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ABSTRACT
Despite massive improvements in the treatment of B-ALL through CART-19 immunotherapy, a large 
number of patients suffer a relapse due to loss of the targeted epitope. Mutations in the CD19 locus 
and aberrant splicing events are known to account for the absence of surface antigen. However, early 
molecular determinants suggesting therapy resistance as well as the time point when first signs of epitope 
loss appear to be detectable are not enlightened so far. By deep sequencing of the CD19 locus, we 
identified a blast-specific 2-nucleotide deletion in intron 2 that exists in 35% of B-ALL samples at initial 
diagnosis. This deletion overlaps with the binding site of RNA binding proteins (RBPs) including PTBP1 and 
might thereby affect CD19 splicing. Moreover, we could identify a number of other RBPs that are predicted 
to bind to the CD19 locus being deregulated in leukemic blasts, including NONO. Their expression is 
highly heterogeneous across B-ALL molecular subtypes as shown by analyzing 706 B-ALL samples 
accessed via the St. Jude Cloud. Mechanistically, we show that downregulation of PTBP1, but not of 
NONO, in 697 cells reduces CD19 total protein by increasing intron 2 retention. Isoform analysis in patient 
samples revealed that blasts, at diagnosis, express increased amounts of CD19 intron 2 retention 
compared to normal B cells. Our data suggest that loss of RBP functionality by mutations altering their 
binding motifs or by deregulated expression might harbor the potential for the disease-associated 
accumulation of therapy-resistant CD19 isoforms.
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Introduction

Despite tremendous improvements in the treatment of B-ALL 
during the last years, the prognosis for those patients suffering 
a relapse is rather poor. Immunotherapy with chimeric antigen 
receptor (CAR)-T cells targeting CD19 appeared to be a game 
changer, leading to impressive remission rates in pediatric 
patients with relapsed or refractory ALL.1,2 However, up to 
50% of B-ALL patients receiving CAR-T cells develop disease 
relapse, 30–60% of them being characterized by target antigen 
loss.3–7 As a consequence, other B-lineage markers, such as 
CD20 and CD22, are under investigation as alternative or 
additive targets for mono- and bivalent CARs in the treatment 
of B cell malignancies.8–11

Recent research already identified genetic alterations in the 
CD19 locus that are attributed to epitope-negative protein 
variants.12 Furthermore, a number of alternative splicing 

events, such as exon 2 skipping, deletion of exons 5–6 and 
intron 2 retention could be related to CD19-negative 
relapse.13–16 Interestingly, some of those isoforms already 
exist at diagnosis.17 Coexistence and correlations between 
those mechanisms can be expected. Along this line, 
Cortés-López et al. just provided data underscoring the com-
plex coherence between somatic mutations within the CD19 
gene, changes in splicing and the appearance of CD19 isoforms 
with the potential of being therapy-resistant.18

Splicing events are mediated by RNA binding proteins 
(RBPs) that coordinate the incorporation of exons into the 
mature mRNA. In respect to CD19, mechanistic studies 
could already associate single factors, among them serine/argi-
nine-rich splicing factor 3 (SRSF3), to alternative splicing 
events leading to loss of the target antigen.13,18

However, despite considerable improvements in under-
standing the causes and consequences of CD19 mis- 
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splicing, the molecular prerequisites determining the onset 
of fatal deregulations that finally lead to the dominance of 
therapy-resistant CD19 variants is not fully understood so 
far. Following the idea that certain molecular signs predict-
ing CD19 modulations might appear early during the 
course of the disease, we investigated CD19 mutations 
and the expression profile of RBPs in blasts at initial 
diagnosis. Normal B cells of healthy donors were used as 
a reference.

Our data suggest that disease-associated genetic mutations 
in RBP binding motifs as well as the deregulation of splicing 
modulators may lay the foundation for the prevalence of ther-
apy-resistant CD19 isoforms by intervening in the functional 
network of RBPs.

Material and methods

Sample cohort

All pediatric B-ALL patients were treated according to the 
COALL 08–09 study protocol (v. 01.10.2010). The total number 
of B-ALL patients analyzed was 36, 69% of them being diagnosed 
with common-ALL and 28% with pre-B-ALL, one patient with 
pro-B-ALL. The majority of patients (~31%) featured the hyper-
diploidy subtype, ~22% were of the molecular subtype ETV6- 
RUNX1 (Table S1). Patients of the control group were hospita-
lized due to a non-hematologic malignancy. Bone marrow or 
peripheral blood was obtained as surplus material during stan-
dard diagnostic procedures. Subsequent analysis was performed 
with the consent of the patients or patient’s parents in agreement 
with the ethics committee of Rhineland-Palatinate (no. 2018– 
13713). Samples were handled in accordance with the current 
(2013) version of the Declaration of Helsinki. Remission was 
defined as <5% blast cells.

DNA sequencing

Exon 1 to 4 including introns of the CD19 locus (chr16:-
28942047–28944969) was amplified with the Expand long tem-
plate Polymerase system (Roche). Paired-end libraries were 
created following the Nextera XT protocol (Illumina) which 
uses transposome to fragment and immediately tag the DNA 
with adapter sequences in a single step. Quality of the libraries 
was proofed using an Agilent Bioanalyzer System (Agilent 
Technologies). Libraries were subjected to deep sequencing 
on an Illumina MiSeq sequencer using 151 cycles (paired- 
end). Minimum depth of coverage was 1000x. Data were pro-
cessed using BWA Enrichment v1.0 for generation of BAM 
files and the somatic variant caller of Illumina, which allows to 
detect low-frequency mutations (below 5%). Analysis of var-
iants was performed with the VariantStudio software 
(Illumina). Variants with a population frequency less than 5% 
were analyzed further. Reads were visualized using the IGV 
software.

