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Laura Gámez-Dı́az,
University of Freiburg Medical Center,
Germany

REVIEWED BY

Hesso Farhan,
University of Oslo, Norway
James Drake,
Albany Medical College, United States

*CORRESPONDENCE

Florian Heyd
florian.heyd@fu-berlin.de
Felix Ostwaldt
felix.ostwaldt@fu-berlin.de

SPECIALTY SECTION

This article was submitted to
T Cell Biology,
a section of the journal
Frontiers in Immunology

RECEIVED 28 August 2022

ACCEPTED 20 October 2022
PUBLISHED 10 November 2022

CITATION

Ostwaldt F, Los B and Heyd F (2022)
In silico analysis of alternative
splicing events implicated in
intracellular trafficking during
B-lymphocyte differentiation.
Front. Immunol. 13:1030409.
doi: 10.3389/fimmu.2022.1030409

COPYRIGHT

© 2022 Ostwaldt, Los and Heyd. This is
an open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use,
distribution or reproduction is
permitted which does not comply with
these terms.

TYPE Original Research
PUBLISHED 10 November 2022

DOI 10.3389/fimmu.2022.1030409
In silico analysis of alternative
splicing events implicated in
intracellular trafficking during
B-lymphocyte differentiation

Felix Ostwaldt*, Bruna Los and Florian Heyd*

Laboratory of RNA Biochemistry, Institute of Chemistry and Biochemistry, Freie Universität Berlin,
Berlin, Germany
There are multiple regulatory layers that control intracellular trafficking and

protein secretion, ranging from transcriptional to posttranslational

mechanisms. Finely regulated trafficking and secretion is especially important

for lymphocytes during activation and differentiation, as the quantity of

secretory cargo increases once the activated cells start to produce and

secrete large amounts of cytokines, cytotoxins, or antibodies. However, how

the secretory machinery dynamically adapts its efficiency and specificity in

general and specifically in lymphocytes remains incompletely understood.

Here we present a systematic bioinformatics analysis to address RNA-based

mechanisms that control intracellular trafficking and protein secretion during

B-lymphocyte activation, and differentiation, with a focus on alternative

splicing. Our in silico analyses suggest that alternative splicing has a

substantial impact on the dynamic adaptation of intracellular traffic and

protein secretion in different B cell subtypes, pointing to another regulatory

layer to the control of lymphocyte function during activation and

differentiation. Furthermore, we suggest that NERF/ELF2 controls the

expression of some COPII-related genes in a cell type-specific manner. In

addition, T cells and B cells appear to use different adaptive strategies to adjust

their secretory machineries during the generation of effector and memory

cells, with antibody secreting B cell specifically increasing the expression of

components of the early secretory pathway. Together, our data provide

hypotheses how cell type-specific regulation of the trafficking machinery

during immune cell activation and differentiation is controlled that can now

be tested in wet lab experiments.
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Introduction

During the course of a T cell-dependent B cell activation,

naïve B cells can proliferate and differentiate into antibody-

secreting cells (ASC) or memory B cells (MBC). MBCs and ASC

are responsible for the defense against and the long-term

humoral immunity generated by infections and many vaccines

(1). MBCs are long-lived cells and are responsible for a quick

reaction upon antigen re-challenge. These cells express cell-

surface antibodies but do not secrete them (1). MBCs can

differentiate into ASC after exposure to the same exogenous

stimuli (2). ASCs include short-lived plasmablasts (PB) and

long-lived plasma cells (PC) and are responsible for antibody-

mediated immunity (2). During differentiation and maturation,

ASCs expand their cytoplasm, endoplasmic reticulum (ER), and

Golgi apparatus, allowing an increased synthesis and secretion of

antibodies (3, 4). From the ER, immunoglobulin (Ig) molecules

are packaged first into COPII-coated vesicles and transported to

the Golgi apparatus. In the Golgi, Igs undergo glycosylation and

are then further transported towards the plasma membrane (5).

In eukaryotic life, intracellular trafficking is essential for

generating and maintaining organelles, and for the

communication of cells with their surroundings. The transport

from the ER through the Golgi to the plasma membrane and

subsequent exocytosis is a highly regulated process. The basis of

these transport mechanisms throughout evolution is vesicular

transport, which also enables sorting processes during endo- and

exocytosis to generate cargo specificity (6, 7). The big picture of

intracellular transport becomes more and more detailed through

high-resolution imaging techniques, which, for example,

suggested that tubular structures rather than classical vesicles

mediate or contribute to ER to the Golgi transport (8, 9).

The classical model of the COPII coat consists of an outer

and inner layer. The outer layer consists of SEC13 and SEC31,

which form the coat, and give it its rigidity and structure. SEC23

and SEC24 create the inner layer, where SEC24 with four

isoforms (A-D) is the major cargo binder and sorter (10–12),

and SEC23 together with SEC31 regulates the GTPase activity of

SAR1, which is responsible for curving the ER membrane (13).

Additional regulators are SEC16, which functions as a scaffold

protein that recruits all other members of the COPII coat to ER

exit sites (ERES) and is actually used to define ERES (14). Kelch-

like protein 12 (KLHL12) is another important member of the

COPII machinery and is especially required for the transport of

larger cargoes. Together with CUL, it is responsible for

ubiquitinating SEC31 (A or B) (15). This allows the outer

layer of the COPII coat to be more flexible and enables large

cargoes like collagen to exit the ER (16).

Clathrin-mediated endocytosis is the classical way in which

the cell brings specific cargoes into the cytoplasm. Clathrin

heavy chains trimerizise into triskelia. These are the de facto

monomers, out of which clathrin cages will form (17). For that to

happen, triskelia have to come into close proximity through
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adaptor proteins like AP2 or PICALM. These adaptors bind at

least two triskelia and bring them together. Two binding sites on

each adaptor bind each a separate triskelia, supporting their

polymerization into a clathrin cage (18). The distance between

these binding sites seems to be crucial. A shorter distance of the

linker between the binding sites promotes inter-triskelia binding,

longer linker promotes intra-skelia binding, which can regulate

clathrin-dependent endocytosis (19).

