of ~10-30 min (40-42). We speculated that loss of VprBP might extend RAG1 half-life,
leading to its accumulation. To test this possibility, 2d+BAFF BM cultures from
VprBP/fIBcI2+ and VprBPdeldelBcl2+ mice were treated with cycloheximide (CHX) for the
final 2 hours of the culture period in order to block all protein translation. Lysates prepared
from cells harvested at 30 min intervals during CHX treatment were probed for RAG1
protein by immunaoblotting. Under these conditions, we observed that RAG1 was degraded
with an estimated half-life of ~30 min in VprBP/fIBcI2* cells. (Fig. 4A). In striking
contrast, RAG1 protein levels in \VprBPdel/delBc|2* cells remained consistently elevated
through the entire 2h CHX treatment period, indicating that \VprBP is required for normal
turnover of the RAGL1 protein (Fig. 4A).

This observation, along with VprBP’s established role as a substrate receptor for the CRL4
E3 ubiquitin ligase (reviewed in (43)), raised the possibility that VprBP directs the
degradation of RAG1 via the CRL4VP'BP complex. To test this possibility, we repeated the
experiment with VprBP/fIBcI2* cells as shown in Fig. 4A, except that cells were treated
during the last 24h of the IL-7 withdrawal period with MLN4924, an inhibitor of the Nedd8-
activating E1 enzyme (NAE) (44). The rationale for using this inhibitor is that NAE is
required for activating CRL complexes by initiating conjugation of the ubiquitin-like protein
Nedds to the cullin scaffold (45-47). We found that MLN4924 treatment of VprBPf/fIBcl2*
cells treated under these conditions showed no apparent RAG1 degradation during the period
of concomitant CHX treatment, essentially mirroring the effect of loss of VprBP (Fig. 4B).
As a control, VprBPIBcI2* cells treated with vehicle only (DMSO) showed similar
turnover kinetics as observed with VprBPT/fIBcI2* cells in Fig. 4A. Furthermore, RAG2
levels remained largely unchanged during the CHX treatment period, and were not affected
by concomitant exposure to MLN4924 (Fig. 4B). In keeping with CRL4VP"BP_dependent
turnover of RAG1, we found that treatment of VprBPT/fIBcI2* cells with the proteasome
inhibitor Bortezomib (48) extended the half-life of RAG1 to ~130 min compared to ~30 min
in the vehicle-treated control (Fig. 4C).

To further extend mechanistic studies of RAG1 turnover, we investigated the effects of
MLN4924 treatment in an Abelson murine leukemia virus (AMuLV)-transformed pre-B cell

J Immunol. Author manuscript; available in PMC 2019 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schabla et al.

Page 10

line called A70 (33). Treatment of AMuLV-transformed pre-B cells with STI-571, a small
molecule inhibitor of the vAbl kinase, induces G1 cell cycle arrest and stimulates Rag
transcription (49). Recapitulating the effects of MLN4924 treatment observed with primary
B cells from VprBPfIBcI2* mice, we found that NAE inhibition in STI-571-treated A70
cells stabilizes RAGL1 in the presence of CHX, whereas RAGL is turned over normally in
AT70 cells treated with STI-571 and DMSO as the vehicle control (Fig. 4D). Furthermore, the
expression and half-life of RAG2 remained unaffected by MLN4924 treatment in STI1-571-
treated A70 cells (Fig. 4D).

The A70 cells used in these experiments harbor a chromosomally integrated V(D)J
recombination reporter substrate consisting of an antisense cDNA encoding GFP flanked by
a pair of RSSs, called pMX-INV (33). Upregulation of RAGs upon STI-571 treatment
enables inversion and expression of the antisense GFP cDNA (Fig. 4E). Treatment of A70
cells simultaneously with STI-571 and MLN4924 resulted in a ~25% increase in expression
of the GFP reporter substrate compared to cells treated with STI1-571 and DMSO vehicle
control, indicating that the increased half-life of RAG1 promotes increased V(D)J
recombination (Fig. 4F). Taken together, these data suggest that VVprBP mediates RAG1
turnover through a mechanism that is proteasome-dependent and requires CRL E3 ubiquitin
ligase activity.

Discussion

While long recognized, the mechanistic basis for the short half-life of cellular RAG1 has
remained obscure. Our findings have provided significant new insight that helps explain this
phenomenon, establishing that VVprBP, which we previously identified as associating with
full-length RAG1 (21), mediates RAG1 degradation through a mechanism that is
proteasome-dependent and requires NAE activity. Since NAE-dependent neddylation of
cullins is required for their activation, the simplest conclusion is that VprBP promotes RAG1
degradation via the CRL4VP'BP complex. What remains to be clarified is the precise
mechanism by which RAGL is directed to the proteasome for degradation.