Prediction of RBP binding sites

RBP binding motifs were predicted using the website service of 
the AtTRACT database.19 As input, we used the sequence of 

the CD19 locus (exons 1 to 3) and selected motifs of at least 4 
nucleotides in length. We collapsed overlapping motifs per 
RBP using custom R scripts based in the GenomicRanges 
package.

PTBP1 iCLIP2

The PTBP1 iCLIP2 Genome Browser view was generated from 
PTBP1 iCLIP2 experiments generated for NALM-6 cells18; 
GEO accession numbers GSM5542617- GSM5542620). The 
genome browser view was generated with IGV20 with the 
hg38 human genome version.

Targeted RNA-Seq

RNA was extracted with the miRNeasy kit (QIAGEN). Only 
samples with a RIN >8 were used for library preparations using 
the Illumina® TruSeq® Targeted RNA Expression kits to per-
form multiplexed gene expression profiling. Quality of the 
libraries was proofed with an Agilent Bioanalyzer System 
(Agilent Technologies). Libraries were subjected to sequencing 
on an Illumina MiSeq sequencer using 1 × 51 cycles (single 
read). Data were processed in the Illumina® BaseSpace 
Sequence Hub to extract the raw counts. Counts were analyzed 
with DESeq2 to determine differentially expressed genes. Two 
HPRT1 targets were used as controls to estimate the size factors 
before differential analysis and normalization. Log- 
transformed raw counts were used for heatmap visualization.

RNA-Seq data analysis and visualization of publicly 
available data

RNA-Seq derived HTSeq count data of 706 B-ALL samples of 
14 different subtypes were obtained from St. Jude Cloud 
(https://stjude.cloud).21 Transcripts of the count matrix with 
less than 10 counts in sum of all samples were excluded. Read 
counts were normalized by the median of ratios method using 
the DESeq2 R package (version 1.34.0).22 One pseudocount 
was summed to the normalized count values. The batch effect 
caused by different library preparation protocols was removed 
using the negative binomial regression by the R function 
ComBat_seq from the sva package (version 3.42.0) (https:// 
bioconductor.org). Subtypes were used as “group” parameter 
of the function to preserve the biological condition of interest. 
After batch correction, boxplots showing the decimal logarith-
mic transformed expression values of transcripts were visua-
lized with ggplot2 package (version 3.3.6).

Flow cytometric immunophenotyping

Immunophenotyping was performed with bone marrow aspi-
rates or peripheral blood at initial diagnosis following standard 
diagnostic procedures as described previously.17 In brief, 
screening was performed by using different markers, including: 
CD45, CD19, CD34, IgM, kappa, lambda, CD10, CD22, CD65, 
CD20, CD24, CD79a, CD15, CD3, TdT, HLA-DR (all 
Beckman Coulter). Antibody solutions were utilized as recom-
mended by the manufacturer. Following red blood cell lysis 
and two subsequent washing steps, cells were resuspended in 
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PBS containing 1% BSA. Cells were analyzed using a Navios 
Flow Cytometer (Beckman Coulter) and data was analyzed 
using Navios software version 1.3. Samples containing >80% 
leukemic blasts were chosen for cell sorting.

Cell lines

697 cells were obtained from DSMZ and cultured in RPMI 
medium (GibcoTM) with 10% fetal bovine serum (GibcoTM), 
1% L-glutamine (Sigma-Aldrich) and 1% penicillin- 
streptomycin solution (Sigma-Aldrich). Cells were cultivated at 
37°C in a humidified incubator at 5% CO2 and subcultured every 
3–4 days.

Isolation of PBMCs

For isolation of peripheral blood mononuclear cells (PBMCs), 
bone marrow was diluted with PBS + 2 mM EDTA and sepa-
rated by density gradient centrifugation (800xg, 30 min) using 
Histopaque®-1077 (Sigma-Aldrich). PBMCs were washed with 
D-PBS (Sigma-Aldrich) and immediately frozen in FBS con-
taining 10% DMSO (Sigma-Aldrich).

Fluorescence-activated Cell Sorting (FACS)

PBMCs isolated from bone marrow were stained at room 
temperature for 15 min in the dark. 7-aminoactinomycon 
D (7-AAD) and anti-CD45 antibody were used for cells 
from leukemia patients, 7-AAD and anti-CD19 (all 
Beckman Coulter) for cells from healthy donors. Sorting 
was performed in MACS buffer (PBS, 2 mM EDTA, 0.1% 
BSA) using a FACS Aria (Becton Dickinson). Normal 
B cells and leukemic blasts were defined as 7-ADD−/ 
CD19+ and 7-ADD−/CD45low, respectively.

RNA extraction and cDNA synthesis

Total RNA from sorted cells or from 697 cells was purified using 
the ReliaPrep™ RNA Cell Miniprep System (Promega) or the 
RNeasy Mini Kit (QIAGEN), respectively, following the manu-
facturer’s protocol. Reverse transcription was performed with 
the PrimeScript™ RT Reagent Kit with gDNA Eraser (TaKaRa).

Quantitative RT-PCR (qRT-PCR)

qRT-PCR was performed using the PerfeCTa® SYBR® Green 
Fast Mix® (Quantabio) in a LightCycler 480 instrument 
(Roche). For sequences of primers for RBPs and CD19 iso-
forms see Table S7. Raw values were normalized to HPRT.