Post-transcriptional regulation of gene expression is

essential for modulating the transcriptome and proteome of

ASCs (3). One important mechanism to increase proteome

diversity and to control cellular functionality is alternative

splicing (AS). In the past years, many studies have identified

changes in AS during lymphocyte activation that are important

for the proper functioning of the adaptive immune system (20–

23). As most of these studies have focussed on T cell activation,

the impact of AS on B cell activation is less well understood, and

even less is known about the impact of AS during different stages

of B cell differentiation and maturation. Furthermore, while

increased secretory capacity can be expected from antibody-

secreting B cell subtypes, a systematic analysis of the secretory

machinery during B cell differentiation is missing. Here we

address transcriptional and post-transcriptional changes that

control protein secretion during B cell differentiation and

provide evidence for global adaption of the secretory

machinery through changes in gene expression and alternative

splicing. Our study is entirely based on a bioinformatics

approach as a first step to generate and discuss hypotheses,

which will allow wet lab validations in future research.
Material and methods

Differential gene expression analysis

We analyzed publicly available RNA-seq data for B cell

differentiation (GSE148924) and human tissues (PRJEB4337).

Reads were aligned to the human genome (GRCh38/hg38)

using Salmon (v1.8.0) on default settings. Gene counting was

then performed with featureCounts (version 1.6.4) and the

resulting count matrix was used as input for DESeq2 (version

1.28.1) (24). Differential gene expression analysis was

performed by running DESeq2 with fitType = “local”. Log2

fold change (FC) shrinkage was performed by the adaptive

shrinkage algorithm to reduce the effect of low expression

levels on fold changes. Significantly differential genes were

identified by filtering on Benjamini-Hochberg adjusted P-

value (Padj) < 0.001 and absolute log2FC > 0.5 (or < -0.5).

For heatmaps, mean normalized expression counts were

calculated for each condition. Pairwise correlation of

columns was performed using Pearson. Data analysis was

performed using Python 3.7.11 with scientific libraries

pandas (25), NumPy (26), matplotlib (27), and seaborn.
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Volcano plots and dot plots were generated using R v. 4.2.1.

with libraries tidyverse, ggrepel, dplyr, and ggplot2.
Differential alternative splicing analysis

For alternative splicing (AS) analysis reads were aligned to

the human genome (GRCh38/hg38) using STAR (version

2.7.5b) on default settings. Differential AS events were

determined using rMATS 4.1.2 (28). Sashimi blots were

created using the IGV genome browser.
Gene ontology enrichment analysis

Gene ontology (GO) term enrichment was performed on

gene symbols using the enrichGO function in R v. 4.2.1. with

libraries clusterProfiler (29, 30), org.Hs.eg.db (31), and

AnnotationDbi (32). Only GO enrichments with a false

discovery rate (FDR) < 0.05 are presented.
Enriched transcription factor binding
motif analysis

The ShinyGO 0.76 tool (http://bioinformatics.sdstate.edu/

go/) was used to identify transcription factor (TF) binding motifs

enriched in the promoters of target genes.
Protein structure prediction

The protein 3D structure of the different isoforms was

predicted using Robetta (https://robetta.bakerlab.org/) and

visualized using PyMol v.2.3.4.
Results

Differential expression of trafficking-
related genes in memory-B-cells

To evaluate differences in gene expression (GE) and

alternative splicing (AS) during B cell activation and

differentiation, we analyzed publicly available RNA-seq data of

preplasmablast (prePB), plasmablast (PB), plasma cells (PC),

and memory B cells (MBC) (GSE148924, Figure 1A). Our

principal component analysis (PCA) of the 15.754 gene

expression levels showed that each cell subpopulation was

segregated according to its developmental stage and that the

triplicate samples of the individual cell types clustered well

together (as previously demonstrated in 33) (Figure 1B). This

analysis rules out high variability or heterogeneity of gene
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expression within one sample group and we therefore proceed

using the triplicates in our analysis. We used DeSeq2 to compare

changes in gene expression using a log2FC > 0.5 (< -0.5) and

Padj <0.001 as cut-offs. Overall, we observed a similar gene

expression profile between PB and PC (Figure 1C), where only

125 genes were differentially expressed between them. We

observed a stronger difference when comparing prePB and PB,

and prePB and PC (2383 and 3079 differentially expressed genes,

respectively). An even stronger difference in gene expression was

observed when comparing prePB, PB, and PC to MBC. We

identified 6362 differentially expressed genes between prePB and

MBC, 6144 differentially expressed genes between PB and MBC,

and 4920 differentially expressed genes between PC and

MBC (Figure 1C).

Furthermore, we performed a GO term enrichment of

differentially expressed genes amongst the different stages of B

cell development. Interestingly, the GO terms mRNA processing

(GO:0006397) and RNA splicing (GO:0008380) were highly

enriched in MBC when compared to PB (FDR < 0.05)

(Figure 1D). Although the same GO terms were not enriched

when comparing MBC to PC, we observed that for “mRNA

processing” 88 out of 410 genes were upregulated in MBC, while

only 36 were upregulated in PCs. For “RNA splicing”, 75 genes

were upregulated in MBC, and 25 were upregulated in PCs (342

total) (Figures 2A, B), suggesting that there is also a substantial

difference in mRNA processing and splicing in MBC when

compared to PC.

It is well known that PCs are responsible for secreting

antibodies, and therefore, have a higher rate of protein

biosynthesis than MBCs (4). To analyze whether this is

accompanied by an adaptation of the secretory pathway at

the level of gene expression, we compared the expression of

intracellular trafficking related-genes between MBC and PC by

analyzing genes included in the following GO terms:

intracellular protein transport (GO:0032779), COPII-coated

vesicle budding (GO:0090114), retrograde vesicle-mediated

transport Golgi to ER (GO:0048220) and protein exit from

ER (GO:0032527) (Figures 2C–F). We observed that 431 out of

1257 genes related to intracellular protein transport are

differentially regulated between MBC and PC without a

significant bias towards up- or down-regulation in either of

the two cell types. That is about the expected number, given

that the expression of about 1/3 of all expressed genes changes

between these B cell subtypes (4920 out of 15.754 genes, see

above, Figure 2C). However, when we focus on the early

secretory pathway by looking at GO terms COPII-coated

vesicle budding, Retrograde vesicle-mediated transport Golgi

to ER, Protein exit from ER, and ER to Golgi vesicle-mediated

transport, we find strong upregulation of many genes almost

exclusively in PC (Figures 2D–F; Supplementary Figure 1). In

contrast, the GO-terms trans-Golgi network membrane and

Clathrin-related genes are not specifically regulated between

the two cell types (Supplementary Figure 1). These data
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indicate that especially the expression of components of the