The short half-life of RAG1 may be a strategy by which developing lymphocytes restrain
RAG activity in order to limit off-target cleavage to protect genomic stability. Our
observation that loss of VprBP is associated with an increase in Ig light chain gene
recombination events and loss of Igx™* B cells also suggests that this mechanism contributes
to the proper developmental timing of /gkand /g/rearrangement. This is an attractive model
for two reasons. First, evidence suggests RAG2 is expressed in molar excess to RAG1 (~15-
fold); therefore, one would expect the latter to be rate-limiting for V(D)J recombination
(50). Indeed, our finding that concomitant treatment of A70 cells with STI-571 and
MLN4924 increases RAG1 levels, but not RAG2 levels, and promotes greater V(D)J
rearrangement of the GFP reporter substrate in these cells is consistent with this possibility.
The finding that RagI heterozygosity reduces receptor editing in a mouse model of enforced
autoreactivity (51) also provides additional experimental support for this possibility.

Second, the short half-life of RAG1 may provide a means to restrain V(D)J recombination
during a phase of the cell cycle when RAG2 levels are fixed. Specifically, RAG2 is known to
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undergo phosphorylation-dependent ubiquitylation and degradation at the G1-to-S phase
transition, but is stabilized during G1, the phase of the cell cycle to which V(D)J
recombination is restricted (52-54). With CRLs being implicated in the turnover of RAG1,
physiological mechanisms may exist to suppress CRL activity during the G1 phase to enable
transient upregulation of RAG1 levels. Furthermore, with VprBP also being implicated in
controlling Rag transcriptional upregulation (Fig. 1), it is possible that VprBP levels are
modulated to titrate Rag transcript levels during G1 as well. Coordination of these
mechanisms may enable fine control of V/(D)J recombination activity within the G1 phase of
the cell cycle, and would help explain how sequential V/(D)J rearrangements, such as those
occurring during receptor editing of the Ig light chain loci, are facilitated and regulated
within G1 without requiring a cell cycle transition to suppress V(D)J recombination through
the targeted degradation of RAG2.

The skewing of the B cell repertoire in \VprBPYe/delBcl2* mice toward IgA* B cells, the
association of this phenotype with increased «x-deletion and skewed Vx rearrangement to
Jx5, and the subsequent finding that RAG1 protein levels are elevated in cultured B cells
from these animals is reminiscent of findings from the Koralov group showing that loss of
DGCRS8 leads to transcriptional upregulation of Rag expression and increased receptor
editing due to loss of miRNA-mediated suppression of PTEN (25). We were therefore
interested in determining whether the phenotypes observed in VprBPde/delBcl2* mice could
be attributed to a secondary effect of the loss of Dicer. While loss of VprBP expression does
lead to loss of Dicer (the implications of which are discussed further below), our direct
comparison of VprBPYel/delBc|2+ mice and Dicerde!/de!Bcl2+ mice rules out this possibility
by showing that loss of VprBP in VprBPdel/deIBc|2+ mice does not lead to transcriptional
upregulation of Rag expression, and that loss of Dicer in Dicerde/deIB¢|2+ mice does not
increase RAG1 protein levels in cultured BM cells from these animals. Our observation that
RAG1 is present in VprBPdel/delgc|2+ splenic B cells despite Rag? transcript levels being
comparable to VprBP/fBcI2* cells (Fig. 21) most likely reflects persistence of RAG1 from
earlier developmental stages resulting from a complete loss of RAG1 turnover. Taken
together, these data argue that VVprBP and Dicer regulate RAG1 expression through distinct
mechanisms: Dicer controls RAG1 expression indirectly at the transcriptional level via
miRNA-mediated suppression of PTEN, and VprBP controls RAG1 expression at the post-
transcriptional level by mediating its proteasome-dependent turnover. Furthermore, these
distinct mechanisms may operate at different stages of B cell development, with regulation
of PTEN expression by miRNAs being critical in transitional and mature B cells, but not in
the bone marrow. This is consistent with the observation that cultured BM cells from
Dicerdel/delBc|2* mice do not exhibit evidence of Rag transcriptional upregulation, as well as
previous studies showing that deletion of PTEN does not rescue early B cell development in
mice lacking miRNAs that target Pten mRNA (55).

