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A Csdel-Strap complex regulates plasma
cell differentiation by coupling mRNA
translation and decay
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Upon encountering antigens, B cells may undergo multiple differentiation
paths, including becoming plasma cells and memory B cells. Although it is well-
known that transcription factors govern gene expression programs under-
pinning these fate decisions in transcriptional level, the role of post-
transcriptional regulators, with a focus on RNA-binding proteins, in the fate
determination are lesser known. Here we find by RNA interactome capture-
coupled CRISPR/Cas9 functional screening that the Csdel-Strap complex plays
an important role in plasma cell differentiation. Mechanistically, the Csdel-
Strap complex establishes the expression kinetics of Bach2, a key regulator of
plasma cell differentiation. Bach2 expression is rapidly induced to promote B
cell expansion and then decreased to initiate plasma cell differentiation. The
Csdel-Strap interaction is critical for their binding to Bach2 mRNA to couple its
decay with translation to restrain the magnitude and duration of Bach2 protein
expression. In the absence of Csdel or Strap, Bach2 translation is de-coupled
from mRNA decay, leading to elevated and prolonged expression of Bach2
protein and impaired plasma cell differentiation. This study thus establishes the
functional RBP landscape in B cells and illustrates the fundamental importance
of controlling protein expression kinetics in cell fate determination.

Cells often undergo rapid activation, proliferation, and differ- proteins in the right amounts, in the right place, and at the right
entiation in response to environmental signals. Exquisite control time to function properly. Transcription, epigenetic regulation,
of protein expression kinetics is pivotal for orchestrating these and protein degradation have been shown to play critical roles in
highly dynamic processes, as cells need to make the right achieving precise control of protein expression'™. In contrast, the
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roles of mRNA translation and decay in this process remain
poorly understood.

A growing body of evidence suggests that a large portion of
mRNA decay mediated by deadenylation occurs co-translationally®.
Co-translational decay is essential for mRNA quality control through
nonsense-mediated decay (NMD). Moreover, major coding-region
determinant (mCRD)-mediated mRNA decay, which regulates mRNA
deadenylation when ribosomes transit through the coding sequence,
is essential for the transient upregulation of primary response genes
such as c-Myc and c-Fos’. Previous studies have shown that cis-elements
in 5’ and 3’ untranslated regions (UTRs), as well as those located in the
coding sequence (CDS) region, work together to regulate translation
and decay of mRNA transcripts®’. However, the identity of those cis-
elements, the associated RNA-binding proteins (RBPs) and microRNAs
(miRNAs), their biological functions and underlying regulatory
mechanisms are yet to be unraveled.

We aim to identify the key players and mechanisms of actions
regulating mRNA translation and decay in the mammalian immune
system. B cells are particularly suitable for this purpose. As the
antibody-producing cells of our body, B cells undergo many rounds of
activation, proliferation, and fate determination in their life cycle.
Naive B cells reside in B cell follicles of secondary lymphoid tissues
such as the spleen and lymph nodes. They are quiescent and do not
secrete antibodies. Upon exposure to appropriate stimuli, B cells grow
in size, start to proliferate, and migrate to the border of B cell follicles
to interact with T cells. Activated B cells can either form extrafollicular
foci or enter a specialized structure called germinal center (GC), where
they interact with a distinct subset of CD4" effector T cells named T
follicular helper (Tgy) cells. Upon stimulation by CD40L and cytokines
such as IL-21 from Tgy cells', GC B (GCB) cells undergo extensive
proliferation, class-switch recombination, somatic hypermutation, and
differentiation into plasma cells and memory B cells. This T-dependent
B cell response ultimately leads to generation of long-lived plasma cells
sustaining antibody production and memory B cells that maintain the
B cell phenotype but are programmed to rapidly differentiate into
plasma cells upon encountering the same antigen.

The current model of plasma cell differentiation is a model of
mutual antagonism between two sets of transcription factors: those
that govern mature B and GCB cells, such as Pax5, Bcl6, Bach2, and
Mitf, versus those that dictate the plasma cell program, such as Irf4,
Blimpl, and Xbpl. Central to this model is the ability of those two sets
of transcription factors to repress each other’s expression, such that
the latter must gain functional dominance against the former for
plasma cell differentiation to occur. Some of those key transcription
factors, such as Irf4 and Bach2, exert pleiotropic effects on cell fate
determination through dynamic expression™ . While the transcrip-
tional networks and signaling pathways connecting them with envir-
onmental cues to control plasma cell differentiation have been
extensively studied in the past decades, recent studies suggest that
RBPs and miRNAs also play critical roles in this process™™".

In this study, we employ RNA-interactome capture (RIC) tech-
nology to identify RNA-binding proteins (RBP) in an in vitro model of
plasma cell differentiation. Using CRISPR/Cas9-mediated screening,
we assess their functions and discover a Csdel-Strap complex that
plays a crucial role in T cell-dependent immune responses. Further
molecular analyses identify key target genes of Csdel and Strap,
revealing that coupling mRNA translation and decay is a major
mechanism regulating Bach2 protein expression kinetics. Collectively,
this study identifies essential RBPs regulating plasma cell differentia-
tion and highlights a tightly associated RBP complex that regulates the
protein expression kinetics of a key transcription factor controlling B
cell differentiation. These findings underscore the fundamental role of
post-transcriptional regulation in cell fate determination and the cri-
tical importance of precise control of protein expression kinetics in
coordinating dynamic cellular processes.

Results
Identification of differentiation stage-specific RBPomes via
mRNA-interactome capture
We performed mRNA interactome capture (RIC) to identify RBPs
expressed at different stages of plasma cell differentiation in an in vitro
culture system mimicking B cell differentiation into plasma cells'®. In
this system, naive mouse B cells were cultured on top of Balb/c 3T3 cells
stably expressing CD40L and Baff (termed 40LB cells)”. In the presence
of IL-4, naive B cells acquire a germinal center B (GCB) cell phenotype
(Fas"GL-7"Bclé", termed iGCB cells) after 4 days of culture. Those iGCB
cells can further differentiate into plasma cells (termed iPC cells) after 4
additional days of culture on 40LB cells in the presence of IL-21 (Fig. 1a).
After UV crosslinking of naive B, iGCB, and iPC cells, poly(A) RNA was
precipitated by oligo (dT) beads, treated with RNase to remove RNA,
and RNA-associated proteins were analyzed by mass spectrometry
(Fig. 1a). As shown in Supplementary Fig. 1a, silver staining revealed a
protein pool bound to poly(A) RNA and demonstrated UV crosslinking-
dependency of RNA interactome capture (RIC). Immunoblotting and
gRT-PCR analyses showed that known RBPs and poly(A) RNA were
precipitated by oligo (dT) beads, but not RNAs with no poly(A) and
non-RBP proteins (Supplementary Fig. 1b, ¢). The RIC experiments were
repeated multiple times in naive B, iGCB, and iPC cells, with good
reproducibility (Supplementary Fig. 1d, €). A total of 175, 457, and 556
proteins were identified in naive B, iGCB, and iPC cells, respectively
(Fig. 1b and Supplementary Data 1). The RBP composition of naive B,
iGCB, and iPC cells largely resemble RBPomes previously identified in
mESC?, MEF?, Raw264.7%, and HL.1®, with some B cell-specific ones
(Supplementary Fig. 2a, b). Among RBPs identified in naive B, iGCB, and
iPC cells, those annotated by the Gene Ontology term “RNA-binding”
were classified as canonical RBPs. Most of them contain known RNA-
binding domains (RBDs) in eukaryotic cells. Among non-canonical RBPs
identified in naive B, iGCB, and iPC cells, 10, 35, and 62 were not pre-
viously identified as RNA binding proteins in EURBPDB?** database and
are therefore categorized as new RBPs (Fig. 1c and Supplementary
Data 2). Interestingly, iGCB and iPC cells shared most canonical RBPs
(246) but only a small portion of non-canonical RBPs (Fig. 1d). The
number of RBPs identified in naive B cells was much less than iGCB and
iPC cells. While canonical RBPs in naive B cells largely overlapped with
those in iGCB and iPC cells, non-canonical RBPs were quite different
among those three types of cells (Fig. 1d). These results suggest the
existence of a group of core RBPs performing functions common to all
cell types, as well as other RBPs performing cell type-specific functions.
We performed Gene Ontology (GO) analysis of these RBPs to gain
insights into their biological functions. Canonical RBPs identified in
iGCB and iPC cells harbored a number of common functional clusters,
including “mRNA metabolic process”, “ribonucleoprotein complex
biogenesis”>, “translation”® and “spliceosomal complex””*, while
non-canonical RBPs in iGCB and iPC cells contained different func-
tional clusters, which may associate with cell type-specific functions
(Supplementary Fig. 2c-e). Importantly, translation is among the most
enriched biological processes associated with canonical RBPs identi-
fied in iGCB and iPC cells, as well as non-canonical RBPs identified in
iGCB, suggesting a central role of translational control during plasma
cell differentiation (Supplementary Fig. 2c-e). Notably, GO analysis
performed with canonical RBPs in naive B cells shared with iGCB and
iPC cells enrichment of functional clusters of “mRNA metabolism” and
“RNA splicing”, but not translation. Instead, “stress granule assembly”
is enriched in naive B cells. Together, those results reflect the quies-
cence of naive B cells, in which translationally inactive mRNAs are
enriched in stress granules®, and suggest critical roles of translation
during B cell activation (Supplementary Fig. 2¢)*.

Functional analysis of RBPs during plasma cell differentiation
We next employed CRISPR/Cas9-mediated functional screening to
evaluate the biological roles of RBPs during plasma cell
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Fig. 1| Identification of RBPs during plasma cell differentiation via mRNA-

interactome capture. a Workflow for mRNA interactome capture. b The volcano
plots summarizing proteins pulled down by poly(A) RNA. CL, UV-crosslinked; nCL,
without UV crosslinking. Blue dots indicate canonical RBPs while red dots indicate
non-canonical RBPs of the RBPomes. Statistical analyses were performed using two-
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tailed one sample Student’s t-test for the change of protein abundance in cross-
linking and non-crosslinking groups. ¢ Bar graphs showing the numbers and per-
centages of canonical, non-canonical (annotated), and non-canonical (new) RBPs
identified in naive B, iGCB and iPC cells. d Venn diagrams summarizing the overlap
of canonical and non-canonical RBPs identified in naive B, iGCB, and iPC cells.

differentiation®. We first tested the screening condition by mixing
naive B cells from Rosa26-Cas9-GFP (CD45.2") and wild type (CD45.1")
mice in a 1:1 ratio, and culturing cells in the in vitro plasma cell
differentiation system (Fig. 2a). Consistent with previous reports®>**,
sgRNA targeting Myc mainly reduced the number of Cas9* cells,
while sgRNA targeting Prdm1 significantly impaired plasma cell dif-
ferentiation (Supplementary Fig. 3a). The successful editing of Myc
and Prdml genes was confirmed by sequencing (Supplementary

Fig. 3f). We compiled a list of 759 mouse RBP genes including all RBPs
identified in iGCB and iPC cells and generated a retroviral library
encoding sgRNAs targeting those genes (Supplementary Fig. 3b and
Supplementary Data 3). This library encodes 4 - 8 sgRNAs per RBP
gene, as well as sgRNAs targeting 9 positive control genes and 350
non-targeting control (NTC) sgRNAs. In total, this library contains
4039 sgRNAs with more than 80% of them distributed within a 2.9-
fold range (Supplementary Fig. 3c-e; Supplementary Data 4).
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We then used Cas9" B cells for the pooled sgRNA screening. As
shown in Fig. 2a, Cas9" B cells were infected with the pooled retroviral
sgRNA library at a multiplicity of infection (MOI) of less than 0.2 to
ensure that only one sgRNA was introduced into each cell. After pur-
omycin selection, surviving cells were harvested and re-plated on fresh
40LB cells with IL-21 for plasma cell differentiation. A portion of sur-
vived cells were saved as input. After 4 days of culture with IL-21, cells

were sorted by flow cytometry into CD19°CD138™ and CD19°CD138"
populations, as well as total B cells (CD19%), followed by sgRNA deep
sequencing (Fig. 2a).