early secretory pathway is upregulated in antibody-secreting B

cell subtypes to accommodate the increased secretory

cargo flux.
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To better understand the mechanism that allows PCs to

regulate their secretory machinery, we compared the expression

level changes of COPII components in PCs and during the

activation of CD4+ T cells (Figure 2G) (34). Interestingly, the
B C

D

A

FIGURE 1

Gene expression during B cell differentiation. (A) Summarized schematic representation of the steps of B cell differentiation. Step 1. Antigen
recognition induces the expression of effector molecules by T cells, which then activate B cells. Step 2. Activated B-cell proliferation. Step 3.
Differentiation to resting memory cells or antibody-secreting cells (PB and PC). Adapted from “Steps in B-cell Differentiation”, by BioRender.com
(2022). (B) PCA of all genes expressed in at least one subtype of B cells. (C) Heatmap showing all differentially expressed genes in B cells. Pajd <
0.001, log2FC > 0.5 (or < -0.5). (D) The 10 strongest enriched GO terms in PB vs MBC. The GO term enrichment was performed using the
enrichGO function (see methods). The size of the dots represents the number of genes in the significant differentially expressed gene list
associated with the GO term and the color of the dots represents the P-adjusted values (FDR). GeneRatio: the number of differentially expressed
genes divided by the total number of genes in the given GO term.
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FIGURE 2

Expression of RNA processing-related and intracellular trafficking-related genes. The expression of RNA processing-related and intracellular
trafficking related-genes was compared between MBC and PC. The following GO terms were analyzed: (A) mRNA processing. (B) RNA splicing.
(C) intracellular protein transport. (D) COPII-coated vesicle budding. (E) retrograde vesicle-mediated transport Golgi to ER. (F) protein exit from
ER. In the volcano plots, log2 fold change (log2FC) was plotted against Pajd < 0.001, fold changes were considered significant if log2FC > 0.5
(or < -0.5). Genes up-regulated in plasma cells are shown in red (down-regulated in memory). Genes down-regulated in plasma cells are shown
in blue (up-regulated in memory). (G) Comparison of gene expression levels of COPII-components in PC compared to prePB and T-cell
activation [T-cell data was taken from(34)].
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expression of COPII components during T cell activation stays

rather constant, whereas PCs show a substantial upregulation of

almost all COPII components when compared to non-antibody-

secreting prePB. These data suggest that B cells use changes in

gene expression to adjust their secretory machinery during

activation and differentiation, whereas T cells rely mostly on

alternative splicing of key regulators (34, 35). This may also

indicate that B cells require stronger adjustments to their

secretory system than T cells, which would make B cell

differentiation a very interesting model system to study the

adaptation of the secretory pathway in the future.
Alternative splicing of genes involved in
intracellular transport in MBCs

We then performed a global alternative splicing analysis and

detected a total of 44.879 AS events, with 3179 events showing

significant differences between the differentiation stages we

analyzed. All significantly changed alternative splice events are

shown in the heatmap in Figure 3A (P-value < 0.001, DPSI > |

0.4|). The significantly changed AS events fall into the following

four categories: 2683 (80.07%) exon skipping (SE), 53 (2.16%)

intron retention (RI), 209 (8.18%) alternative 5 splice site

(A5SS), and 234 (9.58%) alternative 3 splice site (A3SS). As

observed in our GE analysis, the AS pattern was rather similar

amongst prePB, PB, and PC, while MBC showed substantial

differences. The splicing PCA looks similar to the GE PCA, with

close relation of PB and PC, which are separated from prePB and

MBC (Figure 3B). The PCA for splicing events shows a high

degree of homogeneity in PB and PC and slightly lower in preBP.

Only MBCs show a larger extent of heterogeneity, which is still

low considering the distance of the MBC cluster to the other cell

types. The vastly different global splicing pattern of MBS is

consistent with the gene expression analysis showing

enrichment of GO terms related to splicing and RNA

processing when comparing genes differentially expressed

between MBC and PC (Figures 2A, B). Notably, ¾ of all

significantly changed splicing events are less included in

MBCs, which may point to reduced overall splicing efficiency.

Further, we perform a GO term enrichment analysis of

differentially spliced genes in MBC when compared to PCs. In

addition to the biological processes involved in post−transcriptional

regulation of gene expression, we found an enrichment of the GO

terms Golgi vesicle transport (GO:0048193), nuclear transport

(GO:0051169), and nucleocytoplasmic transport (GO:0006913),

suggesting that genes involved in intracellular transport are

heavily alternatively spliced in MBC (Figure 3C) (full GO term

enrichment analysis in Supplementary Figure 2). The global

changes in alternative splicing in MBC suggests a substantial

contribution in controlling the functional changes during the

formation of memory B cells and the specific enrichment of GO
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terms suggests that alternative splicing plays a fundamental role in

controlling intracellular trafficking.

To get a more detailed breakdown of intracellular trafficking,

we concentrated on the COPII machinery, which controls the

first step in protein secretion. In the GO term COPI-coated

vesicle budding, we found 21 alternatively spliced events, which

mostly show a MBC unique splicing pattern (Figure 3D).

Important COPII components like SEC13, SEC31A, and

SEC24C have multiple splicing events that are differentially

spliced in MBCs compared to the other cell types. For

example, SEC24C exon 11 is 100% included in prePB, PB, and

PC, and only ~50% included in MBC (Figure 3E). The length of

exon 11 is 116 nucleotides, therefore exclusion of this exon

causes a frameshift and a premature stop codon. It is very

probable that through nonsense-mediated decay (NMD) this

splicing event leads to a lower abundance of SEC24C in MBCs

(36), which we detected in our gene expression data in MBCs

(Figure 2D). SEC24C has a specific IxM cargo binding site and

positively regulates the export of the Q-SNARES Syntaxin5,

GS27, and Bet1 (11). Therefore, the expression level of

SEC24C may contribute to cargo specificity in a cell type-

specific manner. SEC24D also contains an alternatively spliced,

frameshift-inducing exon (296 nucleotides in length, after exon

9) that is almost exclusively included in MBC (Figure 3E). This

again correlates with reduced expression of SEC24D in MBC,

suggesting that AS-NMD mediated control of gene expression is

a more general mechanism to control components of the

trafficking machinery in a cell type-specific manner.