This notion is further supported by our observation that, while marks of receptor editing are
elevated in both VprBPYel/delge|2+ and Dicerdel/delBc|2* splenic B cells, this is only the case
for bone marrow pre-B cells of the former knockout strain (Fig. 2E and 3F). Our

experiments also revealed an overall reduction in Vx-Jx rearrangements in Dicerdel/delgc|2*
pre-B cells, in the absence of a large effect on VA-JA rearrangement (Fig. 3F). A study from
the Schlissel group (56) reported that expression of miR-290-5p and miR-292-5p is induced
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at the pro- to pre-B cell transition, and that these miRNAs promote germline transcription of
the /gklocus, which is strongly correlated with initiation of Igx rearrangement (32). Thus, it
is possible that loss of miR-290-5p and miR-292-5p results in impaired Vx-Jx
rearrangement in DicerdeV/delBcl2* pre-B cells, and may even contribute to the skewing in
the Igx:IgA ratio on the miRNA-deficient genetic background (Fig. 2; (25)). Further work
will be required to investigate these possibilities.

Interestingly, despite the absence of Dicer and the elevation of PTEN in splenic B cells from
VprBpdel/delBc|2+ mice, we did not observe any increase in Ragl or Rag2 transcript. This
finding is also consistent with the absence of Rag transcriptional upregulation upon IL-7
withdrawal in BM cultures from VprBPdel/delBcI2+ mice (Fig. 1E). These data together
suggest that VprBP has a secondary role in regulating Rag transcription downstream of
PTEN/PI3K. The mechanism underlying this observation remains to be determined.

Finally, the finding that loss of VVprBP leads to a profound, transcription-independent loss of
Dicer protein in B cell progenitors contrasts strikingly with reports that VprBP targets Dicer
for degradation via the CRL4VP'BP complex in response to certain stimuli (36, 37). If this
model were true in B cells, one might have expected that Dicer protein levels would /ncrease
upon loss of VprBP. The discrepancy between our findings and these previous reports may
be attributed to the involvement of specific stimuli to induce Dicer degradation that are not
recapitulated in the cultured BM cells used in this work. Specifically, in the study by
Klockow et al. (36), Dicer degradation was shown to be caused by hijacking of the
CRL4VPBP complex by the HIV-1 accessory factor Vpr. Whether all Vpr-directed substrates
are also physiological substrates of CRL4VP'BP remains unclear, and thus it is possible that
VprBP only mediates Dicer degradation in the context of HIV infection (57, 58). In the
study by Ren et al. (37), Dicer degradation was elicited by stimulation of HCT116 colon
cancer cells with toll-like receptor ligands and IL-6. Thus, it is possible that VprBP
functions to maintain Dicer levels via a mechanism that is restricted to B cells or
lymphocytes. Further studies will be needed to investigate these possibilities. In any case,
given the pleotropic roles attributed to VprBP (reviewed in (43)) and the findings reported
here and elsewhere (36, 37) that the Dicer levels may be regulated by VprBP, some caution
is warranted in interpreting results of experiments in which VprBP levels are suppressed
using knock-down or knock-out approaches due to potential secondary effects caused by
changes in cellular Dicer levels.
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Figure 1. VprBP controls expression of Dicer and RAG1 in developing B cells
(A) BM cells from VprBP/fIBcI2* and VprBPdel/delgcl2+ mice were cultured for 0d or 8d

in the presence of IL-7 (0d or 8d+IL7) with or without subsequent IL-7 withdrawal and
BAFF supplementation for 2d (2d+BAFF). Cells were analyzed by flow cytometry to detect
surface expression of B220 and CD19. The percentages of gated B220*CD19" cells are
representative of multiple experiments. (B) B cells enriched by magnetic sorting were
stained with Vindelov’s reagent for determination of cell cycle status. Percentage of cells in
each cell cycle phase is shown. (C) Lysates prepared from cultured BM cells were subjected
to SDS-PAGE and western blotting to detect the indicated proteins. (D) Western blot signal
for RAG1 was quantified and normalized to the B-actin signal, with signal from the
VprBPIfBcI2+ 8d+1L-7 sample arbitrarily set to 1.0. Data are representative of two
independent experiments. (E-F) RNA isolated from cultured BM cells was subjected to RT-
gPCR to analyze transcript levels of Ragland RagZ2 (E) or Dicer (F), using Hprtlevels for
normalization. Error bars represent the mean +/-= SEM from three independent experiments.
***pP<(0.001 by one-way ANOVA with Bonferroni post-hoc correction. ns = not significant.
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Figure 2. VprBP and Dicer restrain Ragl expression and receptor editing through distinct
mechanisms