The quality of total read coverage and reproducibility of the
screening samples were adequate for further data analysis (Supple-
mentary Fig. 3g,h). To identify positive hits, the relative enrichment of
sgRNAs between samples was computed by MAGeCK (model-based
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Fig. 2 | CRISPR/Cas9-mediated functional analysis of RBPs regulating plasma
cell differentiation. a Workflow for CRISPR/Cas9-mediated functional screening of
RBPs in the iGCB culture system. b—e) Enrichment plot for differentiation (b, ¢) and
expansion (d, e) screening. b, d The Y-axis shows log2 fold change (LFC) (CD138+ vs
total B cells in (b) and total B cells vs input in d) of genes calculated from MAGECK.
X-axis shows rank of genes by log2 fold change (LFC). Hits of interest and positive
controls are highlighted in red and blue, respectively. ¢, e Distribution of log2-
foldchange (CD138+ vs total B cells in (c) and total B cells vs input in (e) of all
sgRNAs. sgRNAs targeting Cnotl, Prdml, Csdel, and Strap are shown as examples
for differentiation screening (c), while sgRNAs targeting Rc3hl, Aco2, and Slc25a3

are shown as examples for expansion screening (e). Histogram shows distribution
of all sgRNAs. Red bars indicate sgRNAs targeting indicated genes, gray bars indi-
cate all other sgRNAs. NTC, non-targeting control. f, g Enrichment analysis by
Metascape for positive hits of screening. The g-value is an adjusted p-value cor-
rected by the Benjamini-Hochberg procedure. h Venn diagram summarizing the
overlap of differentiation and expansion regulators. See also Supplementary Data 7.
i The protein-protein interaction analysis from STRING database shows enriched
complexes of differentiation regulators (hits). Regulators of translation initiation
are depicted as red circles.

analysis of genome-wide CRISPR-Cas9 knockout)*’. In total, sgRNAs
targeting 71 positive regulators of B cell differentiation were found
depleted and sgRNAs targeting 11 negative regulators of B cell differ-
entiation were found enriched in the CD138" population compared to
total B cells (Fig. 2b, ¢, h; Supplementary Fig. 4b; Supplementary
Data 5). By comparing total B cells with input, we identified 361 and 5
RBP genes that promote and inhibit cell expansion, respectively
(Fig. 2d, e, h; Supplementary Fig. 4a; Supplementary Data 6). Notably,
366 of 759 RBPs regulated cell expansion, while only 82 of them
regulated differentiation, with some regulating both expansion and
differentiation (Fig. 2h; Supplementary Data 7). This is consistent with
previous studies showing that B cell differentiation is coupled with
expansion® and that only a small number of genes regulate CD4" T cell
differentiation without any effect on proliferation®.

As expected, we identified genes known to regulate B cell
expansion (c-Myc and Irf4) and differentiation (Prdml, Irf4 Bach2)
(Supplementary Fig. 4a,b)**. R3ch1, an RBP known to inhibit B cell
expansion, was also identified (Fig. 2d, e and Supplementary Fig. 4a)".
This demonstrates that our screening is robust and able to capture
known regulators of B cell expansion and differentiation and that it
should also be able to uncover new regulators of these cellular pro-
cesses. Moreover, non-canonical and new RBPs identified by RIC were
shown to play important roles in B cell expansion and/or differentia-
tion (Supplementary Fig. 4c,d; Supplementary Data 8).

We performed GO analysis of positive hits to map core biological
programs regulating B cell expansion and differentiation and dis-
covered a profound enrichment of RBPs involved in translation among
differentiation regulators (Fig. 2f, g). RBPs promoting B cell expansion
were also enriched with functional clusters regulating mRNA transla-
tion and decay (Fig. 2f, g). Protein-protein interaction analysis of
positive hits was performed to identify RBP complexes involved in B
cell expansion and/or differentiation. RBP complexes regulating
mRNA stability and translation including mitochondrial translation
were found to be enriched (Supplementary Fig. 5).

Among the 82 RBPs that regulate plasma cell differentiation, 52
also regulate cell expansion, which includes cellular proliferation and
survival (Fig. 2h). We performed protein-protein interaction analysis
based on STRING databases of the other 30 RBPs that mainly regulate
differentiation to see whether they function as protein complexes
(Fig. 2i)*°. 13 RBPs form a protein complex with some of them known to
regulate translation initiation. A few others form smaller protein
complexes. Among them are Ythdf2, Eif3l, Strap, and Csdel, which
were identified as regulators of plasma cell differentiation in a recently
published CRISPR/Cas9 screening of RBPs*. Mouse genetic studies
showed that Ythdf2-deficient B cells exhibit deficient formation of GCB
and plasma cell*>*, It is likely that other RBPs among those 30 also play
critical roles in germinal center response and plasma cell
differentiation.

Strap and Csdel are important regulators of plasma cell
differentiation

We focused on validating the 82 RBPs that regulate plasma cell dif-
ferentiation (Fig. 2h). A few ribosomal proteins, such as Rpsl4, Rps3a,
and Rps26, were excluded from validation for their known functions in

ribosome. We cloned individual sgRNAs targeting the other 70 RBP
genes into the same retroviral vector used in the sgRNA library
screening. Naive B cells from Rosa26-Cas9-GFP (CD45.2") and wild type
(CD45.1") mice were cultured following experimental outline shown in
Fig. 3a and analyzed by flow cytometry. The percentage of Cas9-
GFP'CD45.1" cells among total B cells indicates the effect of sgRNA on
expansion, which includes cellular proliferation, survival, and death,
while the percentage of CD19°CD138" among Cas9-GFP'CD45.1" cells
indicates the effect of sgRNA on plasma cell differentiation (Fig. 3a and
Supplementary Fig. 6).

As shown in Fig. 3b, c, deletion of 15 RBP genes showed significant
effect on B cell expansion, plasma cell differentiation, or both. Notably,
those RBPs fall into two main functional groups. The first group con-
sisted of 8 RBPs regulating mRNA translation and decay. Eif4g2, Eif5a,
and Eif3l are well known translation initiation and elongation
factors****, Csdel, which forms a protein complex with Strap, reg-
ulates IRES-dependent translation initiation, as well as coding region
instability determinant (CRD)-mediated translation and decay of c-fos
mRNA®, Strap is a multifaceted protein that interacts with Csdel and
functions as a subunit of the SMN complex, but does not have well-
defined RNA-binding domains*®*’. Dhx9 is an RNA helicase partici-
pating in (CRD)-mediated translation and decay of c-Myc mRNA*,
Rc3h1, which encodes Roquin, regulate deadenylation and degrada-
tion of its target mRNA*’. Cnotl is involved in mRNA deadenylation®,
miRNA-mediated repression, and translational repression’.

The second group consisted of 6 RBPs functioning as metabolic
enzymes and transporters. Erall and Aco2 function as enzymes in the
mitochondrion®?*3, while Slc25a3 catalyzes the transport of phosphate
into the mitochondrial matrix. Ldha and Gpi function as glycolytic
enzymes®**, Sec63 is a transporter mediating polypeptide transpor-
tation across the endoplasmic reticulum (ER) membrane®. The 15th
RBP is Ubb, which encodes ubiquitin and targets cellular proteins for
degradation by the 26S proteosome®’.

The functions of most of those RBPs in B cells have not been
explored before, nor the RNA-binding ability of RBPs in the second
group except Erall. Our GO enrichment analysis of RBPs captured by
RIC in iGCB and iPC cells, as well as RBPs identified by CRISPR/Cas9-
mediated functional screening to regulate B cell expansion and/or
plasma cell differentiation, indicated the involvement of mRNA
translation and decay in controlling plasma cell differentiation (Sup-
plementary Fig. 2d, e and Fig. 2f, g). Previous studies reported that
Csdel regulates mRNA translation and decay and that Csdel forms a
protein complex with Strap®®*°. We therefore focused on Csdel and
Strap for further functional and mechanistic analyses. As shown in
Fig. 3b, ¢ and Supplementary Fig. 6, deletion of Csdel significantly
inhibited plasma cell differentiation without much effect on expan-
sion, suggesting a specific role in differentiation. Deletion of its inter-
action partner Strap showed comparable effect on plasma cell
differentiation, with additional effect on expansion. The expression of
Csdel and Strap proteins were examined in wild type B cells during in
vitro plasma cell differentiation. The expression of both proteins was
low in naive B cells, induced at day 1, and sustained during both stages
of culture (Fig. 3d). In contrast, Prdml protein was significantly
induced upon plasma cell differentiation, while Bach2 protein was
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Fig. 3 | Strap and Csdel are identified as critical regulators of plasma cell dif-
ferentiation. a Workflow for validating individual hits from CRISPR screening in
the iGCB culture system. Bar graphs summarizing the effect of sgRNAs targeting
indicated genes (1-2 sgRNAs per gene) on B cell expansion (b) and differentiation
(c). Expansion deviation is calculated as percentage of CD45.2" cells among total B
cells/50%. Differentiation deviation is calculated as percentage of plasma cells
among CD45.2" cells/percentage of plasma cells among CD45.1" cells. Data repre-
sent mean + SEM of biological replicates (n=12/6/6/3/6/3/4/3/3/3/3/3/4/5/6/4/3/3
from left to right). Statistical analyses were performed using unpaired two-tailed
Student’s t-test between non-targeting control (NTC) and sgRNA targeting

indicated genes (ns, not significant). Source data is provided in a Source Data file.
d Immunoblot analysis of protein expression at indicated time points during

in vitro plasma cell differentiation of wild type B cells. e Flow cytometry analysis of
percentage of CD19 * CD138" iPC cells during in vitro plasma cell differentiation of B
cells targeted by indicated sgRNAs. n =3 biological replicates. Data represent
mean = SD. Statistical analyses were performed using multiple t-test (ns, not sig-
nificant). Source data is provided in a Source Data file. f Immunoblot analysis of
protein expression during in vitro plasma cell differentiation of B cells targeted by
indicated sgRNAs.

present in naive B cells and exhibited a bimodal expression pattern
(Fig. 3d). The effect of sgRNAs on Csdel and Strap proteins, as well as
plasma cell differentiation, was examined at various time points during
in vitro plasma cell differentiation (Fig. 3e, f). As shown in Fig. 3f, the

depletion of Csdel and Strap proteins was complete at iGCB day 5 and
sustained throughout the iPC stage of culture. The detrimental effect
of Csdel and Strap knockout on plasma cell differentiation started to
manifest on iPC day 1 and became increasingly obvious afterwards,
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accompanied by significant reductions in IgH protein levels (Fig. 3e, f).
Therefore, Csdel and Strap play critical roles during in vitro plasma cell
differentiation.

Strap and Csdel are essential for T cell-dependent antibody
response

To investigate the role of Csdel and Strap in the humoral immune
response in vivo, we generated loxP-site flanked alleles of Strap and
Csdel (Supplementary Fig. 7a,b), and crossed those mice with CyI-Cre
mice, in which Cre expression is turned on upon B cell activation®. The
development of both B and T cells are normal in the bone marrow and
spleen of Csde!"’.Cyl-Cre and Strap™’.Cyl-Cre mice (Supplementary
Fig. 8). There are no differences in germinal center B and plasma cells
between unimmunized mutant and control mice (Supplementary
Fig. 9a, b, ¢). Naive B cells from Csde!"":Cy1-Cre and Strap™;Cy1-Cre
mice were cultured in vitro for plasma cell differentiation (Supple-
mentary Fig. 7c). Consistent with sgRNA-mediated deletion, CsdeI- and
Strap-deficient B cells showed decreased plasma cell differentiation
(Supplementary Fig. 7d, e). CsdeF"#';,CyI-Cre and Strap™";Cy1-Cre mice
were immunized with 4-hydroxy-3-nitrophenyl hapten conjugated to
ovalbumin (OVA) precipitated in alum together with lipopolysacchar-
ide (NP-OVA/Alum/LPS), a T cell-dependent antigen (Fig. 4a). GCB and
plasma cells in the spleen were analyzed by flow cytometry at day 14
post immunization (Fig. 4b, ¢ and Supplementary Fig. 9a). The per-
centage and number of germinal center B cells decreased significantly
in both Strap™.Cy1-Cre and Csdel *":Cy1-Cre mice. While the percen-
tage and number of total plasma cells were only slightly changed, NP-
specific IgG1* plasma cells were drastically reduced in both Strap™:Cy1-
Cre and Csdel.CyI-Cre mice (Fig. 4b,c). Consistently, those mutant
mice exhibited much decreased number of NP-specific IgG1" antibody-
secreting cells (ASCs) in the spleen (Supplementary Fig. 9d, €). We next
immunized WT, Strap™:Cyl-Cre and Csde!”:Cyl-Cre mice with 4-
hydroxy-3-nitrophenyl hapten conjugated to ovalbumin (OVA) pre-
cipitated in alum (Fig. 4d). Enzyme Linked Immunosorbent Assay
(ELISA) analysis showed a significant reduction in the serum con-
centration of NP-specific IgG1 antibody, with marginal effect on NP-
specific IgM which didn’t undergo affinity maturation upon T-cell
dependent immune response (Fig. 4e). Taken together, these findings
demonstrate that Strap and Csdel play essential roles in germinal
center reaction, plasma cell differentiation and affinity-maturated
antibody production. The highly similar phenotypes of Strap™.Cy1-Cre
and Csdel":CyI-Cre mice suggest that those two RBPs work together
to control T cell-dependent antibody response.