Semi-quantitative RT-PCR

Semi-quantitative RT-PCR was performed using cDNA of 
FACS-sorted B cells and leukemic blasts. To amplify CD19 iso-
forms, primers spanning exon 1 to exon 4 (Table S7) and Taq- 
DNA polymerase I (Axon Labortechnik) were used. PCR con-
ditions were as follows: 94°C 5 min, 35 cycles of 94°C 30s, 60°C 
30s, 72°C 1 min, 72°C 10 min. Fragments were visualized using 
a QIAxcel® DNA High Resolution Cartridge on a QIAxcel 

Advanced instrument (QIAGEN) running the standard 
protocol.

Knockout experiments in 697 cells

For CRISPR/Cas9 experiments in 697 cells, 2 gRNAs for 
each target were used, applying a Dual-Guide approach. 
crRNA:tracrRNA duplex formation and RNP assembly 
were performed for each gRNA separately following 
a protocol for electroporation of human B cell lines provided 
by the manufacturer (IDT). In brief, equimolar amounts of 
crRNA and tracrRNA were used for hybridization at 95°C 
for 5 min. RNP complex assembly was performed by mixing 
guide RNA and Cas9 enzyme (Alt-R® S.p. Cas9 Nuclease V3; 
IDT) at a 1:1.2 molar ratio in PBS with subsequent incuba-
tion at RT for 20 min. Mixture was kept on ice until electro-
poration. 1 × 106 cells were resuspended in Electroporation 
Buffer (Bio-Rad), RNPs as well as Electroporation Enhancer 
(IDT) in a final concentration of 4.8 µM were added and 
electroporation was performed in a GenePulser® Cuvette 
with 0.2 cm electrode gap (Bio-Rad) using a GenePulser 
Xcell device (Bio-Rad) with the following settings: square 
wave, 1 pulse, 250 V, 2 ms. Immediately after electropora-
tion, cells were kept in pre-warmed medium containing 20% 
FCS without antibiotics. 72 h after nucleofection, the KO cell 
pool was collected for downstream experiments. Only KO 
cell pools with KO efficiencies >50% were considered for 
further analysis.

Predesigned crRNAs and accessory reagents were pur-
chased from IDT. Following crRNAs were used: Hs.Cas9. 
PTBP1.1.AA, Hs.Cas9.PTBP1.1.AB, Hs.Cas9.PTBP2.1.AB, Hs. 
Cas9.PTBP2.1.AD, Hs.Cas9.NONO.1.AA, Hs.Cas9.NONO.1. 
AB. Alt-R® Cas9 Negative Control crRNA #1 was used as non- 
targeting control (indicated as WT in the figures).

Quantification of cell surface proteins

105 cells were resuspended in 200 µl PBS and incubated for 
15 min with 7-AAD Viability Dye (Beckman Coulter) and the 
following antibodies: CD45 (V500-c), CD19 (APC-H7), CD20 
(BV605) (all BD). Cells were washed with 2 ml PBS, resuspended 
in 400 µl PBS containing 1% BSA and measured using a BD Lyric 
Flow Cytometer equipped with the BD FACSuiteTM software 
version v1.5.0.925. Singlets were determined by FSC-A vs. FSC- 
H gating and only living cells were quantified for the expression 
of surface proteins using FlowJo (software version 10.8.1).

Western blotting

Cell pellets were lysed in RIPA buffer containing protease 
inhibitor cocktail (Roche). SDS-Page and Western blotting 
were performed following standard procedures. Primary anti-
bodies were as follows: PTBP1 (1:1000; Cell Signaling), PTBP2 
(1:1000; abcam), CD19 (1:1000; Cell Signaling), GAPDH 
(1:5000; Cell Signaling). Signal detection and quantification 
was performed using a Fusion Pulse imaging system (Vilber).
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Statistical analysis

Data are shown as mean ± SD. Statistical significance was 
analyzed by two-tailed Student’s t test (GraphPad Prism soft-
ware version 9.0.1). p values <.05 were considered significant.

For RNAseq data analysis, pairwise differential gene expres-
sion (DGE) analysis among subtypes was performed using the 
DESeq2 package (version 1.34.0) by fitting the negative bino-
mial generalized linear model for each gene and using the Wald 
test for significance testing. The design parameter was set to 
“~Library_selection_protocol + Group”. Benjamini & 
Hochberg correction as well as “ashr” log2 fold shrinkage 
method were used to obtain p-adjusted values.23 Table S8 
provides results of the DGE subsetted by genes and contain 
log2 fold changes, log2 fold change standard errors, and the 
p and p-adjusted values.

Targeted RNAseq samples were handled similarly, but the 
two HPRT1 targets were used as controls to estimate the size 
factors and the fitType was set to “mean” to control for the low 
number of surveyed genes in a targeted setting. DEseq2ʹs 
default shrinkage was used.

Results

B-ALL patients feature disease-specific mutations in the 
CD19 locus at initial diagnosis

The cellular mechanisms that potentially account for epitope 
loss are diverse, whereas the occurrence of mutations in the 
gene encoding for the targeted antigen itself and alternative 
splicing events are gaining more and more attention. 
Particularly, most CART-19 therapy-resistant protein variants 
identified so far result from exon 2 deletions or inaccurate 
excision of adjacent introns.