While some COPII components are controlled through

NMD-inducing isoforms, other splice variants do not induce a

frameshift and NMD and thus can control the functionality of

the respective protein. For example, the COPII outer coat

component SEC31A is heavily alternatively spliced. MBCs

include a 50 nucleotides small non-conserved Exon after exon

3. (Figure 3E). This alternative exon is likely coupled to an

alternative translation start and a shorter N-terminus resulting

in the truncation of the first WD40 repeat. The WD40 domain

does interact with the WD40 domain of SEC13, the second

component of the outer COPII layer (37). Truncation of the

SEC31A WD40 domain may thus lead to reduced interaction

between SEC31A and SEC13 and may control the efficiency of

coat formation or coat structure. Structural analysis of COPII

coats formed by splice variants of the individual COPII

components will be of high interest to address their cell type-

specific functionality in future research.

We have previously shown that alternative splicing of the

COPII scaffolding protein SEC16A, responsible for recruiting the

COPII machinery, controls the efficiency of ER export during T

cell activation (35). This study demonstrates that SEC16A exon

29 is predominantly included in activated T cells, which then

increases export efficiency. In B-lymphocytes, we observe a

similar splicing pattern. Exon 29 is highly excluded in MBC
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(PSI = ~15%), whereas in the other differentiation stages it is

mostly included (PSI = ~80%) (Figure 3F).

KLHL12 is likewise alternatively spliced. Here the MBC

exclusive isoform is generated through the exclusion of exons

10 and 11 (Figure 4A). While exon 10 exclusion with 99
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nucleotides would not shift the reading frame, exon 11 has a

length of 187 nucleotides, resulting in a frameshift and an

alternative stop codon in the last exon, therefore not inducing

NMD. Altogether these splice events, if translated, promote a

short C-terminus in the KLHL12 protein (Figure 4B). The
B C

D E

F

A

FIGURE 3

Global splicing analysis in B-Cell differentiation. (A) Heatmap showing the PSI of all significantly altered splicing events in B-cell populations (P-
value < 0.001, DPSI > |0.4|). (B) PCA of all annotated splice events in B-cell differentiation. (C) Enriched GO terms in AS genes in MBC; only the
GO terms related to intracellular transport are shown. P-adjusted values (FDR). (D) Heatmap showing all significant PSI changes for splicing
events in genes in the GO-term “COPII vesicle coat”. (E) Sashimi plots for selected frameshift splice events in COPII compartments. (F) Sashimi
plot showing splicing of SEC16A Exon 29 and 30.
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FIGURE 4

Splice events with protein-coding isoforms. (A) Barplot showing PSI of two different splice events in KLHL12. Schematic summary of KLHL12
alternative splicing and the resulting change of stop codon. (B) Protein structure prediction with Robetta (https://robetta.bakerlab.org/) of the
KLHL12 isoforms (FL and D10,11). The D10,11 causes a deletion of the kelch domain (colored magenta) (C) Bargraph showing the PSIs of exon 13
and exon 17 of PICALM in differentiation stages of B-Lymphocytes. (D) Schematic summary of PICALM isoforms. Significance is indicated by
asterisks (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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resulting isoform is missing three out of six kelch repeats, which

usually ensure the accurate ubiquitination of SEC31. Without a

complete kelch domain, KLHL12 likely is not fully capable of

ubiquitinating SEC31, which will decrease the ability to create

flexible COPII coats and may result in reduced ability to secrete

large cargoes in MBC. Together with the alternative N-terminus

of SEC31A discussed above, these splicing-induced changes may

lead to substantially altered SEC31A form and function in MBC.

The phosphatidylinositol-binding clathrin assembly protein

PICALM regulates clathrin-mediated endocytosis (38) and the

size of clathrin-coated vesicles (39). PICALM regulates clathrin

assembly through binding clathrin triskelia at its C-terminus,

which contains at least two binding sites (40, 41). We find two

alternative splice events in PICALM, one of them impacts the

clathrin binding site. Exon 13 displays higher inclusion in MBCs,

and reduced inclusion in prePB, PB, and PC. On the other hand,

exon 17 is basically not included in MBC, has a slight inclusion

in prePB, and has a PSI of 0.6 and 0.7 in PB and PC, respectively

(Figure 4C). The D17 isoform codes for the Uniprot isoform 1

(Q13492-1) and D13 codes for Uniprot isoform 3 (Q13492-3).

Isoform 1 has a shorter C-terminal domain, and therefore, is

more efficient in bringing two clathrin triskelia together, thus

promoting endocytosis. Through alternative splicing, this effect

appears to be enhanced in MBC, weaker in prePB and PB and

further reduced in PC (Figure 4D).
NERF/ELF2 is likely involved in
controlling the expression of
genes related to intracellular
trafficking in MBCs

In our analysis, we found three genes (SEC24B, CUL3, and

CSNK1D) in the GO-term COPII-coated vesicle budding, which

are upregulated in MBCs and are not regulated through

alternative splicing. In order to identify a transcription factor

that may be responsible for their MBC-specific upregulation, we

performed a Pearson correlation analysis. We used a list of

transcription factors (TFs) from the GO terms transcription

factor binding (GO:0008134) and DNA-binding transcription

factor activity, RNA polymerase II-specific (GO:0000981) and

calculated the Pearson correlation index between the three COPII

genes and all the TFs from the mentioned GO-terms. Using a

threshold of the Pearson correlation coefficient of >0.9, we found

236 TFs that are highly correlated with at least one of the three

genes. In the next step we identified 135 TFs that highly correlate

with all three, SEC24B, CUL3, and CSNK1D, in MBCs. To validate

these findings, we performed the same correlation analysis with

the 135 TFs and SEC24B, CUL3, and CSNK1D genes in publicly

available RNA-seq data from 17 human tissues (SRA study

ERP003613). We then averaged the resulting coefficient indices

of SEC24B, CUL3, and CSNK1D and each TF. Additionally, the p-

values for the correlation of TFs with each of the three genes in all
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tissues were calculated and averaged (Figure 5A). As a result, we

found a small group of TFs, whose expression correlates with the

expression of SEC24B, CUL3, and CSNK1D in human tissues. The

TF with the highest correlation and the lowest P-value amongst all

tissues was NERF/ELF2 (Figure 5B). We performed a similar

analysis for genes in the GO term COPII-coated vesicle budding,

which are upregulated in PC but did not find a strong correlation

with a single transcription factor (Supplementary Table 2).