Identification of Csdel and Strap targets by eCLIP-Seq

We next performed eCLIP-seq analysis of wild type iPC cells to identify
mRNA targets of Csdel and Strap to gain insights into the molecular
mechanisms underlying their regulation of plasma cell differentiation
(Fig. 5a)°". Both Csdel and Strap proteins are predominantly localized
in the cytosolic fractions of day 2 iPC cells (Supplementary Fig. 10a).
We examined the precipitation efficiency of Csdel and Strap anti-
bodies, as well as the size distribution of the co-precipitated RNA
fragments crosslinked with RBP by UV (termed RNA-RBP complexes
hereafter) using RNA-imaging. Notably, Csdel and Strap proteins
remained associated with each other following the stringent washing
of the eCLIP procedure (Supplementary Fig. 10b). For canonical RBPs,
the RNA fragments crosslinked with RBP often appear in the 75KD
range above the RBP on SDS-PAGE gel. However, the RNA-RBP com-
plexes precipitated by either Csdel or Strap antibodies appeared in the
range of 42-260 KD (Supplementary Fig. 10c). This is interesting,
considering that the molecular weights of Csdel and Strap proteins are
38 and 89KD, respectively. We speculated that both Csdel and Strap
are able to bind RNA directly, that Csdel and Strap remained bound to
each other throughout the eCLIP procedure, and that immunopreci-
pitation of any one of these two proteins pulled down the other, as well

as RNA fragments crosslinked with them, resulting in similar RNA-
imaging results.

The RNA fragments precipitated by both Csdel and Strap anti-
bodies were sequenced. Biological replicates showed high reproduci-
bility (Supplementary Fig. 10d). 10132 and 7171 peaks were identified
for Csdel and Strap, respectively (Fig. 5b). The peak distribution was
analyzed and the metagene plots were generated by size-normalizing
binding across all protein-coding transcripts. Intriguingly, the patterns
of peak distribution for Csdel and Strap were highly similar. Most
peaks were distributed in coding sequence (CDS) regions, with a small
portion of peaks in the 5" and 3’ UTR regions (Fig. 5b,c). We wondered
whether Csdel and Strap regulate RNA splicing during plasma cell
differentiation. Peak numbers near the putative splicing sites were
calculated in meta-intron plots and the mean coverage around the
splicing sites was very low (Fig. 5d), thereby excluding the possibility
that Csdel and Strap regulate their target mRNAs through splicing.
RBPs binding to CDS regions of target mRNAs were shown to regulate
mRNA translation and decay®°>**, suggesting that Csdel and Strap may
regulate their target genes through those mechanisms.

The eCLIP-seq peaks of Csdel and Strap were mapped to 1479 and
2289 target genes, respectively, among which were 444 common tar-
gets (Fig. 5e; Supplementary Data 9, 10). Csdel and Strap binding sites
on those common targets were further examined. 182 common targets
harbor overlapping binding sites for Csdel and Strap, while the other
262 common targets carry Csdel and Strap binding sites in distinct
regions of their mRNAs (Fig. 5e; Supplementary Data 11). We next
analyzed the consensus binding motifs based on the eCLIP-seq results
and found both similar and distinct binding motifs for Csdel and
Strap (Fig. 5f).

We performed GO enrichment analysis of target genes identified
by eCLIP-seq to explore biological processes regulated by Csdel and
Strap. Genes associated with “lymphocyte differentiation” and “B cell
receptor signaling pathway” were enriched among the Csdel target
genes, while genes associated with “cellular responses to stress” and
“translation” were enriched among the Strap target genes (Fig. 5g).
There were many gene sets shared by Strap and Csdel, especially
“adaptive immune system”, suggesting that they may regulate some
common processes of B cell immune responses.

Strap and Csdel regulate B cell differentiation through common
targets

We performed quantitative mass spectrometry analysis of wild type
(WT), Csde?™,Cy1-Cre (Csdel KO), and Strap™;,Cy1-Cre (Strap KO) day 1
iPC cells to investigate the effect of Csdel and Strap deficiency on the
proteome, as well as on the protein levels of their target genes (Sup-
plementary Data 12). As shown in Fig. 6b and Supplementary Data 13,
protein products of 8134 genes were quantified, including 352 of the
444 common targets for Csdel and Strap (Fig. 5e). Principal component
analysis (PCA) showed that the proteomes of Csdel and Strap KO cells
clustered together and were significantly different from that of WT
cells (Fig. 6a). Consistent with PCA results, genome-wide protein
changes caused by Csdel and Strap deficiency presented excellent
correlation, while correlation of protein changes of common target
genes was even better (Fig. 6d; Supplementary Data 14), suggesting
that these two RBPs regulate common biological processes through
common target genes. GO enrichment analysis of genes whose protein
levels were significantly changed in Csdel and Strap KO cells also
showed high correlation in those two types of cells. Notably, genes
associated with “protein processing in endoplasmic reticulum” and
“cholesterol metabolism” were significantly downregulated in protein
levels in both Csdel and Strap KO cells (Fig. 6¢). A recent study
reported that these two cellular processes play essential roles in plasma
cell differentiation®. Therefore, downregulation of genes regulating
those cellular processes is consistent with impaired T cell-dependent
antibody response in Strap™”;Cy1-Cre and Csdel™;CyI-Cre mice (Fig. 4).
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We then focused on protein changes in common target genes.
Among the 352 common target genes whose proteins were quantified,
29 showed significant changes in both Csdel and Strap KO cells
(Fig. 6e). Those genes were termed differentially expressed targets
(DETs). Metascape enrichment analysis showed genes associated with
“B cell differentiation” were highly enriched among the 29 common
DETs (Fig. 6f). Changes in protein levels of those 29 genes in Csdel and

Strap KO cells were plotted in a heatmap, which revealed increased
protein levels of Bach2, Irf8, Pou2f2, and Ighm, as well as decreased
protein levels of Atp2a2, Herpudl and CD79b in Csdel and Strap KO
cells (Fig. 6g). Excessive Bach2*, Irf8%° and Pou2f2°° or loss of Atp2a2®’
had been shown to inhibit plasma cell differentiation, suggesting that
Strap and Csdel regulate plasma cell differentiation through these
common targets.
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Fig. 4 | Strap and Csdel are essential for T cell-dependent antibody response.
a Schematic representation of the immunization experiment. Mice were 2-3 month
old. Flow cytometry analysis of splenic GCB, plasma cells (PC) and NP-specific PC in
the spleen of Strap™;Cy1-Cre (b) (n=>5 per group. KO group had 4 males and 1
female while control group had 3 males and 2 females.) and Csde?”;Cyl-Cre (c)
(n=4 per group. Both KO group and control group had 1 male and 3 females.) mice
at day14 after immunization with NP-OVA(50ug)/Alum/LPS(10ug). Statistical ana-
lyses summarizing the percentage and number of indicated populations.

d Schematic representation of the immunization experiments for ELISA. Serum was

collected at indicated time points. Mice were 2-3 month old and all were females.
Strap™; Cy1-Cre (n=4) and control mice (n=>5) (e), Csde!"": Cyl-Cre (n=6) (f) and
control mice (n=7) (f) were immunized with NP-OVA(50ug)/Alum. Serum was
collected at indicated time points as shown in d. ELISA analysis of NP-specific IgM,
total (NP50), and high affinity (NP,) NP-specific IgG1 antibody. Each symbol repre-
sents an individual mouse. Data represent mean + SD. Statistical analyses were
performed using unpaired two-tailed Student’s t-test (ns, not significant; N.D., not
detected). Source data is provided in a Source Data file.

Bach2 and Atp2a2 mediate Csdel and Strap regulation of plasma
cell differentiation

We next assessed the functional contribution of those 29 common
target genes to Strap and Csdel regulation of plasma cell differentia-
tion. For target genes upregulated in Csdel and Strap KO cells, we
introduced sgRNAs targeting them individually, together with sgRNAs
targeting Csdel or Strap, into Cas9-GFP B cells in the in vitro plasma
cell differentiation system (Fig. 7a). As shown in Fig. 7b,c and Supple-
mentary Fig. 11, Bach2 deletion significantly restored plasma cell dif-
ferentiation of Csdel- and Strap-deficient cells. This is accompanied by
impaired cell expansion, consistent with a role of Bach2 in promoting B
cell proliferation and survival®®, Immunoblot analysis showed that
Bach2 protein level was significantly elevated in Csdel- and Strap-
deficient cells and was brought back to the control level in double
knockout cells (sgStrap/sgCsdel+sgBach2) (Fig. 7d). Consistent with
restored plasma cell differentiation, Prdml protein level was also
restored by Bach2 deletion in Csdel- and Strap-deficient cells (Fig. 7d).
Furthermore, ectopic expression of Bach2 significantly reduced Prdm1l
protein level and impaired plasma cell differentiation (Fig. 7e). These
results demonstrate that Bach2 is a major downstream effector of
Csdel and Strap in regulating plasma cell differentiation.

For target genes downregulated in Csdel and Strap KO cells,
sgRNAs were designed to knockout them in Cas9-GFP B cells. As shown
in Fig. 7f and Supplementary Fig. 12, deletion of Atp2a2 significantly
inhibited expansion and plasma cell differentiation of Cas9-GFP B cells,
while deletion of other target genes had little effect on plasma cell
differentiation. Immunoblot analysis confirmed the reduced protein
level of Atp2a2, as well as Prdml, by sgRNA targeting Atp2a2 (Fig. 7g).
Moreover, ectopic expression of Atp2a2 partially restored plasma cell
differentiation of Csdel and Strap KO B cells (Fig. 7h, i and Supple-
mentary Fig. 13a-c). Taken together, these results suggest that Atp2a2
plays an important role in mediating Strap and Csdel regulation of
plasma cell differentiation.

We further examined the effect of Csdel and Strap-deficiency on
the protein and mRNA levels of themselves, Bach2, Atp2a2, Prdml and
IgH during plasma cell differentiation (Fig. 7j, k and Supplementary
Fig. 13d, e). The Atp2a2 mRNA levels were similar in WT, Csdel KO, and
Strap KO cells in early stage of iPC differentiation, while Atp2a2 protein
levels were constantly lower in Csdel and Strap KO than WT cells
(Fig. 7j, k), suggesting that Csdel and Strap mainly regulate the
synthesis and/or degradation of Atp2a2 protein.

A recent study suggests that Bach2 protein expression kinetics
controls B cell fate”. As shown in Fig. 7j, k and Supplementary
Fig. 13d, e, at the beginning of iPC differentiation, iGCB day 4 cells
expressed significant amount of Bach2 mRNA but little Bach2 pro-
tein. CD40 and IL-21 signals induced a rapid and transient upregu-
lation of Bach2 protein, accompanied by quick downregulation of
Bach2 mRNA. In the absence of Csdel or Strap, the downregulation of
Bach2 mRNA was attenuated, accompanied by elevated and pro-
longed expression of Bach2 protein, which impaired plasma cell
differentiation. We speculate that elevated Bach2 protein level in
Csdel and Strap KO cells is caused by active translation induced by
CD40 and IL-21 signals in combination with attenuated down-
regulation of Bach2 mRNA.