So far, only exon mutations in the CD19 genetic locus were 
investigated in patient samples. Minigene-based assays, however, 
suggest that also intronic mutations can give rise to therapy- 
resistant alternative CD19 isoforms.18, Thus, we performed deep 
sequencing of the CD19 locus comprising exon 1 to 4 including 
introns in 3 controls, 20 pediatric B-ALL patients at initial 
diagnosis and, out of those, 15 samples in remission (Table 
S1). Strikingly, we identified a small deletion 
(NM_001178098.1:c.356–95_356-94delCT, derived from 
TTC>TTC/T at position 28944127) with an allele frequency of 
~1% located in intron 2 (Tables S2, S3, Figure 1a) in 35% of 
samples at diagnosis, both in common and pre-B-ALL, but not 
in the control group. Remission samples of the same patients did 
not harbor this genetic variant, indicating its specificity to leu-
kemic blasts. Interestingly, 80% (four out of five) patients of the 
ETV6-RUNX1 and none of the hyperdiploid molecular subtype 
carried the mutation. In one sample from initial diagnosis, 
another intronic mutation (NM_001178098.1:c.356–111A>G) 
was detected. It was located next to the NM_001178098.1: 
c.356–95 locus and featured an allele frequency of 50% in our 
sample while showing a particularly low allele frequency (0.12%) 
in the cohort of the 1000 Genomes Project (https://www.inter 
nationalgenome.org). However, as material of the same patient 
in remission was not available, we cannot judge whether this 
mutation is particularly associated to leukemic blasts. 

Interestingly, our analysis did not reveal any blast-specific muta-
tion affecting the coding region of CD19.

Thus, our results indicate that disease-specific subclonal 
mutations in intron regions appear in B-ALL patients. 
Moreover, those point mutations already exist at diagnosis, 
suggesting a potential role in the disease process including 
the possibility of developing therapy resistance.

Disease-specific mutations in CD19 affect RBP binding 
sites

In order to assess potential consequences of this mutation, we 
investigated whether the small deletion in CD19 intron 2 might 
overlap with recognition motifs for splicing factors and thereby 
alter the landscape of cis-regulatory elements. The ATtRACT 
database predicted polypyrimidine tract binding protein 
(PTBP) 1, PTBP2 and zinc finger protein 36 (ZFP36) to bind 
to this locus (Figure 1b). Interestingly, a high number of 
recognition motifs for PTBP1 can be detected in this region, 
several of them disappearing upon the insertion of the 
2-nucleotide deletion (Figure 1c).

Although we found a high frequency of PTBP1 binding 
sites throughout the analyzed sequence, the abundance of 
long and thereby more specific motifs accumulate in 
intron regions and, remarkably, most prominently in 
intron 2 (Fig. S1). iCLIP2 experiments in NALM-6 cells 
experimentally confirmed that PTBP1 most preferentially 
binds to CD19 intron 2 while highest frequencies of cross-
link events could be found in the second half of the 
intron, comprising the mutation site (Figure 1a). Thus, 
we assume an outstanding function of this dedicated 
locus. The optimal binding site for PTBP1 is the core 
sequence TCTT(C) embedded in a longer pyrimidine 
tract.24,25 Exactly this motif is affected by the 
NM_001178098.1:c.356–95_356-94delCT deletion 
(Figure 1b). Although the core sequence is maintained 
despite the 2-nucleotide loss, the pyrimidine tract down-
stream of the consensus sequence and thereby the distance 
to adjacent PTBP1 recognition motifs is shortened. It is 
known that sequences surrounding high affinity binding 
sites of RBPs equally affect splice site recognition and 
binding efficiency.24,26–28 Consistently, a number of 
potential PTBP1 binding sites are lost in case the mutation 
is present (Figure 1c). In contrast, the one motif for 
ZFP36 binding remains. Given also the fact that ZFP36 
most preferentially binds AU-rich elements and one high 
affinity binding motif is located 25nt downstream of this 
position,29 we conclude that the blast-specific mutation 
has the most considerable impact on PTBP1 binding.

In order to determine whether the expression of PTBP1 and 
ZFP36 might be related to the disease state of B cell leukemia, 
qRT-PCR analysis was performed in sorted blasts and B cells 
(Figure 1d). Although not reaching significance due to high 
patient-to-patient variability, PTBP1 showed lower mRNA 
abundance in blasts of 77% of patients compared to the average 
expression in B cells. Other than PTBP1, transcription of 
ZFP36 was rather low in all our samples. Yet, it was signifi-
cantly less expressed in blasts than in B cells.
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Expression of RBPs is deregulated in B-ALL patients

The appearance of CART-19 therapy-resistant CD19 isoforms 
and, more specifically, CD19 exon 2 processing have been 
shown to be dependent on the presence and function of dedi-
cated splicing factors.13,18 To get an overview of those RBPs 
binding the relevant genomic region within CD19 and might 
thereby impact protein processing, we extended the search for 

RBP binding sites to the sequence spanning exon 1 to exon 3. 
We thereby considered only those motifs ranging between 4 and 
10 nucleotides, resulting in a list of 54 RBPs (Fig. S1). Specificity 
of their expression profile for the disease state was investigated 
by targeted RNA-Seq in nine patient samples of initial B-ALL 
diagnosis, 16 in remission and of 2 healthy donors (Figure 2a). 
Obviously, as only two B cell specimen were available for RNA- 