Further, we used the ShinyGO 0.76 tool to detect enriched TF

binding motifs in the promoters of genes upregulated in PCs. We

detected 30 enriched TF binding motifs, but only two of the

corresponding TFs (TET1 and E2F6) were also upregulated in PCs

when compared to MBCs (Supplementary Table 3). These data

suggest that NERF/ELF2 controls the expression of COPII-related

genes in MBC, whereas the specific expression of COPII-related

genes in PC is not mediated by altered expression of one

individual transcription factor and may be dependent on

posttranscriptional or posttranslational mechanisms that can

control individual targets or the activity of TFs.

Consistent with the hypothesis that NERF/ELF2 controls the

expression of trafficking-related genes in MBC, the RNA-Seq

data show substantially higher expression of NERF/ELF2 in

MBC compared to the other B cell subtypes (Figure 5C). In

addition to changed gene expression, NERF/ELF2 is also

regulated by alternative splicing, as it is expressed in four main

protein-coding isoforms. Both NERF-1a and NERF-1b isoforms

start with exon 5, resulting in a shorter N-terminus.

Additionally, NERF-1a and NERF-1b differ in the use of an

alternative 3SS in exon 7 (Figure 5D). Similarly, NERF-2a and

NERF-2b differ by the use of the exon 7 alternative 3SS but start

with exon 1, which adds a 60 amino acid longer N-terminus

(Figure 6A). The different splice variants are highly regulated in

the different B cell subtypes (Figure 6B). In MBCs we observe

complete skipping of the exon 7 3SS and some usage of the

longer N-terminus leading to the expression of NERF-1a and

NERF-2a (Figure 6C). In contrast, PrePB, PB, and PC have very

similar gene expression levels and splice isoform patterns.

Around 90% of their isoforms start with exon 5, therefore

mostly expressing the short N-terminus isoforms, which are

equally distributed between NERF-1a and NERF-1b (Figure 6C).

This analysis identifies MBC-specific expression of NERF/ELF,

regulated at the level of gene expression and alternative splicing,

and suggests a role in controlling the MBC-specific expression of

intracellular trafficking genes. Future research will address

specific functions of different NERF/ELF isoforms and a global

role in controlling MBC functionality.
Discussion

We have used publicly available RNA-seq data to address the

potential role of AS in regulating intracellular trafficking and

secretion during B cell activation and differentiation. We
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observed clear differences in GE and AS patterns among MBCs

and ASCs. Accordingly, there was an enrichment of GO terms

related to RNA processing and splicing in MBC when compared

to PB. Previous studies have shown that changes in AS events

contribute to the regulation of lymphocyte activation (20, 22).

However, the role of AS in regulating secretion and intracellular
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trafficking among the different stages of B cell development still

remains to be elucidated.

ASCs are responsible for synthesizing and secreting

enormous amounts of Ig molecules (2). To enable an increased

capacity of Ig synthesis and secretion, ASCs need to adapt their

morphology, metabolism, and gene expression profile (3). In PC,
B

C

A

D

FIGURE 5

NERF/ELF2 controls expression of COPII-related genes in MBCs. (A) Venn diagram showing the TFs that had a high Pearson correlation coefficient
(>0.9) with SEC24B, CUL3, and CSNK1D in MBCs (left). Dotplot showing the Pearson correlation coefficient of the 135 TFs and the SEC24B, CUL3,
and CSNK1D genes in publicly available RNA-seq data of 17 human tissues (SRA study ERP003613). Shown in the graph is the mean pearson
correlation coefficient against the mean p-value of the correlation in -log10 scale of each TF with the three COPII genes (right). (B) Dotplot with
added linear regression line for the correlation between NERF/ELF2 and SEC24B, CUL3, and CSNK1D in human tissue data. Each dot is color
coded for originated tissue. (C) NERF/ELF2 gene expression in B cells. (D) NERF/ELF2 alternative splicing pattern of Exon 7 3'SS in B cells.
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the Golgi expands sixfold in volume, and the ER exit sites

increase almost fourfold in number to deal with the increased

Ig secretion (5). Consistently, our GE analysis shows that genes

related to intracellular trafficking and secretion, including

COPII-coated vesicle budding, are upregulated in ASCs when

compared to MBCs. More specifically, we provide evidence that

the expression of most of the COPII components is upregulated
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in PC, which likely is required to increase secretory capacity and

the number of ER exit sites. Interestingly, PCs express a distinct

set of COPII genes, which likely controls the efficiency and

specificity of ER export in different B cell subsets. SEC24A,

SEC24C, and SEC24D are substantially upregulated in PCs, while

only SEC24B is upregulated in MBCs. The different variants have

binding capabilities to different sets of cargoes and are the active
B

C

A

FIGURE 6

Alternative splicing of the transcription factor NERF/ELF2. (A) Possible NERF/ELF2 isoforms according to USCS genome browser and UniProt. (B) Sashimi
plot of NERF/ELF2 transcript in MBC, prePB, PB, and PC. (C) Stacked barplot of NERF/ELF2 isoforms in B-Lymphocyte differentiation.
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cargo sorter of the COPII machinery (10–12, 42). Altered ratios

of SEC24 variants may thus differentially control general export

efficiency, e.g. through controlling the export of GPI-anchored

proteins (43), but also a preference for specific cargoes.

Furthermore, we observed that MBCs have a different global

splicing pattern than the other B cell subtypes. Interestingly,

genes related to intracellular transport are significantly

differentially spliced in MBC when compared to the other

stages of B cell development. Since COPII-coated vesicles are

important for packing and exporting Ig molecules (5), we

decided to have a closer look at AS events in genes related to

COPII. Several AS events in SEC13, SEC24C, and SEC24D were

found to be differentially regulated in MBC when compared to

ASCs. This suggests that alternative splicing, in addition to

changes in gene expression, contributes to adapting the

secretory pathway to cell-type-specific requirements. This idea

is underlined by our GO term analysis, indicating that several

aspects of intracellular transport are controlled at the level of

alternative splicing. Another interesting example is PICALM,

where we observed that the D17 isoform is more abundant in

MBCs while the D13 isoform is more abundant in the other

stages of B cell differentiation. PICALM is responsible for

controlling clathrin-coated vesicle size and maturation, and

therefore, determines the rates of endocytic cargo uptake (39).