Csdel and Strap regulate translation and decay of target mRNAs
Polysome profiling analysis of WT, Csdel KO, and Strap KO day 1 iPC
cells showed they exhibited the same global polysome distribution,
suggesting that Csdel and Strap-deficiency did not cause global
changes in mRNA translation (Supplementary Fig. 14a). We performed
ribosome profiling (RP) and parallel RNA-seq analysis of these cells to
elucidate molecular mechanisms underlying Csdel and Strap regula-
tion of their target genes (Fig. 8a)®. Employing an R package named
deltaTE”’, we divided the differential expressed genes into 4 modes:
forwarded, exclusive, intensified, and buffered (Supplementary
Fig. 14b, Supplementary Data 15). In the ‘forwarded’ regulation mode,
genes are mainly regulated at the mRNA level and are termed differ-
entially transcribed genes (DTG). In the other three regulation modes,
‘exclusive’, ‘intensified’, and ‘buffered’, genes are regulated at the
translational level and are defined as differential translation efficiency
(TE) genes (DTEG). Among those DTEGs, most are regulated by the
‘buffered’ mode (Supplementary Fig. 14b).

As we have shown in Fig. 6d, protein abundance changes were
highly correlative in Csdel and Strap KO iPC cells. We wondered
whether ribosome footprint changes in those cells were also similar,
especially for common target genes. While there was no obvious cor-
relation in genome-wide ribosome footprint changes in Csdel and
Strap KO cells, common target genes showed certain degree of cor-
relation. The correlation was even higher for the 29 common differ-
entially expressed targets (DETs) (Fig. 8b). We further examined mRNA
levels and ribosome footprints of those common target genes (Fig. Sc,
Supplementary Data 16, 17). Among them, Atp2a2 is regulated by the
‘intensified” mode, namely that there was a slight decrease in the
Atp2a2 mRNA level, while the overall decrease in the Atp2a2 ribosome
footprint was “intensified” in Csdel and Strap KO cells. As shown in
Fig. 7j, k, and Fig. 8c, Csdel- and Strap-deficiency had little effect on the
mRNA level but caused a significant reduction in the protein level of
Atp2a2, likely due to decreased translation efficiency. Indeed, there
was a slight shift of Atp2a2 mRNA towards light polysome fractions in
polysome profiles of Csdel and Strap KO cells, indicating reduced
translation rate (Supplementary Fig. 15a).

Interestingly, Bach2 is regulated by the “buffered” mode, namely
that there was a significant increase in the Bach2 mRNA level, while the
overall increase in the Bach2 ribosome footprint was “buffered” in
Csdel and Strap KO cells, likely by decreased translation efficiency
(Fig. 8c). This buffering effect can be found for many common targets
regulated by Strap and Csdel, as there was a clear negative correlation
between changes in their mRNA levels and translation efficiency
(Supplementary Fig. 14c). As the downregulation of Bach2 mRNA was
attenuated in Strap and Csdel KO cells (Fig. 7k), we speculated that
Strap- and Csdel-deficiency increased the stability of Bach2 mRNA.

Indeed, the half-life of Bach2 mRNA was significantly prolonged in
Strap and Csdel KO cells stimulated by CD40L, BAFF and IL-21 (Fig. 8d).
Previously studies reported that Csdel promotes translationally cou-
pled decay of c-Fos mRNA, which harbors a major protein coding-
region determinant of instability (mCRD), a purine-rich region
responsible for Csdel-mediated translation-induced mRNA decay*.
Similarly, Csdel binds to a purine-rich sequence in the CDS region of
Bach2 mRNA, while Strap binds to its 3' UTR region near the stop
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Fig. 5 | Identification of Csdel and Strap targets by eCLIP-Seq. a Schematic
representation of the eCLIP-Seq experiment. b Pie charts summarizing the dis-
tribution of peaks on genomic regions identified as targets of Csdel and Strap by
eCLIP-seq. ¢ Meta-gene profiles of mean coverage of reads in mRNAs identified as
targets for Csdel and Strap by eCLIP-seq. Data represent mean + SE. d Meta-exon
plots summarizing distribution of peaks targeted by Csdel and Strap within the
displayed regions (100 nucleotides of intron and 100 nucleotides of exon flanking
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the 5’ and 3’ splicing sites). e Venn diagram summarizing common target genes of
Csdel or Strap identified by eCLIP-seq. The histogram categorizes those common
targets based on the presence/absence of overlapping binding sites. f The top 3
most enriched motifs in peaks identified by eCLIP-seq for Csdel and Strap target
genes. Statistical analyses were performed through either the cumulative hyper-
geometric or cumulative binomial distributions. g GO analysis of Csdel and Strap
target genes.
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codon (Supplementary Fig. 15b). Those binding regions are evolutio-
narily conserved, suggesting their functional importance (Supple-

mentary Fig. 15c). We speculate that Csdel and Strap binding

Bach2 mRNA mediates translation-induced decay of Bach2 mRNA in
response to CD40L and IL-21 stimulation. As previously reported®, the
low Bach2 protein expression in day 4 iGCB cells was likely caused by
inefficient translation initiation due to the presence of GC-rich

N
complex secondary structures in the 5UTR of Bach2 mRNA. Upon
CD40L, BAFF and IL-21 stimulation, translation of Bach2 mRNA is sig-
nificantly increased in dayl iPC cells (Fig. 8e), leading to upregulation
of Bach2 protein levels (Fig. 3e). Active translation may trigger
translation-induced decay of Bach2 mRNA, resulting in down-

regulation of Bach2 mRNA and, subsequently, protein levels. Con-
sistent with this hypothesis, when WT iGCB cells were stimulated by
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Fig. 6 | Strap and Csdel regulate B cell differentiation through some common
targets. a Principal component analysis (PCA) analysis of proteomes of WT, Csdel
cKO and Strap cKO day1iPC cells quantified by mass spectrometry. b Venn diagram
summarizing the overlap between all mass spectrometry (MS)-quantified genes,
Csdel, and Strap targets. ¢ GO analysis of genes with significant changes in protein
levels in Strap KO and Csdel KO cells. The p-value here is an adjusted p-value
corrected by the Benjamini-Hochberg procedure. d Scatter plots depicting corre-
lation of protein abundance changes in Strap KO and Csdel KO cells. Gray dots, all
MS-quantified proteins; red dots, MS-quantified common targets of Strap and
Csdel. The correlation of X and Y values in all proteins and common targets was

calculated. e Volcano plots summarizing differentially expressed targets (DETs)
among common targets in Strap KO and Csdel KO cells. Red dots indicate genes
with log2foldchange > 0.2 and p-value < 0.1. Venn diagram showing common DETs
from Strap KO and Csdel KO cells. Statistical analyses for differentially expressed
genes between conditions were performed through Wald test. The p-value was
corrected by the Benjamini-Hochberg procedure. f GO enrichment analysis of
common DETs. The p-value is an adjusted p-value corrected by the Benjamini-
Hochberg procedure. g Heatmap of protein expression levels of 29 common DETs
in WT, Csdel KO, and Strap KO cells. Protein expression levels were z-score nor-
malized. Source data is provided in the Source Data file.

CD40L and IL-21, inhibiting translation by cycloheximide (CHX) led to
significant increase in Bach2 mRNA levels (1.57-fold at 2 h and 3.29-fold
at 4 h after stimulation). In contrast, Csdel KO iGCB cells exhibited
elevated Bach2 mRNA levels, but CHX treatment resulted in no further
increase at 2 h and only 2.31-fold increase at 4 h upon CD40L, BAFF and
IL-21 stimulation (Fig. 8f). These results confirmed that Bach2 mRNA
level is controlled by translation-induced mRNA decay mechanisms,
suggesting that Csdel plays an important role in mediating translation-
induced decay of Bach2 mRNA. As a comparison, CD40L, BAFF and IL-
21 stimulation did not promote translation of Atp2a2 mRNA (Fig. 8e),
and Atp2a2 mRNA levels exhibited only marginal changes in response
to cycloheximide treatment and Csdel-deficiency (Fig. 8f). Taken
together, these results suggest an important role of Csdel and Strap in
coupling translation and decay of their target mRNAs.

We noticed that CD40L, BAFF and IL-21-induced translation and
decay of Bach2 mRNA occur rapidly in the first 24 h after stimulation.
To assess the functional importance of the timing of this exquisite
control of Bach2 expression, we restored the expression of Csdel in
Csdel KO B cells at different time points of iGCB culture by controlling
the timing of retroviral transduction (Supplementary Fig. 16a). When
retroviruses encoding Csdel were added at iGCB day 2.25, Csdel
protein was fully restored by iGCB day 4 and maintained at higher than
WT levels afterwards (Supplementary Fig. 16d), leading to a quick
downregulation of Bach2 protein by iPC day 2 and restored plasma cell
differentiation (Supplementary Fig. 16b,c). Notably, when retroviruses
encoding Csdel were added at iPC day 1, Csdel protein was not
expressed until iPC day 2. Bach2 protein expression remained high at
iPC day 2 and plasma cell differentiation was only marginally restored
(Supplementary Fig. 16b-d). Therefore, during this highly dynamic
process, Csdel- and Strap-mediated translation-induced mRNA decay
taking place in the first 24 h seems to be essential for controlling the
duration and magnitude of Bach2 protein upregulation, and this
exquisite control of Bach2 protein expression kinetics plays a critical
role in B cell fate determination.

Strap interaction is essential for Csdel regulation of plasma cell
differentiation

Previous studies showed that Csdel and Strap form a protein
complex®®**7!, but the functional importance of this complex remains
unclear. In this study, immunoprecipitation (Supplementary Fig. 10b),
mouse genetics (Fig. 4), proteome analysis (Fig. 6a, d), and eCLIP
analysis (Fig. 5) all suggest that Csdel and Strap form a tightly asso-
ciated functional complex and play similar roles in B cells. Further-
more, ectopic expression of Csdel in Strap KO cells and ectopic
expression of Strap in Csdel KO cells were not able to restore plasma
cell differentiation, excluding their functional redundancy (Fig. 7h and
Supplementary Fig. 13b, c). We speculate that Csdel and Strap regulate
the translation and decay of their common target mRNAs in a highly
cooperative manner and that the Csdel-Strap interaction is essential
for their regulation of plasma cell differentiation.

The Csdel protein consists of 5 CSD domains at the N-terminus
and a SUZ-C domain at the C-terminus®’2, While the CSD domains are
evolutionarily conserved RNA-binding domains, amino acids
744-757 of the Csdel SUZ-C domain are homologous to the Strap-

binding sequences found in other Strap binding proteins’. We gen-
erated a Csdel mutant with the SUZ-C domain deleted (Csdel Ac)
(Fig. 9a) and introduced it into Csdel KO iPC cells by retroviral
transduction. As shown in Fig. 9b-d, Csdel Ac did not interact with
Strap and was not able to restore plasma cell differentiation of Csdel
KO cells, confirming the functional importance of the SUZ-C domain
in binding Strap and regulating plasma cell differentiation. We fur-
ther investigated the requirement of Strap interaction for Csdel
function by generating a Csdel Ac mutant with Strap tethered to its
C-terminus through a flexible glycine-serine linker (Csdel Ac-Strap,
Fig. 9a-c). Strikingly, Csdel Ac-Strap was able to restore plasma cell
differentiation of Csdel KO cells to a large degree (Fig. 9d). Fur-
thermore, retroviral expression of both Csdel and Csdel Ac-Strap
was able to bring the expression of Bach2 and Atp2a2 proteins close
to WT levels in Csdel KO cells, while Csdel Ac had little effect
(Fig. 9b). We next investigated whether Csdel and Strap affect each
other’s ability to bind target mRNAs. In the absence of Strap, Csdel
binding to target mRNAs was significantly impaired (Fig. 9e). Nota-
bly, Csdel deficiency also abolished Strap binding to target mRNAs
(Fig. 9e). Taken together, these findings demonstrate that Csdel-
Strap interaction is crucial for their binding to target mRNAs and
promoting plasma cell differentiation.

Discussion

In this study, we performed mRNA-interactome capture to system-
atically discover mRNA-associated RBPs in an in vitro culture system of
plasma cell differentiation, demonstrating the existence of a group of
core RBPs performing functions common to all cell types, a small
number of cell type-specific RBPs, and some RBPs without known RNA
binding domains. We also performed CRISPR/Cas9-mediated screen to
identify functional RBPs among them. Through GO enrichment and
protein-protein interaction analysis, RBPs regulating translation and
mRNA stability, such as nonsense-mediated decay and CRD-mediated
mRNA stabilization, were enriched among functional RBPs. Our study
established the functional RBP landscape of the B cell immune
response and illustrated the fundamental importance of regulating
mRNA translation and decay during B cell fate determination.