Figure 1. A blast-specific mutation in CD19 intron 2 affects RBP binding domains(a) Localization of CD19 on chr.16 p11.2 (upper panel, red square). Bar diagram showing 
PTBP1 iCLIP2 crosslink events on each nucleotide of endogenous CD19 exon 1–4. Lower panel shows and overview of CD19 exon 1–4, highlighting the position of the 
mutation in intron 2 in red. Detailed view of the DNA segment harboring the mutation site and single reads carrying the TTC>T mutation (box). Alignments are 
visualized with Integrative Genomics Viewer (IGV). (b, c) RBPs and binding motifs in the WT (A) and mutated sequence (b) overlapping the respective DNA locus. 
Nucleotides being affected by the deletion are highlighted in light blue. All binding motifs ≥4 nucleotides suggested by ATtRACT are displayed. (d) qRT-PCR analysis of 
PTBP1 and ZFP36 in sorted B cells and leukemic blasts of pediatric healthy donors and B-ALL patients (n = 6 patients in control, n = 11 patients in diseased group; *, 
p < .05).
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Seq, the results of this sample group need to be interpreted with 
reservation and was considered as preliminary data. Pairwise 
comparisons revealed 20 differentially expressed genes (DEGs) 
in blasts relative to B cells, while 10 and 40 DEGs were found 
comparing remission samples to blasts or B cells, respectively 
(Tables S4-S6). Overall, the majority of RBPs were in tendency 
less expressed in patient samples compared to B cells, which, at 
least partly, might result from the fact that B cell samples were 
sorted, while the others were not. However, these data indicate 
that expression levels of a high number of RBPs correlate with 
the disease state of B-ALL.

To analyze the disease-associated expression pattern of 
selected RBPs predicted by RNA-Seq data in a representative 
cohort of patient samples, we performed qRT-PCR analysis in 
blasts of 11 pediatric B-ALL patients at diagnosis and in B cells 
of 6 healthy donors. To allow for cell type-related conclusions, 
cells were isolated by FACS (Fig. S2). Gene expression of most 
of the splicing factors that we analyzed here, namely TIA1 
cytotoxic granule associated RNA binding protein (TIA1), 
SRSF1, SRSF7, RNA binding motif protein 5 (RBM5), YTH 
domain containing (YTHDC1) and poly(A) binding protein 
nuclear 1 (PABPN1) did not significantly differ between blasts 
and B. However, PTBP2, a well-described paralog of PTBP1, 
was in tendency less expressed in isolated leukemic blasts than 
in B cells (Figure 2b). Expression of SRSF3, which is described 
to regulate CD19 splicing in B-ALL patients, was significantly 
lower in blast cells. Moreover, we could identify non-POU 
domain containing octamer binding (NONO) being signifi-
cantly decreased in leukemic blasts. Although it is described 

to be associated with tumorigenesis in many types of cancer, 
NONO could not be related to alternative splicing events in 
leukemia yet.

A comparison between expression of the RBPs obtained by 
the two different methods is rather difficult as patients were 
not the same for both types of analyses. Thus, patient-specific 
features, such as the B-ALL molecular subtype, were unequally 
distributed between groups. Therefore, we re-analyzed RNA- 
Seq data of 706 B-ALL samples of known subtype to further 
assess the expression of the selected RBPs in B-ALL subtypes. 
As expected from our previous results, ZFP36 expression was 
generally low with exception of the ZNF384 subtype, while 
PTBP1 expression was high but heterogeneous across subtypes 
(Figure 2c). High heterogeneity in the expression was observed 
across all RBPs (Fig. S3, Table S8).

Taken together, our data reveal heterogenous expression of 
RBPs that is also dependent on the B-ALL subtype.

Given their ability to bind in the genomic sequence of CD19 
that enables therapy-relevant splicing events, those differences 
in RBP abundance imply a correlation with the occurrence of 
particular CD19 isoforms.

Thus, beyond the appearance of intron-specific mutations 
that may affect the binding of certain RBPs, we show that the 
expression of such RBPs is generally deregulated in B-ALL.

PTBP1 is indispensable for regular CD19 splicing and 
surface expression

Given the high abundance of PTBP1 recognition motifs in 
intron 2 and the loss of several binding sites by the 2nt deletion, 

Figure 2. B-ALL patients exhibit disease-specific RBP expression profile(a) Heatmap visualization of RNA-Seq data from patients at diagnosis, in remission and sorted 
B-cells from healthy donors. RBP expression is shown as log-transformed data normalized to HPRT. (b) qRT-PCR analysis of selected RBPs in sorted B cells and leukemic 
blasts of pediatric healthy donors and B-ALL patients (n = 6 patients in control, n = 11 patients in diseased group; *, p < .05; **, p < .01). (c) Boxplots of log10- 
transformed, gene expression values of PTBP1 and ZFP36 grouped by B-ALL subtypes. Boxes range from first to third quantile, line indicates the median, whiskers show 
the highest and lowest values no further than 1.5*IQR from the hinge. Dots represent outliers. Values are normalized by the median of ratios method.
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PTBP1 appeared to be the one RBP being considerably affected 
by this mutation. Furthermore, the low expression of ZFP36 in 
blasts, that equally holds true in leukemic cell lines such as 697 
(data not shown), further supported our assumption that 
PTBP1 likely is of higher importance for exon 2 splicing than 
ZFP36. We analyzed the interdependency of PTBP1 and total 
CD19 mRNA expression in blasts at diagnosis, revealing 
a positive correlation (Figure 3a). In order to investigate 
whether this effect might result from alternative CD19 splicing 
mediated by PTBP1, we performed CRISPR/Cas9-mediated 
knockout (KO) in the leukemic cell line 697 (Fig. S4A, C). As 
PTBP2 has similar function as PTBP1 and both factors can 
compensate for each other, we also performed KO of PTBP2 
(Fig. S4B, C). KO efficiencies were approximately 70% and 
90%, respectively, and we refrained from selecting single KO 
cell clones but rather used the cell pools for further analysis. 
qRT-PCR revealed that downregulation of PTBP1 induced an 
increase in PTBP2 expression, confirming the functional rele-
vance of the reduction of PTBP1 levels (Fig. S4C). It is known 
that PTBP1 regulates PTBP2 levels by alternative splicing 
mediating nonsense-mediated decay, which potentially holds 
true also in our cellular model.30 Consistent with the positive 
correlation seen in our patient cohort, CD19 surface expression 
was significantly reduced after PTBP1 KO (Figure 3b). Western 
blot confirmed this data, showing that levels of CD19 total 
protein were approximately halved (Figure 3c). KO of PTBP2, 
in contrast, did not significantly reduce CD19 surface 