The D17 isoform has a shorter C-terminal domain, which

facilitates endocytosis and potentially enhances the rate of

cargo uptake in MBCs. These analyses together indicate that

alternative splicing controls diverse trafficking pathways during

B cell activation and differentiation. Furthermore, the

adaptation of intracellular trafficking in B cell subsets is

different from the situation observed during T cell activation,

which largely relies on alternative splicing to control their

secretory capacity (34, 35). In addition, AS events that change

in COPII genes during T-Lymphocyte activation and B-

Lymphocyte differentiation are mostly different, pointing to

largely different strategies to adapt the secretory machinery to

changing conditions.

Finally, we looked for potential TFs that could be responsible

for regulating the expression of SEC24B, CUL3, and CSNK1D in

MBCs. We found a strong correlation between the expression of

the TF NERF/ELF2 and the expression of SEC24B, CUL3, and

CSNK1D in MBCs. Additionally, we found several isoforms of

NERF/ELF2 differently expressed during the stages of B cell

differentiation. It has been previously reported that the NERF-2

isoform is responsible for activating the expression of its target

genes, while NERF-1 functions as a transcription repressor (44).

Additionally, NERF-1 isoform overexpression reduced cell

proliferation and induced apoptosis, whereas NERF-2 isoforms

did not have these negative regulatory effects (45). The same

study demonstrated that the ratio of NERF-1 to NERF-2 changes
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in CD4 and CD8 T cells and early B-cell maturation. From our

analysis, it becomes apparent that in mature B-Lymphocytes

only MBCs express NERF-2 isoforms in a substantial manner.

PrePB, PC, and PC express more of the apoptosis-inducing

isoform NERF-1 while NERF-2 is only marginally expressed. The

increased NERF-2 expression in MBCs may contribute to the

long lifespan of these cells, which may not be required for other,

shorter-lived B cell subtypes.

In summary, we provide evidence for a cell type-specific

regulation of intracellular trafficking pathways during

lymphocyte activation and differentiation that is mediated at

the level of gene expression and alternative splicing. We identify

NERF/ELF2 as a potential transcription factor involved in

controlling the expression of genes involved in the early

secretory pathway and provide evidence for several cell type-

specific splice variants of the COPII machinery. These

hypotheses are the result of an in silico approach and clearly

require wet lab follow up, to experimentally validate the impact

of alternative splicing, e.g. of COPII components, in regulating

cell type-specific intracellular trafficking during lymphocyte

activation and differentiation.
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SUPPLEMENTARY TABLE 1

RNA-seq analysis using DEseq and rMATS. DEseq gene counts ar

displayed for each sample and each detected gene. RMATS
quantification shows the significant splicing events. Gene name, the

coordinates of the splice event, the type of splice event (SE: skipped
exon, RI: intron retention, A5SS: alternative 5 splice site, A3SS: alternative

3 splice site) and the PSI for every sample.

SUPPLEMENTARY TABLE 2

Correlation analysis of PC upregulated COPII vesicle coat budding genes

in human tissues. For every gene the pearson R and the p-value of

correlation for all nine genes upregulated in PC in the GO term COPII-
coated vesicle budding are displayed.

SUPPLEMENTARY TABLE 3

Transcription factor binding motifs enriched in the promoter of all genes
upregulated in PCs. The analysis was performed with ShinyGO 0.76 tool

using a list of 2746 genes upregulated in PCs when compared to MBCs.
ShinyGO retrieves enriched TF binding motifs, transcript annotation, and

promoter sequences from Ensembl. This tool recorded the best score for

each of the TFs in every 300bp and 600bp promoter sequence. Students t-
test is used to compare the scores observed in a group of genes against the

rest of the genes. The P-values are corrected for multiple testing using FDR.
References
1. Radbruch A, Muehlinghaus G, Luger EO, Inamine A, Smith KG, Dörner T,
et al. Competence and competition: The challenge of becoming a long-lived plasma
cell. Nat Rev Immunol (2006) 6(10):741–50. doi: 10.1038/nri1886

2. Nutt SL, Hodgkin PD, Tarlinton DM, Corcoran LM. The generation of
antibody-secreting plasma cells. Nat Rev Immunol (2015) 15(3):160–71.
doi: 10.1038/nri3795

3. Nguyen DC, Joyner CJ, Sanz I, Lee FE-H. Factors affecting early antibody
secreting cell maturation into long-lived plasma cells. Front Immunol (2019)
10:2138. doi: 10.3389/fimmu.2019.02138

4. Tellier J, Nutt SL. Plasma cells: The programming of an antibody-secreting
machine. Eur J Immunol (2019) 49(1):30–7. doi: 10.1002/eji.201847517

5. Kirk SJ, Cliff JM, Thomas JA, Ward TH. Biogenesis of secretory organelles during
b cell differentiation. J Leukocyte Biol (2010) 87(2):245–55. doi: 10.1189/jlb.1208774

6. DArcangelo JG, Stahmer KR, Miller EA. Vesicle-mediated export from the
ER: COPII coat function and regulation. Biochim Biophys Acta (2013) 1833:2464–
72. doi: 10.1016/j.bbamcr.2013.02.003

7. Kirchhausen T, Owen D, Harrison SC. Molecular structure, function, and
dynamics of clathrin-mediated membrane traffic. Cold Spring Harbor Perspect Biol
(2014) 6:a016725. doi: 10.1101/cshperspect.a016725

8. Weigel AV, Chang C-L, Shtengel G, Xu CS, Hoffman DP, Freeman M, et al.
ER-to-Golgi protein delivery through an interwoven, tubular network extending
from ER. Cell (2021) 184:2412–29.e16. doi: 10.1016/j.cell.2021.03.035

9. Malis Y, Hirschberg K, Kaether C. Hanging the coat on a collar: Same
function but different localization and mechanism for COPII. BioEssays: News Rev
molecular Cell Dev Biol (2022) 44:e2200064. doi: 10.1002/bies.202200064

10. Miller E, Antonny B, Hamamoto S, Schekman R. Cargo selection into
COPII vesicles is driven by the Sec24p subunit. EMBO J (2002) 21(22):6105–13.
doi: 10.1093/emboj/cdf605