Our CRISPR/Cas9-mediated functional analysis identified 15 RBPs
that play significant roles in regulating B cell expansion, plasma cell
differentiation, or both. Those RBPs mainly fall into two functional
groups. The first group consisted of 8 RBPs regulating mRNA transla-
tion and decay. The second group consisted of 6 RBPs functioning as
metabolic enzymes and transporters. The functions and RNA-binding
ability of some of those RBPs in B cells are unknown, which warrant
future investigations.

We dissected the functions and molecular mechanisms of actions
of Csdel and Strap in B cells. Mouse genetics studies showed that
Csdel and Strap play critical roles in T cell-dependent antibody
responses. Employing eCLIP-seq, quantitative mass spectrometry,
RNA-seq, and ribosome profiling, Csdel and Strap were found to
mainly bind to coding sequences of target mRNAs and regulate their
translation and decay. Bach2 and Atp2a2 were identified as key targets
of Csdel and Strap during plasma cell differentiation. Notably, our
multi-omics analysis revealed a striking negative correlation between
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changes in translation efficiency and expression levels of target mMRNAs Csdel was previously found to regulate the translation and decay

impacted by the deletion of Csdel and Strap, suggesting that those two  of mRNAs of early response genes (ERGs), whose coordinated and
RBPs extensively regulate the abundance and translation of target transient expression accompanied the transition of cells from the
mRNASs to exert exquisite control of protein expression. Our findings  resting state, GO, into the cell cycle’. c-Fos and c-Myc are ERGs whose
highlight the fundamental importance of precise control of protein protein expression is rapidly and transiently upregulated in response
expression kinetics of key regulators, Bach2 in this case, by multiple  to stimulation’”. Ribosomal transit through the major protein-coding
layers of regulatory mechanisms during B cell immune responses. region determinant of instability (mCRD) of c-fos mRNA triggers its
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Fig. 7 | Bach2 and Atp2a2 mediate Csdel and Strap regulation of plasma cell
differentiation. a Experimental design for identifying functional target genes of
Csdel and Strap. Bar graphs summarizing the effect of sgRNAs targeting indicated
genes on expansion and differentiation of B cells targeted by sgRNA against Csdel
(b) or Strap (c). Each gene was targeted by 1-2 sgRNAs. Data represent mean + SD of
independent biological replicates (n =12/10/4/4/4/4/4/7/4/5 from left to right).
Source data is provided in a Source Data file. Statistical analyses were performed
using two-sided t-test between sgRNAs and non-targeting control (NTC) in B cells
targeted by sgRNA against either Csdel or Strap. d Immunoblot analysis of cells
transduced with retroviruses encoding indicated sgRNAs. e WT B cells were
transduced with retroviruses encoding Bach2 during iGCB culture. Bar graph
summarizes percentages of CD138+ iPC cells. n =3 independent biological repli-
cates. Immunoblot analysis of indicated proteins in B cells transduced with empty
retroviruses (vector) or retroviruses encoding Bach2. f WT Cas9* B cells were
transduced with retroviruses encoding indicated sgRNAs during iGCB culture. Bar
graphs summarize the effect of sgRNAs on B cell expansion and differentiation.

Data represent mean + SD of independent biological replicates (n = 8/5/4/2/2/4/3/2/
4/2/3/2/4/2/3/2/3/2/4/2/2/2/4 independent biological replicates from left to right).
sgRNAs effects were compared to NTC using two-sided t-test. Source data is pro-
vided in a Source Data file. g Immunoblot analysis of Atp2a2 in B cells targeted by
indicated sgRNAs. h, i B cells from WT, CsdeF”;CyI-Cre (Csdel KO), and Strap™;CyI-
Cre (Strap KO) mice were transduced with retroviruses encoding indicated proteins
during iGCB culture. h Bar graph summarizing iPC differentiation normalized to
WT B cells transduced with empty retroviruses (WT control). Data represents
mean +SD (n =4, 3, 4, 3 biological replicates from left to right). i Immunoblot
analysis of indicated proteins. j, k Day 4 iGCB cells of indicated genotypes were
replated on fresh 40LB cells for plasma cell differentiation. Cells were harvested at
indicated time points and analyzed by Immunoblot (j) and qRT-PCR (k) (n=3
biological replicates). mRNA levels were normalized by Ct values of WT iGCB day
4 samples. Source data of (h, k) can be found in a Source Data file. Statistical
analyses were performed using unpaired two-tailed Student’s t-test.

decay through deadenylation, resulting in transient upregulation of
c-Fos protein®*®% Five proteins, Csdel, poly(A) binding protein
(PABP), PABP-interacting protein PAIP1, AU-rich element binding pro-
tein hnRNP D, and hnRNP R-like protein NSAP1, were identified to form
a complex that brings the mCRD and poly(A) tail together, with Csdel
binding to the mCRD and PABP binding to the 3’ poly(A) tail. Csdel is
able to bind both the mCRD sequence and PABP, thus establishing
interaction between the poly(A)/PABP complex and the mCRD/Csdel
complex, which is associated with deadenylases (Fig. 10). Before the
mCRD-containing mRNA is translated, this bridging complex may
prevent deadenylation by stabilizing the poly(A)/PABP complex, thus
blocking poly(A) nuclease access to the poly(A) tail. During translation,
ribosomal transit across mCRD may displace or reorganize the brid-
ging complex, expose the poly(A) tail to nuclease attack, leading to
deadenylation and subsequent mRNA decay. The transient upregula-
tion of Bach2 protein at the early stage of plasma cell differentiation is
similar to transient expression of ERGs when cells transit from GO into
cell cycle. During germinal center response, rapid induction of Bach2 is
essential for promoting GCB and memory B cell fates, while its
downregulation is critical for plasma cell differentiation. During cel-
lular proliferation, rapid induction of c-Myc is crucial for cell cycle
progression, while sustained c-Myc expression would lead to onco-
genic transformation’. In both scenarios, coupling mRNA translation
and decay is highly suitable for and plays critical roles in coordinating
those highly dynamic cellular processes. It is conceivable that target
mRNAs of Csdel and Strap regulated by this mechanism are not limited
to Bach2, as many of them harbor Csdel and Strap binding sites in their
CDS regions and undergo active translation in response to B cell sti-
mulation signals. Future investigations are warranted to identify other
functionally important targets genes regulated by Strap and Csdel
through mCRD-mediated mRNA decay mechanisms, as well as addi-
tional RBPs contributing to those regulatory mechanisms.

This study illustrates the functional importance of collaboration
between RBPs. Csdel and Strap are RBPs with versatile functions. They
are involved in many protein complexes and function in a broad
spectrum of cellular processes”’. In this study, Strap and Csdel form a
tight protein complex. This serves multiple purposes. Firstly, the
Csdel-Strap complex stabilizes Csdel protein. In the absence of Strap,
the Csdel protein level is drastically decreased (Fig. 7j). Secondly, Strap
and Csdel cooperate to achieve optimal binding to their common
target mRNAs (Fig. 9e). Many RBPs, especially core RBPs expressed in a
broad spectrum of cell types, exhibit neither specific nor high-affinity
binding for the purpose of transient associations with RNA. The
assembly of RNP complexes containing multiple RBPs would stabilize
each RBP subunit, as well as enhance their specificity and affinity/
avidity for RNA®”°. Thirdly, functions exerted by the Csdel-Strap
complex are B cell-specific, as Csdel and Strap could play their own
roles in the absence of the other. Strap itself regulates mRNA splicing

in embryonic stem cells®® and cooperates with the SMN complex to

control snRNP biogenesis*’, while Csdel promotes cap-independent
mRNA translation initiation via IRES elements®. As the RBP compen-
dium of cells can vary prominently, it is conceivable that cell type-
specific RBP complexes control target mRNAs in a cell-type-specific
manner. It is also conceivable that certain proteins lacking well-defined
RNA-binding domains but harboring intrinsically disordered regions
are able to gain RNA-binding ability by associating with RBPs. Strap is
one of such proteins. It is not a RBP in many cell types and does not
have well-defined RNA-binding domains. In B cells, the Csdel-Strap
interaction likely facilitates the transition of its disordered regions into
ordered regions to gain RNA-binding ability®’. Future investigations of
cell type-specific functions and molecular mechanisms of action of
RBPs will shed light on the complexity and functional importance of
their regulation of gene expression under health and disease.

Methods

Mice

C57BL/6), Rosa26-Cas9 (Cas9) (Jax Stock 024858), and CyI-Cre (Jax
Stock 010611) mice were purchased from the Jackson Laboratory and
maintained in Xiamen University Laboratory Animal Center. Csde!”?
(stock number CKOCMP-01931-Csdel) and Strap™(stock number
T009705) mice were purchased from Cyagen and GemPharmatech,
respectively. All these stains are on the C57BL/6 genetic background. All
animal experiments were approved by Animal Care and Use Committee
of Xiamen University (XMULAC20170323). All mice were housed in a
specific pathogen-free (SPF) facility under a 12 h light-dark cycle at the
Xiamen University Laboratory Animal Center. The light time was from
8a.m. to 8 p.m., and the room temperature was kept at 22-24 °C and
humidity at 50-70%. Both male and female mice (8-10 weeks old) were
used in this study unless stated otherwise. The control and experi-
mental mice utilized in all mouse experiments described in this paper
were co-housed and were euthanized by a carbon dioxide method.

Plasmids

The sgRNA sequences were designed and cloned into the MSCV-U6-
SgRNA-Pgk-Puro-T2A-BFP plasmid (addgene, plasmid #86457) by T4
DNA ligation. All sgRNA sequences used in this study are listed in
Supplementary Table 1. For ectopic expression of protein-coding
genes, Strap, Csdel, Bach2, and Atp2a2 cDNAs were PCR-amplified
from mouse cDNA. To enhance expression efficiency of some large
proteins, we cloned the Efla promoter into the RV-IRES-GFP and RV-
IRES-mCherry retroviral vectors to generate the RV-Efla-IRES-GFP and
RV-EF1a-IRES-mCherry vectors with ligation-independent cloning.
Strap and Bach2 cDNAs were cloned into RV-IRES-GFP, while Csdel and
Atp2a2 cDNAs were cloned into RV-Efla-IRES-GFP and RV-EF1a-IRES-
mCherry vectors, respectively. To construct Csdel truncation mutant
(Csdel Ac), nucleotide 1-2211 of Csdel coding region was amplified and

Nature Communications | (2025)16:2906

14


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58212-8

T

a Ribo-seq
AAAAA
s s
HOHX _y B a—8~annn & &
WT/Csde1 KO/Strap KO ° / & & Footprints
iPC cells(day 1) () =— Translation efficiency
° \ (TE)
~— T AAAA
—~— RNA-seq
—_—
R VYV -
b All genes(16835) c
(cor=0.17)
Common targets(371)
(cor=0.44) Csdel KO/WT Strap KO/WT
« Common DETs(25)
(cor=0.84) o = Forwarded > o 4= Forwarded
10/ ! = Exclusive = Exclusive
H * o Intensified 2 Intensified
E H £ = Buffered 2 = Buffered
s i S 5
8 s : 8 g Bach2
g~ 1 pabpc1 g 2 °
g€ e 2 5
o E Ic/ 9 o J 3
£5 , 2 g
w X U s, s 7, T T T T T s =
°s 1 : Nach ° 5
T C =2 > ‘
58 : 5 - g
5= s Atp2.:a2 5 1 _g T 4
-5/ k<]
2 a 2 £ ;
~ | > ~ . .
g 5 gq] L
-10. ! ‘ ‘ ; ‘ ‘ " ; ‘ ; ;
-2 -1 0 1 2 _ -
N 0 5 10 Log, foldchange of mRNA ? 1 ; ) ?
Log, fold change of ribosome footprint 92 9 Log, foldchange of mRNA
(Strap KO/WT)
d p<0.0001
—~ 47 p=0.0239
. £ —_— e
iGCB cells s -
00, (Day4) Z 3 = °
° ° [ e 00 o WT
Actinomycin D N
‘é 5 2 . ® Csde1KO
' a ® Strap KO
40LB ]
1h Oh 1h 2h 3h gﬂ o
T T T
b & e @
Real-time PCR analysis &R b‘z’\
< e
e Bach2 Atp2a2
Bach2 Atp2a2 - receps P=0.087 ns
. . = iPCD1 g =0 8 —
0.15 Light polysome Heavy polysome 0.20 Light polysome  Heavy polysome .
(1-3) (>3) (1-3) (>3) °
_ 6 6
= ® 0.15
£ 010 3
5 5 g4 °° £ 4
<] ° o o
o 2 010 2 g
8 005 g * =
© & 005 2 2
0.00 T T T T T T 7 0.00 0 T T T T
1.3 5 7 9 11131517 19 1.3 5 7 9 1113 15 17 19 iGCBD4  iPC D1 iGCB D4 iPC D1
f ® WT 4 WT+CHX ® Csde1KO 4 Csde1 KO+CHX
ns
6 25 | —
IGCB cells T % = ns
Day 4 oL 3 o —
ooo (Day 4) < 3 <820 L
o Z < ns Z * ?
- 234 g < 1.37X
Cycloheximide o S *
[ i 231X £ = 1.5 1.49X
! 38 T, 0t L 82 %
40LB g E 1 s — S510-{® »
- £2 < E
IL-21 [°3R<] 157 3.29X ; © 5
1 1 L L ; £ ' DIX > e
1h 0Oh 2h 4h T * | T =05
e : ¢
(Y e TT T T T TT 0.0 T TT T
0 2 4 2 4 0 2 4 2 4

Real-time PCR analysis

Time point (Hours)

cloned into the RV-Efla-IRES-GFP vector. The Csdel-Strap fusion plas-
mid (Csdel Ac-Strap) was constructed by inserting a short linker
peptide (-GGGSGGGSGGGS-) and the full-length Strap coding
sequence into RV-Efla-Csdel Ac -IRES-GFP plasmid, right before the
stop codon of Csdel Ac. All the constructs were confirmed by Sanger
sequencing.