expression or total protein abundance, which is equally mir-
rored in our patient cohort (Figure 3d).

In order to figure out whether downregulation of total 
CD19 protein is due to an altered isoform composition 
mediated by PTBP1, the abundance of exon 2-related var-
iants was investigated by qRT-PCR (Figure 3e-f). Indeed, 
we could show that isoform distribution changes upon 
PTBP1 KO. While the exon 2 WT variant was less abun-
dant, intron 2 retention (In2Ret) was significantly upregu-
lated (figure 3f). Simultaneously with us, similar 
observations were made by Córtes-López et al.18 On top 
of that, we determined significantly decreased expression of 
the isoform harboring exon 2 partial deletion. As expected, 
KO of PTBP2 did not significantly affect isoform distribu-
tion. These data clearly suggest that deregulation of PTBP1, 
caused either by expression changes or alteration in binding 
capabilities, imply an accumulation of the epitope-negative 
splicing variant In2Ret that finally result in decreased levels 
of CD19 protein. CD20, that is used as an alternative B cell 
marker, was not affected by PTBP1 KO (Fig. S4D, E).

Intron 2 retention is increased in blasts compared to 
normal B cells

In order to investigate whether differences in CD19 isoform 
expression generally exist in leukemic blasts in comparison to 
normal B cells, we analyzed the occurrence of CD19 variants in 

Figure 3. PTBP1 regulates CD19 protein expression by modulating alternative splicing of intron 2(a) Correlation analysis of CD19 and PTBP1 mRNA expression levels in 
sorted blasts of patients at initial diagnosis (n = 11). (b) Flow cytometric analysis of CD19 surface expression in WT (non-targeting control), PTBP1 KO and PTBP2 KO cells 
72 h after nucleofection. Histograms are shown normalized to mode, mean fluorescent intensities were used for quantification (n = 4 independent experiments). (c) 
Western blot for CD19 and quantification shown as signal intensity relative to WT cells (100%) (n = 4 independent experiments). GAPDH served as loading control. (d) 
Correlation analysis of CD19 and PTBP2 mRNA expression in blasts of patients at diagnosis (n = 11). (e, f) qRT-PCR analysis of Ex2WT, In2Ret, ΔEx2 and ΔEx2part in WT, 
PTBP1 as well as PTBP2 KO cells. Normalized expression values were calculated as percentage of all Ex2-related CD19 isoforms (n = 7 independent experiments). Data is 
shown as stacked graph (e) and bar graph for better visualization of statistical differences (f) (*, p < .05; **, p < .01; ***, p < .001). Simple linear regression and fit lines for 
correlation analysis were calculated using GraphPad Prism software.
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blasts from patients at diagnosis and in B cells of healthy 
donors. Focusing on exon 2 processing, we observed that 
both exon2-deleted CD19 variants (ΔEx2 and ΔEx2part) were 
already present in blasts at diagnosis, consistent with previous 
results (Figure 4a).17 Additionally, we detected intron 2 reten-
tion. Importantly, all three mis-spliced CD19 isoforms were 
expressed also in B cells (Figure 4b), suggesting that aberrant 
splicing does equally occur in healthy people. Consequently, 
the mere presence of the CD19 variants analyzed here is not 
per se predictive for the disease. However, the accumulation of 
dedicated isoforms might make a big difference by shifting 
their ratio and disbalance their regular equilibrium. To inves-
tigate this issue in our patient cohort, we precisely quantified 
the expression of CD19 variants by qRT-PCR using isoform- 
specific primers. For better interpretation, the percentage of 
each exon 2-related variant was calculated (Figure 4c, Table 
S7). Although not reaching significance as its mean, consider-
ing the individual patient data revealed that the majority of 
blast samples feature lower levels of the regularly spliced Ex2 
WT isoform compared to B cells. At the same time, abundance 
of In2Ret was significantly elevated. This suggests that the shift 
toward the mis-spliced variant happens at the expense of the 
regular one. The abundance of ΔEx2 and ΔEx2part did not 
show apparent differences between groups. Further analysis 
corroborated our finding, revealing negative correlation of 
the percentage of the exon 2 WT isoform related to intron 2 

retention (Figure 4d). Although the increase in In2Ret could 
not be decidedly attributed to the expression levels of PTBP1 in 
our patient samples (Figure 4e), this does not preclude 
a prominent role for PTBP1 in CD19 exon 2 splicing but rather 
is a display of high patient-to-patient variabilities that appear 
to be given in this type of correlation.18 Consequently, an 
extremely high number of patients is needed for statistical 
evaluation. Furthermore, given the general deregulation of 
the CD19 splicing machinery that we observe in our patient 
cohort, it is likely that the effects of single RBPs are at least 
partially masked.