11. Adolf F, Rhiel M, Reckmann I, Wieland FT. Sec24C/D-isoform-specific
sorting of the preassembled ER-golgi q-SNARE complex. Mol Biol Cell (2016) 27
(17):2697–707. doi: 10.1091/mbc.E16-04-0229

12. Wang B, Joo JH, Mount R, Teubner BJ, Krenzer A, Ward AL, et al. The
COPII cargo adapter SEC24C is essential for neuronal homeostasis. J Clin Invest.
(2018) 128:3319–32. doi: 10.1172/JCI98194
13. Matsuoka K, Orci L, Amherdt M, Bednarek SY, Hamamoto S, Schekman R,
et al. COPII-coated vesicle formation reconstituted with purified coat proteins and
chemically defined liposomes. Cell (1998) 93(2):263–75. doi: 10.1016/S0092-8674
(00)81577-9

14. Hughes H, Budnik A, Schmidt K, Palmer KJ, Mantell J, Noakes C, et al.
Organisation of human ER-exit sites: Requirements for the localisation of Sec16 to
transitional ER. J Cell Sci (2009) 122(16):2924–34. doi: 10.1242/jcs.044032

15. McGourty CA, Akopian D,Walsh C, Gorur A, Werner A, Schekman R, et al.
Regulation of the CUL3 ubiquitin ligase by a calcium-dependent Co-adaptor. Cell
(2016) 167(2):525–538.e14. doi: 10.1016/j.cell.2016.09.026

16. Jin L, Pahuja KB, Wickliffe KE, Gorur A, Baumgärtel C, Schekman R, et al.
Ubiquitin-dependent regulation of COPII coat size and function. Nature (2012)
482(7386):495–500. doi: 10.1038/nature10822

17. Kadlecova Z, Spielman SJ, Loerke D, Mohanakrishnan A, Reed DK,
Schmid SL. Regulation of clathrin-mediated endocytosis by hierarchical
allosteric activation of AP2. J Cell Biol (2017) 216(1):167–79. doi: 10.1083/
jcb.201608071

18. McMahon HT, Boucrot E. Molecular mechanism and physiological
functions of clathrin-mediated endocytosis. Nat Rev Mol Cell Biol (2011) 12
(8):517–33. doi: 10.1038/nrm3151

19. Giani M, den Otter WK, Briels WJ. Clathrin assembly regulated by adaptor
proteins in coarse-grained models. Biophys J (2016) 111(1):222–35. doi: 10.1016/
j.bpj.2016.06.003

20. Grigoryev YA, Kurian SM, Nakorchevskiy AA, Burke JP, Campbell D, Head
SR, et al. Genome-wide analysis of immune activation in human T and b cells
reveals distinct classes of alternatively spliced genes. PloS One (2009) 4(11):28–32.
doi: 10.1371/journal.pone.0007906

21. Michel M, Wilhelmi I, Schultz A-S, Preussner M, Heyd F, et al. Activation-
induced tumor necrosis factor receptor associated factor 3 (Traf3) alternative
splicing controls the noncanonical nuclear factor kB pathway and chemokine
expression in human T cells. J Biol Chem (2014) 289(19):13651–60. doi: 10.1074/
jbc.M113.526269

22. Martinez NM, Lynch KW. Control of alternative splicing in immune
responses: many regulators, many predictions, much still to learn. Immunol Rev
(2013) 253:216–36. doi: 10.1111/imr.12047
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2022.1030409/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1030409/full#supplementary-material
https://doi.org/10.1038/nri1886
https://doi.org/10.1038/nri3795
https://doi.org/10.3389/fimmu.2019.02138
https://doi.org/10.1002/eji.201847517
https://doi.org/10.1189/jlb.1208774
https://doi.org/10.1016/j.bbamcr.2013.02.003
https://doi.org/10.1101/cshperspect.a016725
https://doi.org/10.1016/j.cell.2021.03.035
https://doi.org/10.1002/bies.202200064
https://doi.org/10.1093/emboj/cdf605
https://doi.org/10.1091/mbc.E16-04-0229
https://doi.org/10.1172/JCI98194
https://doi.org/10.1016/S0092-8674(00)81577-9
https://doi.org/10.1016/S0092-8674(00)81577-9
https://doi.org/10.1242/jcs.044032
https://doi.org/10.1016/j.cell.2016.09.026
https://doi.org/10.1038/nature10822
https://doi.org/10.1083/jcb.201608071
https://doi.org/10.1083/jcb.201608071
https://doi.org/10.1038/nrm3151
https://doi.org/10.1016/j.bpj.2016.06.003
https://doi.org/10.1016/j.bpj.2016.06.003
https://doi.org/10.1371/journal.pone.0007906
https://doi.org/10.1074/jbc.M113.526269
https://doi.org/10.1074/jbc.M113.526269
https://doi.org/10.1111/imr.12047
https://doi.org/10.3389/fimmu.2022.1030409
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Ostwaldt et al. 10.3389/fimmu.2022.1030409
23. Schultz A-S, Preussner M, Bunse M, Karni R, Heyd F. Activation-dependent
TRAF3 exon 8 alternative splicing is controlled by CELF2 and hnRNP c binding to an
upstream intronic element.Mol Cell Biol (2017) 37(7):1–14. doi: 10.1128/mcb.00488-16

24. Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol (2014) 15(12):1–21.
doi: 10.1186/s13059-014-0550-8

25. McKinney W. Data structures for statistical computing in Python. In:
Proceedings of the 9th Python in science conference, 1(Scipy) (2010):56–61.
Available at: https://pandas.pydata.org/about/citing.html.

26. van der Walt S, Colbert SC, Varoquaux G. The NumPy array: a structure for
efficient numerical computation. Computing Sci Engineering. (2011) 13:22–30.
doi: 10.1109/MCSE.2011.37

27. Hunter JD. Matplotlib: a 2D graphics environment. Computing Sci
Engineering. (2007) 9:90–5. doi: 10.1109/MCSE.2007.55

28. Shen S, Park JW, Lu Lin Z-x L, Henry MD, Wu YN, et al. rMATS: Robust
and flexible detection of differential alternative splicing from replicate RNA-seq
data. Proc Natl Acad Sci United States America (2014) 111(51):e5593–601.
doi: 10.1073/pnas.1419161111

29. Yu G, Wang L-G, Han Y, He Q-Y. ClusterProfiler: An r package for
comparing biological themes among gene clusters. Omics A J Integr Biol (2012)
16(5):284–7. doi: 10.1089/omi.2011.0118

30. Wu T, Hu E, Xu S, Chen M, Guo P, Dai Z, et al. clusterProfiler 4.0: A
universal enrichment tool for interpreting omics data. Innovation (2021) 2
(3):100141. doi: 10.1016/j.xinn.2021.100141

31. Carlson M. org.Hs.eg.db: Genome wide annotation for human. In: R
package version 3 (2019) 8:2.

32. Pagès H, Carlson M, Falcon S, Li N. AnnotationDbi: Manipulation of SQLite-
based annotations in bioconductor. In: R package version 1 (2022) 58. Available at:
https://bioconductor.org/packages/release/bioc/html/AnnotationDbi.html.