T T T
02 4 2 4 0 2
ui

T
4 2 4
Time point (Hours)

Cell lines

HEK293T cells were a gift from Jiahuai Han lab (Xiamen University) and
maintained in DMEM (Gibco) complete medium with 10% FBS, 100 U/
mL penicillin, and 100 U/mL streptomycin (Gibco). NIH3T3 derived
40LB feeder cells expressing CD40L and BAFF were maintained in
DMEM complete medium'.
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Fig. 8 | Strap and Csdel regulate target mRNA translation and stability.

a Schematic representation of Ribo-seq and RNA-Seq experiments. b Scatter plot
showing correlation of ribosome footprint changes caused by deletion of Strap or
Csdel. Gray, all genes; orange, common targets of Strap and Csde; red, common
DETs identified in Fig. 6e. cor, correlation. ¢ Scatter plots showing log2 fold changes
in ribosome footprints and RNA expression levels of common targets in Csdel or
Strap KO cells at iPC day 1. d The Bach2 mRNA stability was assessed by qRT-PCR in
iGCB day 4 cells freshly re-plated on 40LB cells in the presence of IL-21 and treated
with Actinomycin D. Left, experimental outline. Right, half-life of Bach2 mRNA in
iGCB cells from WT (n = 6), Strap cKO (n=3), Csdel cKO (n =4) mice. Each symbol
represents one independent experiment with three technical replicates. See also
Supplementary Fig. 15d for one representative experimental result of mRNA decay.

e Representative result of Atp2a2 and Bach2 mRNA distribution in the sucrose
gradient of iGCB day 4 and iPC day1 cells. Ratio is the mean value of three technical
replicates. The ratios of Bach2 and Atp2a2 mRNA distribution in heavy (ribo-
some>3) and light polysome (ribosome < =3) area of iGCB day 4 (n = 2) and iPC day1l
(n=3) B cells were analyzed statistically. f Bach2 and Atp2a2 mRNA expression was
quantified in cycloheximide-treated iGCB cells co-cultured with 40LB cells in the
presence of IL-21 following the experimental outline. Representative results of qRT-
PCR analysis of Bach2 and Atp2a2 mRNA levels. The fold changes between cyclo-
heximide (CHX)-treated and control samples at indicated time points were shown.
n =3 biological independent replicates. Data represents mean + SD. Statistical
analyses were performed using unpaired two-tailed Student’s test (ns, not sig-
nificant). Source data of (d-f) is provided in a Source Data file.

In vitro plasma cell differentiation

Naive B cells were purified from mouse splenocytes by negative
selection with biotin-conjugated antibodies against CD5, CD9, CD43,
CD93, and Terl19. Following the previously reported protocol®?, naive
B cells were cultured in 6- or 12-well plates in the presence of 40LB cells
irradiated with 120 Gy X-ray. The medium was supplemented with 10%
FCS, 5.5x10° M B-mercaptoethanol (2-ME), 10 mM HEPES, 1 mM
sodium pyruvate, 100 U/mL penicillin, and 100 pg/mL streptomycin
(GIBCO), 1x NEAA (Gibco). Naive B cells were cultured with 40LB cells
in the presence of IL-4 (Novoprotein, CK74) for 4 days to differentiate
into iGCB cells. On day 4, iGCB cells were re-plated with fresh 40LB
cells in the presence of 10 ng/mL IL-21 (Novoprotein, CK10). After
another 4 days of culture, cells were harvested for flow cytometry
analysis.

Retroviral transduction

For virus production, HEK293T cells were plated in 6-well plates one
day before iGCB culture. On the same day when naive B cells were
plated for iGCB culture, HEK293T cell culture medium was replaced
with fresh medium when cells reached ~80% confluency. 1-2h fol-
lowing medium replacement, each well was transfected with 3 ug
retroviral plasmid and 1 ug packaging plasmid (pCl-Eco,
addgene#12371) by the calcium phosphate method. Medium was
replaced with fresh one at 6-8h after transfection. For plasmids
encoding large proteins, 2.5 mM sodium butyrate (Sigma) was added
to promote virus production. Retroviral supernatants were collected
at 48-72h after transfection and cell debris was removed by cen-
trifugation. For retroviral transduction, naive B cells were cultured in
the iGCB system as described above. On day 2.5 of iGCB culture, 8 mL
medium from each well of 6-well plates was collected and kept in 37 °C
water bath. The remaining medium was replaced with 1 ml fresh iGCB
medium supplemented with polybrene (Sigma, TR-1003-G) and IL-4
(Noveprotein, CK74) to a final concentration 5ng/mL and 1ng/mL,
respectively. 1 mL retroviral supernatant was added to each well, fol-
lowed by spinoculation at 2500 rpm for 60 min at 32 °C and incubation
at 37 °C for 4-6 h before previously collected medium was added back
to wells.

RNA interactome capture

The experiments were performed following the previously published
protocol™. 4SU (Sigma) was added to iGCB culture at a final con-
centration of 100 pM 16 h before harvesting iGCB day 4 cells. 1x 108
iGCB cells were crosslinked with 0.15J/cm? 365nm UV light and
treated with lysis buffer to completely lyse cells in 50 ml Falcon tube
before storing at —80 °C until further processing. Since naive B cells
were purified ex vivo while iPC cells were sensitive to toxicity of 4SU,
4SU treatment was not applied to those cells. 3 x10® naive B or
0.8 x10% iPC cells were harvested, crosslinked with 0.15)/cm? 254 nm
UV light, and lysed in the same way as iGCB cells. In parallel, equal
numbers of naive B, iGCB, and iPC cells were lysed without UV
crosslinking and used as non-crosslinked controls. For RNA inter-
actome capture, frozen cell lysates were thoroughly thawed and

mixed with pre-equilibrated oligo(dT),s beads (ThermoFisher, Cat.
61006) at room temperature for 2h with gentle rotation. Subse-
quently, beads were pelleted by magnets, and supernatants were
transferred to new tubes for next round of capture. Beads were
washed in 35 ml ice cold lysis buffer with gentle rotation for 5 min at
4 °C and pelleted by magnets. Supernatant was removed. Beads were
sequentially washed with ice-cold buffer I, II, and Il (twice for each
buffer) containing decreasing amounts of salt and detergent. Beads
were transferred to microcentrifuge tubes, followed by addition of
500 pl elution buffer and incubation at 55 °C for 3 min to elute RNA-
protein conjugates. The above RNA capture steps were repeated for
two more rounds. All eluates were pooled with a final volume of
~1.2ml. RNA in the eluate was digested by adding 10x RNase buffer,
200 U RNase T1 (Sigma, cat. R1003), and RNase A (Takara). After
RNase-treatment, eluate was transferred to an Amicon Ultra-10 3 kDa
cutoff device for protein concentration. The protein samples were
now ready for silver staining and mass spectrometry analyses.

Protein sample preparation for mass spectrometry analysis
The above prepared protein samples were processed with gel-aided
sample preparation (GASP) for mass spectrometry analysis. Briefly,
50 pL samples were prepared in the presence of 10 mM TCEP to
reduce disulfide bonds. Subsequently, reduced cysteines were alky-
lated with 10 mM iodoacetamide, and an equal volume of 30%
Acrylamide/bis-acrylamide solution was added. The mixture was
then polymerized with 2 pL of TEMED and 2 pL of 10% ammonium
persulfate, and the gel was left at room temperature for 20 min until
it solidified. The solidified gel was cut into small pieces and fixed by
adding 1 mL of methanol/acetic acid/water (50/40/10) for 10 min in
an overhead mixer. After pulse centrifugation, the supernatant was
discarded, and the gel pieces were washed with 1mL of 100 mM
NH4HCO; for 10 min in a rotator. To dehydrate the gel pieces and
remove the supernatant, 1mL of acetonitrile was added. In most
cases, three NH,HCO3/ACN wash cycles were performed. After dis-
carding the supernatant, the gel pieces were dried by adding 500 uL
of acetonitrile until they agglomerated at the bottom of the tube.
Next, 100 pL of trypsin solution (20 pg/pL) was added to the dry gel
pieces for proteolysis at 37 °C overnight.

The subsequent peptide extraction process involved adding
100 mL of extraction buffer (1:2(vol/vol) 5% formic acid/acetonitrile) to
each tube, followed by incubation for 15min at 37°C in a shaker.
Peptide extraction was facilitated by adding 200 pL of acetonitrile. The
supernatant was transferred into a new tube, and the gel pieces were
rehydrated in 5% formic acid, followed by dehydration with 200 pL of
acetonitrile. Supernatants were combined after further dehydration in
50 pL of acetonitrile. Finally, the samples were dried in a vacuum
concentrator and resuspended in 0.1% FA for LC-MS analysis.

LC-MS/MS analysis

Peptides were analyzed using an ultra HPLC EASY-nL-LC 1000
coupled with an online Orbitrap Fusion mass spectrometer
(Thermo Scientific, CA, USA). Mobile phase A consisted of 0.1%
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formic acid (FA), 2% acetonitrile (ACN), and 98% H20, while acquired in a data-dependent mode. For MSI, the Orbitrap was
mobile phase B consisted of 0.1% FA, 2% H20, and 98% ACN. used to acquire the data, with a scan range of 300 to 1800 m/z at
Samples were directly loaded onto a 100 pum 1.D. 150 mm analy- a resolution of 120,000, and the AGC target set at 5x10°. Pre-
tical column (in-house packed with 1.9 um C18 resin, Dr. Maisch, cursor ions with 2-8 charges were selected for tandem MS ana-
Germany). A 120-min gradient (phase B: 3-8% in 8 min, 8-20% in lysis. For MS2, the scan range was 100 to 1800 m/z in the ion trap,
85 min, 20-40% in 17 min, 40-95% in 5min, 95-95% in 5min) was with the AGC target set at 1x10* and a maximum injection time
used at a static flow rate of 300 nL/min. The MS data were of 200 ms.
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Fig. 9 | The Strap-Csdel interaction is essential for target mRNA binding and
plasma cell differentiation. a Schematic representation of domain structure of
Csdel and mutants. Csdel Ac, C-terminal truncated. Csdel Ac-Strap, C-terminal
truncated with Strap tethered to its C-terminus through a flexible glycine-serine
linker. b Immunoblot analysis of indicated proteins in WT and Csdel KO B cells
transduced with retroviruses encoding Csdel and mutants. Atp2a2 expression was
examined in a separate gel. c Immunoblot analysis of proteins immunoprecipitated
by indicated antibodies from WT and Csdel KO B cells transduced with retroviruses
encoding Csdel and mutants. The arrows on the left indicate Csdel, while the arrow
on the right indicates Csdel Ac-Strap. d Representative FACS plots of iPC

differentiation of WT and Csdel KO B cells transduced with retroviruses encoding
Csdel and mutants. The bar graph summarizes iPC differentiation ratio normalized
to WT B cells transduced with empty retroviruses (WT+Vec). n =4,4,5,5,6 biological
replicates from left to right. e Representative results of qRT-PCR analysis of indi-
cated mRNAs pulled down by Csdel or Strap antibodies from WT, Strap KO, and
Csdel KO B cells from 3 independent experiments with 3 technique replicates in
each experiment. Data represent mean + SD. Statistical analyses were performed
using unpaired two-tailed Student’s test. Source data of (d, e) is provided in a
Source Data file.
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Fig. 10 | A Csdel-Strap complex regulates plasma cell differentiation by cou-
pling the translation and decay of Bach2 mRNA. In the absence of IL-21 stimu-
lation, Bach2 mRNA translation and decay occur at low levels, probably due to the
presence of complex secondary structures in the 5UTR of Bach2 mRNA. The Csdel-
Strap complex bridges the poly(A) tail and coding region of Bach2 mRNA, and
prevents deadenylation. Upon IL-21 and CD40L stimulation, translation of Bach2

mRNA is significantly upregulated, leading to reorganization of the bridging
complex when ribosome transits through the coding region, exposure of the
poly(A) tail to deadenylases, and subsequent mRNA decay. In the absence of Csdel
or Strap, the bridging complex is not able to form, leading to decoupling of
translation and decay of Bach2 mRNA and elevated Bach2 protein expression,
which impairs B cell expansion and plasma cell differentiation.