NONO is a regulator of CD20 cell surface expression

As besides PTBP1 and SRSF3, NONO was significantly less 
expressed in our blast cohort compared to normal B cells, we 
considered it being an additional RBP with potential impact on 
CD19 splicing. Thus, we also performed KO for NONO in 697 
cells, reaching an average KO efficiency of 66% (Fig. S4F). 
Interestingly, neither the expression of the different isoforms 
(Figure 5a) nor CD19 surface abundance (Figure 5b) was 
affected. However, we observed a higher proportion of CD20- 
positive cells by FACS (Figure 5c), going along with 
a significant increase in MFI in NONO KO cells compared to 
WT (Figure 5d). Taken together, this data suggests that dereg-
ulation of different RBPs as occurring in B-ALL considerably 

Figure 4. Intron 2 retention is not disease-specific but increased in leukemic blasts(a, b) Capillary gel electrophoresis of semi-quantitative RT-PCR visualizing CD19 exon 
2 isoforms in leukemic blasts (a) and normal B cells (b). Primers spanning exon 1–4 were used. (c) Percentage of CD19 exon 2 isoforms in sorted B cells and leukemic 
blasts of pediatric healthy donors and B-ALL patients. Calculations were performed using raw values obtained by qRT-PCR (n = 6 patients in control, n = 11 patients in 
diseased group). (d) Correlation analysis of the percentage of In2Ret and Ex2 WT expression in leukemic blasts (n = 11). (e) Correlation analysis of the percentage of 
In2Ret and PTBP1 expression in blast cells (n = 11). Simple linear regression and fit lines were calculated using GraphPad Prism software. *, p < .05.

8 N. ZIEGLER ET AL.



impacts the abundance of B cell markers that serve as targets 
for immunotherapeutic approaches.

Discussion

The approval of CD19-directed immunotherapies dramatically 
improved the prognosis of patients with relapsed or refractory 
B-ALL and B cell lymphomas. However, about 30–50% of the 
patients suffer a relapse, up to 60% of them being CD19- 
negative.1,3,6

It has been shown that both CD19-specific frameshift muta-
tions and splicing aberrations lead to epitope loss and can 
coexist to jointly contribute to a disease-relevant expression 
pattern of CD19 variants.12–15 Alternative splicing of CD19 can 
thereby derive from mutations in the binding motifs as well as 
deregulation of RBP expression.18, Mechanistically, it is well 
known that somatic mutations that disturb regulatory 
sequences or alter the expression of RBPs are a common 
cause of cancer-specific alternative splicing.31–34 Besides 
directly altering the binding sites for RBPs, changes in the 
surrounding sequence region that is functionally relevant for 
binding affinity and spliceosome assembly, might impact the 
translation process. Functionally, isoform switches can influ-
ence mRNA stability, protein interactions and metabolic pro-
cesses that finally translate into a selective advantage for tumor 
cells.35,36

The blast-specific mutation identified in our work is localized 
in the consensus motif of two RBPs, PTBP1 and ZFP36. The 
prerequisites of PTBP binding to target RNA molecules appear 
to be rather complex. However, there is agreement as to splicing 
regulation by PTBPs mostly rely on the presence of several binding 
sites lying in close proximity.24,30,37 Thus, the high abundance of 
recognition motifs overlapping and flanking the mutated sequence 
rather supports than mitigates the relevance of this dedicated 
binding site. A multimer of the core sequence TCTT(C) embedded 
in a longer pyrimidine tract thereby represents a high-affinity 
binding site for PTB, while single guanosine nucleotides seem to 
be tolerated.27 Although the TCCTC motif that is mutated in some 
of our leukemia patients is maintained upon the deletion, the 
pyrimidine tract and thereby the distance to the adjacent core 
motif shortens from 15 to 13 nucleotides. Furthermore, several 
potential binding sites are eliminated by the mutation. So far, we 
cannot judge whether this indeed affects PTBP1-mediated spli-
cing, but different studies prompt that an exact distance between 
PTBP1 core sequences and surrounding motifs is critical for 
proper splicing regulation.24,28 Specifically, pyrimidine deletions 
upstream or downstream of PTB binding motifs appear to be able 
to critically impair splicing function of PTB.28

Our in vitro studies revealed that PTBP1 mediates CD19 pro-
tein abundance by controlling exon 2 splicing as simultaneously 
suggested by another study.18 This mechanism aligns with patient 
data showing that decreased PTBP1 expression in patients at 
diagnosis compared to controls goes along with an increase in 

Figure 5. NONO is dispensable for CD19 splicing but regulates cell surface abundance of CD20(a) qRT-PCR analysis of Ex2WT, In2Ret, ΔEx2 and ΔEx2part in WT (non- 
targeting control) and NONO KO cells. Normalized expression values were calculated as percentage of all Ex2-related CD19 isoforms. (b) Flow cytometric analysis of CD19 
expression on the surface of WT and NONO KO cells. Histograms are shown normalized to mode, mean fluorescent intensities were used for quantification. (c) Density 
plots displaying CD19 and CD20 expression in WT and NONO KO cells. (d) Histogram view for CD20 surface expression and quantification of MFI values. *, p < .05. 5 
independent experiments were analyzed.
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intron 2 retention. Significance was not reached in our cohort due 
to limitations in sample size, but could be shown in the TARGET 
cohort.18 Moreover, intron 2 retention was shown to increase in 
samples at relapse under CAR T cell therapy.18, Unfortunately, in 
our study, the same patients could not be screened by deep 
sequencing, so that we cannot evaluate the potential impact of 
CD19 mutations on these correlations. Future studies, however, 
will address this issue in more detail.