33. Kassambara A, Herviou L, Ovejero S, Jourdan M, Thibaut C, Vikova
V, et al. RNA-Sequencing data-driven dissection of human plasma cell
differentiation reveals new potential transcription regulators. Leukemia
(2021) 35(5):1451–62. doi: 10.1038/s41375-021-01234-0

34. Neumann A, Schindler M, Olofsson D, Wilhelmi I, Schürmann A, Heyd F.
Genome-wide identification of alternative splicing events that regulate protein transport
across the secretory pathway. J Cell Sci (2019) 27:2697. doi: 10.1242/jcs.230201
Frontiers in Immunology 14
35. Wilhelmi I, Kanski R, Neumann A, Herdt O, Hoff F, Jacob R, et al.
Sec16 alternative splicing dynamically controls COPII transport efficiency.
Nat Commun (2016) 7:1–14. doi: 10.1038/ncomms12347

36. Kurosaki T, Popp MW, Maquat LE. Quality and quantity control of gene
expression by nonsense-mediated mRNA decay. Nat Rev Mol Cell Biol (2019) 20
(7):406–20. doi: 10.1038/s41580-019-012

37. Stagg SM, LaPointe P, Razvi A, Gürkan C, Potter CS, Carragher B, et al.
Structural basis for cargo regulation of COPII coat assembly. Cell (2008) 134:474–
84. doi: 10.1016/j.cell.2008.06.024

38. Meyerholz A, Hinrichsen L, Groos S, Esk P-C, Brandes G, Ungewickell EJ.
Effect of clathrin assembly lymphoid myeloid leukemia protein depletion on
clathrin coat formation. Traffic (2005) 6(12):1225–34. doi: 10.1111/j.1600-
0854.2005.00355.x

39. Miller SE, Mathiasen S, Bright NA, Pierre F, Kelly BT, Kladt N, et al.
CALM regulates clathrin-coated vesicle size and maturation by directly
sensing and driving membrane curvature. Dev Cell (2015) 33:163–75.
doi: 10.1016/j.devcel.2015.03.002

40. Ye W, Lafer EM. Clathrin binding and assembly activities of expressed
domains of the synapse-specific clathrin assembly protein AP-3. J Biol Chem (1995)
270(18):10933–9. doi: 10.1074/jbc.270.18.10933

41. Moshkanbaryans L, Xue J, Wark JR, Robinson PJ, Graham ME. A novel
sequence in AP180 and CALM promotes efficient clathrin binding and assembly.
PloS One (2016) 11(8):1–18. doi: 10.1371/journal.pone.0162050

42. Miller EA, Schekman R. COPII - a flexible vesicle formation system. Curr
Opin Cell Biol (2013) 25:420–7. doi: 10.1016/j.ceb.2013.04.005

43. Bonnon C, Wendeler MW, Paccaud J-P, Hauri H-P. Selective export of
human GPI-anchored proteins from the endoplasmic reticulum. J Cell Sci (2010)
123(10):1705–15. doi: 10.1242/jcs.062950

44. Cho JY, Akbarali Y, Zerbini LF, Gu X, Boltax J, Wang Y, et al. Isoforms
of the ets transcription factor NERF/ELF-2 physically interact with AML1 and
mediate opposing effects on AML1-mediated transcription of the b cell-
specific blk gene. J Biol Chem (2004) 279(19):19512–22. doi: 10.1074/
jbc.M309074200

45. Guan FH, Bailey CG, Metierre C, O'Young P, Gao D, Khoo TL, et al. The
antiproliferative ELF2 isoform, ELF2B, induces apoptosis in vitro and perturbs
early lymphocytic development in vivo. J Hematol Oncol (2017) 10(1):1–17.
doi: 10.1186/s13045-017-0446-7
frontiersin.org

https://doi.org/10.1128/mcb.00488-16
https://doi.org/10.1186/s13059-014-0550-8
https://pandas.pydata.org/about/citing.html
https://doi.org/10.1109/MCSE.2011.37
https://doi.org/10.1109/MCSE.2007.55
https://doi.org/10.1073/pnas.1419161111
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1016/j.xinn.2021.100141
https://bioconductor.org/packages/release/bioc/html/AnnotationDbi.html
https://doi.org/10.1038/s41375-021-01234-0
https://doi.org/10.1242/jcs.230201
https://doi.org/10.1038/ncomms12347
https://doi.org/10.1038/s41580-019-012
https://doi.org/10.1016/j.cell.2008.06.024
https://doi.org/10.1111/j.1600-0854.2005.00355.x
https://doi.org/10.1111/j.1600-0854.2005.00355.x
https://doi.org/10.1016/j.devcel.2015.03.002
https://doi.org/10.1074/jbc.270.18.10933
https://doi.org/10.1371/journal.pone.0162050
https://doi.org/10.1016/j.ceb.2013.04.005
https://doi.org/10.1242/jcs.062950
https://doi.org/10.1074/jbc.M309074200
https://doi.org/10.1074/jbc.M309074200
https://doi.org/10.1186/s13045-017-0446-7
https://doi.org/10.3389/fimmu.2022.1030409
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	In silico analysis of alternative splicing events implicated in intracellular trafficking during B-lymphocyte differentiation
	Introduction
	Material and methods
	Differential gene expression analysis
	Differential alternative splicing analysis
	Gene ontology enrichment analysis
	Enriched transcription factor binding motif analysis
	Protein structure prediction

	Results
	Differential expression of trafficking-related genes in memory-B-cells
	Alternative splicing of genes involved in intracellular transport in MBCs
	NERF/ELF2 is likely involved in controlling the expression of genes related to intracellular trafficking in MBCs

	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