RNA interactome data analysis

This data was analyzed mainly following the protocol described by
Castello et al.’®. LC-MS/MS raw spectra were processed using Max-
Quant software (version 1.5.3.30) to extract ion count measures for
each peptide. The UniProt mouse protein sequence database

containing 50,961 sequence entries (download date: April 05, 2017)
was used for database search. The ion counts were processed using
Perseus® software for filtering, imputation, Z-score normalization
following the manufacturer’s instructions. After calculating the ratios
between crosslinked groups and non-crosslinked groups, a one-
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sample t-test was performed to analyze the significantly enriched
proteins.

CRISPR/Cas9-mediated screening

Cas9-GFP B cells were cultured with 40LB cells in 6-well plates. At day
2.25, cells were transduced with retroviruses encoding BFP and the
custom-made mouse RBP sgRNA library at an MOI of 0.2. One day later,
5ml iGCB medium in each well of the 6-well plates was replaced with
same volume fresh medium supplemented with 0.5ug/ul puromycin.
Two days later, transduced cells were collected and replated for next
stage of culture. A portion of them was sorted and saved as the “input”
sample of the screen. At day 4 of the 2nd stage of culture,
BFP* GFP* CD138 and BFP* GFP* CD138 " B cells were sorted and saved
as the “CD138-“ and “CD138 +” samples of the screen, respectively. A
portion of BFP* GFP" cells was sorted and saved as the “total B cells”
sample of the screen. Sorted cells were snap-frozen in liquid nitrogen
in 1.5 ml microtubes and stored at -80 °C for future analysis. At least
2.5 million cells were sorted for each sample to ensure greater than
500 x coverage for the sgRNA library.

NGS library generation, sequencing, and data analysis

Genomic DNA (gDNA) was extracted with the MicroElute Genomic
DNA Kit (Omega, cat. D3096-02). The genomic regions targeted by
sgRNA were amplified to prepare sgRNA library for NGS as described in
a published protocol®. To prepare the sgRNA library for NGS, set up a
reaction for each of the 10 NGS-Lib-Fwd primers and 1 NGS-Lib-Rev to
amplify as much as genomic DNA as possible in each sample. Barcoded
NGS-Lib-Rev primers enable sequencing of samples from different
screening conditions and bioreps. After the PCR reactions of each
sample were complete, the reactions were pooled and PCR products
were purified using a Zymo-Spin V with Reservoir following the man-
ufacturer’s protocol. The purified products were ~260-270 bp size-
selected on a DNA agarose gel to remove PCR artifacts and excessive
primers. The size-selected PCR products were purified again using the
universal DNA purification kit (TIANGEN, Cat. DP214-03). The purified
PCR products were quantified by Qubit fluorometer and samples with
unique barcodes were pooled in equal amounts. The pooled libraries
were then sent for NGS. A coverage of >500 reads per sgRNA in each
library was required. For sequencing data analysis, sgRNA counts were
calculated with count_spacers.py, a Python script provided in the
protocol®. The sgRNA count tables of all sgRNA libraries, including
input, total B cells, CD138", and CD138, were used as inputs for the
Mageck software* to determine gene-level LFC and rank for the
expansion (total B cells vs input) and differentiation (CD138" vs total B
cells) screens. A list of control sgRNAs (sgNTC) was included in the
custom-made mouse RBP sgRNA library for normalization and for
generating the null distribution of RRA. Paired sample comparisons
and “mean” normalization method were used for data analysis. The
Alphamean method, which only considered median/mean sgRNAs that
are ranked in front of the alpha cutoff in RRA, was used to calculate
gene LFC for the differentiation screen. Our statistical cutoff for gene
level enrichment was set at p-value less than 0.01, absolute LFC at more
than 0.5 for the expansion screen, and more than 0.3 for differentia-
tion screen.

RNA-seq

iGCB cells from Cas9-GFP transgenic mice were transduced by retro-
viruses encoding sgStrap, sgCsdel, sgPrdm1, and sgNTC to generate B
cells lacking indicated genes. Transduced cells were sorted on iGCB
day 4 and iPC day 1, 2, and 4. Total RNA was extracted using RNAeasy
Kit (QIAGEN) following the manufacturer’s instructions. RNA samples
were sent to Novogene for sequencing. The clean data, with adapter
sequences trimmed and low-quality reads removed, was used for
downstream analysis. The clean data was processed to read counts
following the Hisat2-StringTie pipeline®*. Using prepDE.py provided by

StringTie, read count information was extracted for differential ana-
lysis conducted by DESeq2®. PCA analysis was performed using the
embedded function in DESeq2. GO enrichment analysis of differential
expression genes was performed in Metascape®.

Immunization

Antigens for immunization were prepared by mixing NP,o-OVA (Bio-
search Technologies) dissolved in PBS and 10% KAI(SO,), at a 1:1 ratio,
in the presence or absence of LPS (Sigma, Escherichia coli 055:B5), and
adjusting pH to 7 to form precipitate. 50 pg NP-OVA and 10 pg LPS
precipitated together with alum was injected intraperitoneally (i.p.)
into each mouse. 14 days after immunization, NP-specific ASCs were
measured by ELISpot assay. NP-specific GCB and PC cells were exam-
ined by flow cytometry. 50 ug NP-OVA precipitated in alum was
injected i.p. into each mouse for NP-specific antibody responses.
Serum samples were collected at day 0, 7, 14, 21 and analyzed by ELISA
to determine the concentrations of NP-specific antibodies.

Flow cytometry

Single cell suspensions prepared from the spleen were stained with
surface markers in FACS buffer (PBS with 0.5% BSA) at 4°C for
20-30 min, washed, and resuspended in FACS buffer. For NP staining,
single cells were incubated with 4-Hydroxy-3-nitrophenylacetyl hapten
conjugated to PE protein at a ratio 1:5000 for 1 h at 4 °C, then stained
with other surface markers as mentioned above. For IgGl staining, cells
were fixed with Fixation/Permeabilization solution (BD, cat. 554722) at
4 °Cfor1hafter surface marker staining, washed, and stained with anti-
mouse IgGl in 1x Perm/Wash buffer. The surface marker antibodies
included: CD19, CD138, CD45.1, CD3, B220, Fas, GL7, IgD, NP, IgGl1,
CD43, BP-1, IgD, IgM, CD93, CD25, CD21, CD23, CD24 (Supplementary
Table 19). All flow cytometry data were acquired on Fortessa or For-
tessa X20 flow cytometers (BD) and analyzed using the Flowjo soft-
ware (Treestar, Inc.).

ELISPOT. NP-specific IgGl splenic ASCs following immunization with
50 pg NP-OVA and 10 pg LPS precipitated in alum were measured by
ELISpot assay on a MultiScreen 96-well filtration plate (Millipore,
MSIPS4W10) coated with 10 pg/ml NP,o-BSA. Cells were serially diluted
and added to individual wells in triplicates, followed by incubation for
3 h at 37 °C with 5% CO,. Anti-NP IgGl spots were detected by biotin-
conjugated anti-mouse IgGl1 antibody (Southern Biotechnology, 1070-
08) in combination with Av-HRP and AEC substrate (Vector Labora-
tories, A-2004& SK-4200).

ELISA. Microplates (ThermoFisher, 439454) were coated with 10 pg/mL
NPyo- or NPs-BSA to capture total and high affinity NP-specific anti-
bodies, respectively. Nonspecific binding was blocked with 0.5% BSA in
PBS (PBSA). Serum samples were serially diluted in PBSA and incubated
in blocked plates at room temperature for 2 h. Plates were incubated
with biotin-conjugated anti-IgM (1020-08, Southern Biotech) or anti-
IgG1 (1070-08, Southern Biotech) for 1 h at 37 °C and with streptavidin-
alkaline phosphatase (Roche) at RT for 1h, followed by incubation with
alkaline phosphatase substrate solution containing 4-nitro-phenyl
phosphate (Sigma N2765) for color development. Plates were quanti-
fied on a Tecan Spark multimode reader.

RNA imaging

RNA imaging was performed following the online biotin-based
labeling protocol (https://www.protocols.io/view/biotin-labeling-
of-immunoprecipitated-na-vipre-7z4hp8w)¥. In brief, iPC day 2
cells were collected and crosslinked as required for eCLIP
experiments. All the procedure was performed at room tem-
perature before cell lysis. Cell lysates of the UV crosslinked cells
were treated with Turbo DNase (Thermo) and RNase I (Ambion,
50U for high [++] and 4U for low [+] dilution). Next, 20 pL
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Dynabeads Protein G (Thermo) conjugated with 1 pg Csdel anti-
body (Abcam, cat. ab201688) were added to the lysates, followed
by overnight rotation. For Strap, 20 pL of Dynabeads Protein A
(Thermo) conjugated with 2 pg antibody (Bethyl, cat. A304-735A)
were used. After rotation overnight, samples were washed three
times with high-salt wash buffer followed by two washes with no
salt buffer. FastAP and T4PNK reactions were performed on bead
as previously described in protocol, followed by two washes with
high-salt buffer and two washes with no salt buffer. A modified
RNA linker ligation was performed using 500 pmol pCp-Biotin
(Jena Bioscience). Afterward, samples were incubated at 16 °C and
mixed at 1600 RPM (30s on; 30s off) for 3h. After ligation,
samples were washed twice with high-salt wash buffer and twice
with no salt buffer, followed by standard SDS-PAGE electrophor-
esis and transferred to nitrocellulose membranes. Visualization
was performed using the Chemiluminescent Nucleic Acid Detec-
tion Module Kit (Thermo) following the manufacturer’s instruc-
tions for blocking, washing, and labeling. Imaging was performed
on the Amersham Imager 600 (GE Healthcare).