(A) Total splenocytes prepared from mice of the indicated genotypes were analyzed by flow
cytometry for surface expression of CD19, B220, IgM, IgD, lgx, and IgA.. (B) Total numbers
of splenocytes, splenic lymphocytes, and splenic B cells (left panel), and total numbers of
splenic Igx* and IgA™* B cells (right panel) were determined for each genotype (n=6-13;
listed at right), and displayed in bar graph format. Error bars represent the mean +/- SEM.
*P<0.05, **P<0.01, ***P<0.001 by two-way ANOVA with Bonferroni post-hoc correction.
(C) Representative plot comparing surface IgM (slgM) staining for splenic B cells from
mice of the indicated genotypes. (D) The proportion of Igx* and IgA™* cells among total
light-chain bearing splenic B cells was determined for the mice analyzed in panel B and is
presented in bar graph format. (E) Splenic B220*CD19*CD25™ B cells sorted from mice of
the indicated genotypes were subjected to PCR and Southern blotting to amplify and detect
specific V(D)J rearrangements listed to the right of each panel from 10000, 2500, or 625 cell
equivalents of genomic DNA. Amplification of the non-rearranging CD14 locus serves as a
loading control. (F) Splenocytes from mice of the indicated genotypes were analyzed by
intracellular flow cytometry to detect PTEN expression. Staining with an isotype control
antibody is shown (light blue peak). (G) Quantitation of the mean fluorescence intensity
(MFTI) was determined for each genotype (right panel; n=6-13). ***P<0.001 by one-way
ANOVA with Bonferroni post-hoc correction. (H) Total RNA from splenic B cells sorted as
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in panel A was subjected to RT-gPCR to detect Rag? and Rag2 transcript. The level of Ragl
and Rag2in VprBPfIBcI2+ thymocytes was arbitrarily set to 1.0 for comparison. (1)
Lysates prepared from sorted splenic B220"CD19*CD25~ B cells were probed by western
blotting as in Fig. 1C.
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Figure 3. Loss of Dicer aloneisinsufficient to elevate RAG1 expression in cultured BM cells
(A) BM cells from mice of the indicated genotypes were cultured in the presence of IL-7

and analyzed as in Fig. 1A. Data are representative of three independent experiments. (B)
Lysates prepared from 8d+IL-7 BM cultures were probed by Western blotting as in Fig. 1B.
Data are representative of two independent experiments. (C) RagZ and RagZ transcript levels
were compared between cultured BM cells from the indicated mice as in Fig. 1E. (D-E)
Intracellular PTEN was detected by flow cytometry, and the mean fluorescence intensity
(MFTI) for PTEN staining was quantified as in Fig. 2F-G. (F) V(D)J rearrangements in sorted
bone marrow pre-B cells (B220*CD43~IgM™) were analyzed by PCR and southern blotting
as in Fig. 2E. Error bars represent the mean +/— SEM for three independent experiments. ns
= not significant by one-way ANOVA with Bonferroni post-hoc correction.
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Figure 4. Loss of VprBP, or inhibition of the proteasome or NAE activity extends RAG1 half-life,
and promotesincreased V(D)J recombination

(A) (Top panel) BM cells from VprBP/fBcl2* or \VprBPUel/delBcI2* mice were cultured for
8d in the presence of IL-7 and then subjected to IL-7 withdrawal and BAFF supplementation
for 2d. For the final 2h of the culture period, cycloheximide was added (CHX, 20ug/mL),
and cells were harvested at 30min intervals. Cell lysates were analyzed by western blotting
as in Fig. 1C. Western blot signal for RAG1 was quantified and normalized to the p-actin
signal as in Fig. 1D, and relative RAG1 signal at each time point was normalized to the
sample at time 0. (B,C) BM cells from VprBP/fIBcI2* mice were cultured as in panel A,
and treated during the final 24h (after IL-7 withdrawal) with vehicle (DMSO), MLN4924
(3uM, panel B) or Bortezomib (5uM, panel C), with CHX added during the final 2h of
culture. RAG1 and RAG?2 protein levels were analyzed by western blotting and quantified as
in panel A. (D) A70 cells were incubated in the presence of STI-571 for 48h and treated
during the final 24h with vehicle (DMSO) or MLN4924, with CHX added during the final
2h of culture as in panels B and C. RAG1 and RAG2 were detected and quantified by
western blotting as in panels B and C. (A-D) Error bars represent mean +/— SEM for two
independent experiments. (E) Diagram of the pMX-INV reporter substrate. (F) A70 cells
were treated with vehicle and inhibitor combinations as in panels D and analyzed by flow
cytometry to detect GFP expression. Representative histograms from each treatment are
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shown along with quantification of the percentage of GFP* cells from 3 independent
experiments. Error bars represent mean +/— SEM from three independent experiments.
***pP<(.001 by one-way ANOVA with Bonferroni post-hoc correction. ns = not significant.
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