Due to the binding preference of ZFP36 for AU-rich ele-
ments and its general low expression across most B-ALL sub-
types, we assumed a minor role of ZFP36 for CD19 exon2 
processing and prioritized PTBP1 for further investigations. 
Additionally, while the deletion eliminates a number of PTBP1 
binding motifs, the one of ZFP36 remains. However, we do not 
preclude a potential impact on disease-specific splicing aberra-
tions, which might relate to its highly subtype-dependent 
expression profile. ZFP proteins regulate cell quiescence and 
proliferation of B cells and promote VDJ recombination, con-
sequently influencing B cell development and identity.38–40 

Both PTBP1 and ZFP36 are present throughout B cell devel-
opment whereby PTBP1 and CD19 underlie expression 
changes depending on the developmental stage.41–43 

Consequently, the effects of single RBPs and protein-protein 
interactions on CD19 splicing might be influenced by the B cell 
stage or rather the leukemia phenotype.

We expanded the expression analysis of RBPs in blasts of 
pediatric leukemia patients at initial diagnose and in normal 
B cells by further splicing factors that were selected based on 
our screening data and literature search.13,43–45

Besides SRSF3, which is known to be required for exon 2 
inclusion,13 and ZFP36, NONO was significantly less expressed 
in blasts compared to B cells. So far, it could not be associated with 
leukemia progression or CD19 splicing. Our data suggest that 
NONO does not impact CD19 splicing but rather regulates cell 
surface expression of CD20. So far, we cannot judge whether this 
regulation is due to a direct or an indirect mechanism, so that 
further investigations will be needed to evaluate its potential 
impact on disease-associated splicing events in B-ALL. However, 
NONO needs to be considered as one additional RBP defining 
B cell-specific and therapy-relevant marker proteins.

Different RBPs including PTBP1 are embedded in so-called 
mRNA regulons that coordinately regulate numerous cellular 
processes including immune response mechanisms.46–49 

YTHDC1, for example, is able to promote exon inclusions by 
recruitment of SRSF3.44 Moreover, it was shown that PTBP2 can 
compensate for PTBP1 in B cells, both regulating SRSF3 activity in 
cancer cells. In turn, SRSF3 and other RBPs modulate PTB protein 
expression, illustrating that regulatory feedback mechanisms even 
increase the complexity of splicing events.41,50–52 Furthermore, 
RBPs are generally able to modulate splicing of one another. 
Along this line, predominant isoforms of Heterogenous nuclear 
ribonucleoprotein A1 (HNRNPA1) vary between B-ALL and 
normal pro-B cells, which is accompanied by differences in 
mRNA stability.43 Similar mechanisms certainly hold true for 
other RBPs that play a role in disease progression of B-ALL, and 
likely also for CD19 splicing. Moreover, the expression of RBPs in 
B-ALL samples was highly heterogeneous if analyzed across a large 
cohort. Hence, there is a high diversity of individual factors and 
regulatory circuits that together decide on the abundance of 

dedicated protein isoforms. However, it is conceivable that disease 
as well as patient-specific features define the isoform distribution 
of certain proteins including CD19. The disease-associated and 
subtype-dependent deregulation of several RBPs can serve as an 
evidence. Co-existence of mutations such as identified in some of 
our patients might underscore the idea that several cellular and 
molecular prerequisites combine to lay the foundation of fatal 
conditions misleading proper protein processing.

Given the low allele frequency, the 2-nucleotide deletion 
that we identified here is obviously subclonal and its relevance 
for the etiology of B-ALL remains to be elucidated. Yet, we 
cannot judge whether this mutation might accumulate in 
CD19-negative samples at relapse after CART-19 therapy, as 
such samples were only analyzed by whole exome sequencing 
so far and intron mutations were not investigated.12

Interestingly, the mutation appeared to be accumulated in 
B-ALL patients harboring a ETV6-RUNX1 gene fusion, as 80% 
of samples of this molecular subtype carried the 2-nucleotide 
deletion. However, a higher number of samples will be 
required to corroborate such correlation. Strikingly, the dele-
tion could already be detected at diagnosis, suggesting that 
leukemic blasts harbor the potential to evolve into CAR- 
T-resistant clones directly from the beginning. With this, we 
pursue the idea of Rabilloud et al. who claimed the existence of 
CD19-negative B-ALL cells prior to CAR-T treatment.16 

Interestingly, we did not find any blast-specific mutations in 
the coding sequence. Thus, frameshift mutations may occur 
later during disease development or rather under therapy and 
a potential correlation with the treatment regimen before 
CART-19 therapy should be considered.

Screening of a bigger patient cohort to substantiate our 
current results as well as inclusion of samples at relapse under 
CART-19 therapy to determine whether the mutation might be 
selected during disease progression or under therapy pressure 
would be preferable and is subject of our current efforts.

In conclusion, we show that blast-specific mutations in intron 
regions with potential regulatory relevance exist at diagnosis and 
that blasts express a complex network of deregulated RBPs that 
intervene in CD19 splicing. Our data further demonstrate that the 
entire course of treatment needs to be considered to follow up on 
disease-specific features that emerge at dedicated time points and 
establish a CD19 epitope-negative cell population. Consecutive 
sampling will be critical to identify predictive markers for the 
likelihood of the emergence of an epitope-negative cell population 
upon therapy. Finally, our data can serve as a source for potential 
RBP candidates being involved in leukemia-specific and disease- 
relevant splicing modulation in defined molecular subtypes.
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