Enhanced crosslinking and immunoprecipitation (eCLIP)
2.5-3x107 iPC day 2 cells were prepared for this experiment following
negative selection to remove 40LB cells. Enhanced crosslinking and
immunoprecipitation sequencing (eCLIP) experiments were per-
formed following manufacturer’s instructions (Eclipse Bioinnovations
Inc., https://eclipsebio.com/services-kits/rbp-eclip/). Briefly, purified
iPC cells were UV-crosslinked, followed by cell lysis and treatment of
cell lysates with RNase 1 (4U, Ambion) to digest RNA. The Csdel or
Strap protein-RNA complexes were immunoprecipitated with anti-
bodies described in RNA imaging. An RNA adapter was ligated to the 3’
end of RBP-bound RNA fragments. Proteinase K was added to digest
proteins before reverse transcription of RNA. cDNA was ligated to the
3 end of single-stranded DNA adapters that serve as unique identifiers
for PCR duplicates. Finally, the paired-end cDNA fragments were
amplified and sent to Azenta Life Sciences for sequencing.

eCLIP data analysis

eCLIP data were analyzed using the data analysis pipeline V2.0 pro-
vided in ENCODE projects (https://www.encodeproject.org/pipelines/
ENCPL357ADL/). Only readl of sequencing data was used for the fol-
lowing analysis. Since sequencing reads had been demultiplexed by
providers, we started with trimming reads using Cutadapt (version
2.2). The trimmed sequences were then processed in UMI-tools® to
extract umi sequences in reads. Reads were mapped to the mouse
RepBase to remove repetitive elements using STAR version 2.5.2b. The
outputs from STAR rmRep can be counted as the number of reads
mapping to each repetitive element with Samtools view and count_a-
ligned_from_sam. The unmapped reads from the above STAR align-
ment were mapped to mmlO0 using STAR. The output bam files were
removed of duplicates of PCR with dedup command provided by UMI-
tools. Then custom scripts, sortSam, in gatk from yeo lab were used to
sort resulting bam files for use downstream. Clipper provided by the
Gene Yeo lab was then used for peak calling from output bam files
generated from IP samples following the usage in GitHub. The script
named merge_peaks in the second eCLIP-seq processing pipeline was
used to discover RBP binding sites through normalization against the
input control. Finally, merged_peaks_bed files were generated, which
contain binding sites as determined by entropy-ordered peaks
between two replicates. Since the enrichment criteria set by the script
are too stringent, we decreased the log2foldchange required for peak
signals from 3 to 2 to generate more peaks for subsequent analyses.
Tracks were visualized using the Integrative Genomics Viewer (IGV).
The peaks in merged_peaks_bed files were annotated and used for
metagene plots by online analysis provided by RNAmod website®’
(http://61.147.117.195/RNAmod/index.php).

TMT labeling, LC-MS/MS, and data analysis

iPC dayl1 cells differentiated in vitro from WT, Csdel cKO, and Strap
cKO mice were FACS sorted and snap frozen in liquid nitrogen. Easy-
Pep kit (ThermoFisher, A45733) was used to for TMT labeling following
the manufacturer’s instructions. For LC-MS/MS analysis, samples were
acquired using an Orbitrap Eclipse mass spectrometer in line with a
Vanquish Neo UPLC system. For data analysis, all acquired data were
searched and quantified utilizing the Thermo Proteome Discoverer
(2.5.0.400 version). Full MS and MS/MS spectra were searched against
the Mus musculus database downloaded from Uniprot (www.uniprot.
org). The differential expression analysis was performed with Perseus®
software to determine log2foldchange of proteins between KO and
WT cells, p-values, and g-values.

Immunoblot and immunoprecipitation

Forimmunoblot, cells pellets were lysed in lysis buffer (20 mM Tris-Hcl
PH 7.5, 1% Triton-X-100, 1mM EGTA, 1mM EDTA, 1mM NazVO,,
150 mM Nacl, 2.5 mM Napip and 1 mM pB-glycerophosphate) supple-
mented with protease inhibitors, SDS loading buffer and 2.5% B-ME at
4°C. After incubation at 95°C for 5min, supernatants were briefly
centrifuged, collected, resolved on SDS-PAGE gels, and transferred to
PVDF membrane (Millipore, IPVHO0010). The membrane was incu-
bated overnight at 4 °C with primary antibodies diluted in 1x Tris-
buffered saline (TBS) (10 mM Tris-HCI, pH 8.0, and 150 mM NacCl) with
5% (wt/vol) bovine serum albumin (BSA) or nonfat milk, washed 3 times
in TBS buffer with 0.5% Tween 20, and incubated with horseradish
peroxidase (HRP)-conjugated goat anti-rabbit or goat anti-mouse
antibodies in TBS at room temperature for 1h. The membrane was
then washed 3 times in TBS buffer with 0.5% Tween 20. Protein bands
were visualized with ECL Select Western Blotting Detection Reagent
(GE Healthcare) following the manufacturer’s instructions (GE
Healthcare). Images were acquired with Amersham Imager 600 (GE
Healthcare).

For immunoprecipitations, 2-4 x 10 iPC cells following negative
selection to remove 40LB cells were lysed on ice for 30 min in lysis
buffer supplied with protease inhibitors. Following centrifugation,
supernatant was transferred to a new tube and incubated with Strap or
Csdel antibody, or rabbit IgG control (Sigma#15381) for 4 h at 4 °C. The
antibody and lysate slurry were incubated with Protein A/G magnetic
beads (Bimake cat. B23202) overnight. Samples were then washed with
lysis buffer for 5 times and eluted with lysis buffer used in the immu-
noblot procedure through denaturing at 95°C for 5mins. All anti-
bodies were listed in Supplementary Table 2.

Ribosome profiling

iPC dayl cells were used for Ribo-seq analysis. Cells were treated with
cycloheximide (CST Cat. 2112S) at a final concentration of 100 pg/mL,
and sorted to collect live iPC cells and to remove 40LB cells. After
sorting, each sample should contain more than 2 x10° cells. Sorted
cells were snap frozen in liquid nitrogen and stored at at —80 °C until
further processing. For ribosome profiling, cell samples were pro-
cessed as described in the protocol®. Firstly, samples were lysed in
lysis buffer. Lysates were centrifuged at 20,000 x g for 10 min at 4 °C.
Supernatant was collected. 10 uL RNase I (NEB, Ipswich, USA, M0307)
and 6 uL DNase I (NEB, Ipswich, USA, M0303) were added to 400 L of
lysate, followed by incubation for 45 min at room temperature with
gentle mixing. Nuclease digestion was stopped by adding 10 puL
SUPERaseIn RNase inhibitor (Ambion, TX, USA, AM2696). Size exclu-
sion columns (lllustra MicroSpin S-400 HR Columns, GE Healthcare,
27-5140-01) were equilibrated with 3 mL of polysome buffer by gravity
flow and centrifuged at 600 x g for 4 min at room temperature. The
digested products from last step were added to the pre-equilibrated
columns, which were centrifuged at 600 x g for 2 min. 10 pL of 10% (wt/
vol) SDS were then added and RFs with size greater than 17 nt were
isolated using the RNA Clean and Concentrator-25 kit (Zymo Research,
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Irvine, USA, R1017). rRNA was removed using the method reported
previously”. In brief, short (50-80 bases) antisense DNA probes
complementary to rRNA sequences were added to solution containing
RFs. RNase H (NEB, Ipswich, USA, HO110) and DNase | were added to
digest rRNA and residual DNA probes. Finally, RFs were further purified
using magnet beads (Vazyme, Nanjing, China, N412). After obtaining
RFs, Ribo-seq libraries were constructed using NEB Next® Multiple
Small RNA Library Prep Set for Illumina® (E7300S, E7300L). Briefly,
adapters were added to both ends of RFs, followed by reverse tran-
scription and PCR amplification. PCR products in the 140-160 bp size
range were enriched to generate a cDNA library and sequenced using
lllumina HiSeq by Gene Denovo Biotechnology Co. (Guangz-
hou, China).

Ribosome profiling data analysis

Ribosome profiling data was analyzed following the workflow descri-
bed in RiboCode®* software. Adapters, low-quality reads, and reads
aligned to rRNA were removed from the raw data. The remaining reads
were aligned to genome using STAR’? and output bam files were used
for the following analyses. With the scripts provided by RiboCode, the
length range of RPF reads and translated ORFs was determined.
Ribosome profiling data were integrated with matched RNA-seq data
to reveal translational regulation. RNA-seq data obtained from the
same samples were processed to read counts as described in the RNA-
Seq session. Using ModifyHTseq script provided by RiboMiner®* soft-
ware, read counts of ribosome footprints were generated. DeltaTE
package analysis was performed to integrate Ribo-seq and RNA-seq
data to analyze genome-wide translational regulation’.

Polysome profiling

iPC day 1 cells were analyzed by polysome profiling following the
protocol described in a previously published paper®™. In brief, 2 x 10’
iPC day 1 cells were collected and treated with cycloheximide (CST,
Cat. 2112S). Treated cells were washed once in 10 ml hypotonic buffer,
and cytosolic fractions were extracted with a total 600ul of 1:1 mix of
hypotonic buffer and hypotonic lysis buffer. After 20 min of incuba-
tion on ice, nuclei were removed by centrifugation at 2300 x g for
10 min. Supernatant was centrifuged on a 15-45% (w/w) of RNase
inhibitor-containing sucrose gradient at 40,000 rpm for 1.5h using a
Beckman SW41 rotor. The resulting gradient was separated into 20
fractions using BR-188 Density Gradient Fractionation System (Bran-
del, Cat. BR-186-5). 1.5 pl 80 pg/ul exogenous RNA control (customed
synthesized, full-length sequence: ACUUGCAAAGCCAAUUCCCGAA-
GAUCGUCUCAAUCGCACAGGAUCCCAAGCUUGAAUUCAUGUUAUAA
CACUUCUCUCAUGCCUGAAACUAAUGUCCUACUGUUCACUACAAU
GG) was added to 100ul samples aliquoted from each fraction, fol-
lowed by extracting total RNA with AG RNAex Pro reagent (Cat.
AG21102) following manufacturer’s instructions. Reverse transcription
was performed with equal amounts of the RNA samples using ChamQ
Universal SYBR qPCR Master Mix (Vazyme, Cat. Q711-03) following
manufacturer’s instructions. Indicated mRNA was amplified and mea-
sured by ChamQ Universal SYBR qPCR Master Mix (Vazyme, Cat. Q711-
03). CT values were normalized to the spiked-in exogenous RNA
control. Ratio of total in each fraction was calculated.

mRNA half-life measurement

Newly plated iGCB cells in iGCB medium supplemented with IL-21 were
used for mRNA half-life measurement. After 1 h incubation with IL-21,
cells were treated with Sug/ml actinomycin D (ENZO, cat.BML- GR300)
and harvested at 0, 1, 2, 3 h after treatment. Cell samples were treated
with AG RNAex Pro reagent immediately after harvesting and total RNA
was extracted. Equal amounts of RNA samples were used for reverse
transcription and quantitative PCR. CT values of indicated mRNA were
normalized to beta-actin mRNA. mRNA half-life was calculated as
previously described®.

RNA immunoprecipitation

RNA immunoprecipitation (RIP) was performed following the IP pro-
cedure of the eCLIP experiment®. At least 2x10° iPC cells were
required for one sample. In brief, indicated antibody was coupled to
Dynabeads Protein G or Protein A (Thermo) for 4-6 h at 4 °C. When the
incubation of the antibody and beads was nearly completed, cell
samples were lysed in ice-cold lysis buffer supplemented with Protei-
nase Inhibitor Cocktail(Thermo, Cat. 87786) and RNaseOUT(Invitro-
gen, Cat.10777019), sonicated using Bioruptor plus (DIAGENODE), and
centrifuged to remove nuclei. Supernatants were transferred to new
tubes, followed by adding washed antibody-bead slurry and rotating
overnight at 4 °C. Before adding the antibody-bead slurry, 30ul of each
supernatant was removed and stored as input. After overnight incu-
bation, beads were washed with high-salt buffer three times and wash
buffer twice. Beads were now ready for Western blot and total RNA
extraction. Half of the beads in 40 pL wash buffer was transferred to a
new tube for total RNA extraction and qPCR quantification. The
remaining half was added with loading buffer, Proteinase Inhibitor
Cocktail, and reducing reagent (Thermo, Cat.NPO0OO04), followed by
denaturing in a Thermomixer at 1150 rpm, 65 °C for 10 min. Beads were
removed and the remaining samples were analyzed by Western blot.

Statistics and reproducibility

All statistical analyses were completed using Prism 8 (GraphPad) or the
R statistical language scripts and packages specified, with details of the
individual statistical tests indicated in the figure legends. No statistical
methods were used to estimate sample size or to include/exclude
samples. Multiple sgRNAs were used to knockout a gene to exclude
off-target effect. All experiments were performed at least twice (unless
otherwise indicated in the figure legend).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Sequencing data generated in this study, including Ribo-seq, RNA-seq,
pooled CRISPR screening, and eCLIP-seq, were deposited in the Gen-
ome Sequence Archive in National Genomics Data Center under
accession number CRAO015336, CRAO015356, CRAO015350 and
CRAO015361, respectively. Proteomics data from RNA interactome
capture and mass spectrometry analysis of iPC cell lysates were
deposited in iProX with the accession number IPX0002899001. The
processed data of these experiments are provided in the Supplemen-
tary Information. Source data are provided with this paper.
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