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Abstract

Developmental transcription factors act in networks, but how these networks achieve cell- and tissue specificity is still poorly understood. Here,
we explored pre-B cell leukemia homeobox 1 (PBX1) in adult neurogenesis combining genomic, transcriptomic, and proteomic approaches.
ChIP-seq analysis uncovered PBX1 binding to numerous genomic sites. Integration of PBX1 ChIP-seq with ATAC-seq data predicted interaction
partners, which were subsequently validated by mass spectrometry. Whole transcriptome spatial RNA analysis revealed shared expression
dynamics of Pbx7 and interacting factors. Among these were class | bHLH proteins TCF3 and TCF4. RNA-seq following Pbx1, Tcf3 or Tcf4
knockdown identified proliferation- and differentiation associated genes as shared targets, while sphere formation assays following knockdown
argued for functional cooperativity of PBX1 and TCF3 in progenitor cell proliferation. Notably, while physiological PBX1-TCF interaction has not yet
been described, chromosomal translocation resulting in genomic TCF3::PBX1 fusion characterizes a subtype of acute lymphoblastic leukemia.
Introducing PbxT into Nalm6 cells, a pre-B cell line expressing TCF3 but lacking PBX1, upregulated the leukemogenic genes BLK and NOTCHS3,
arguing that functional PBX1-TCF cooperativity likely extends to hematopoiesis. Our study hence uncovers a transcriptional module orchestrating
the balance between progenitor cell proliferation and differentiation in adult neurogenesis with potential implications for leukemia etiology.
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Introduction

Metazoan development requires the orchestrated expression
of thousands of genes. A key position in this process is oc-
cupied by transcription factors (TFs), DNA-binding proteins
that decode regulatory sequences in the genome and trans-
late this information into the temporally and spatially con-
trolled production of transcripts. The human genome contains
an estimated 1600 genes coding for TFs (1), a surprisingly
low number, considering the diversity of biological processes
that need to be started, executed, and completed in a coor-
dinated manner during embryogenesis. Except for few spe-
cialized ‘master TFs’ that can activate cell identity pathways
more or less independently, the majority of developmental TFs
must act in concert, forming multimeric transcriptional com-
plexes and interdependent gene regulatory networks (GRNS).
Cooperativity among TFs together with the interconnectiv-
ity of GRNs ensures that gene expression is robust and cell
type-specific but also adaptive to environmental signals, al-
lowing existing transcriptional programs to be continuously
adjusted to the changing cellular conditions that accompany
developmental progression. How cell type-specific multi-TF
complexes evolve, or how they and the GRNs they engage
in are controlled in a spatially, temporally, and quantitatively
dynamic manner are complex and still largely unanswered
questions. Given that individual TFs must participate in more
than one cell fate-specific transcriptional complex, a lasting
question is how diverse such complexes must be for the same
TF to contribute to the regulation of different developmental
processes.

The three amino-acid loop extension (TALE) home-
odomain (HD) transcription factor pre-B cell leukemia
(PBX1) is a developmental TF involved in the control of
pleiotropic biological processes (2). Initially discovered as
part of the fusion protein that results from t(1;19) chromo-
somal translocation in human pre-B cell acute lymphoblas-
tic leukemia (ALL) (3,4), Pbx1 is expressed in a multitude of
cell types and tissues (5). Loss-of-function models established
Pbx1 as a critical developmental regulator of many tissues
and organs, including axial skeleton and bones of the limbs
and girdle (6-8), muscles (9), heart (10), cranium and facial
structures (6,11,12), hematopoiesis (13), as well as patterning
of the cerebral cortex (14) and hindbrain (15). Pbx1 is also
critically involved in the generation of new neurons from res-
ident stem cells in the adult mammalian ventricular- subven-
tricular zone (V-SVZ), the largest neural stem cell niche in the
adult rodent forebrain. In the V-SVZ, young neurons, termed
neuroblasts, are generated from adult neural stem cells (adult
NSC) via an intermediate population of transient amplifying
progenitor cells (TAPs). Neuroblasts migrate en route the ros-
tral migratory stream (RMS) towards the olfactory bulb (OB),
where they terminally differentiate to GABAergic interneu-
rons and integrate into existing circuitries (16). Consistent
with the broad expression of Pbx1 in TAPs, neuroblasts, and
the majority of adult generated OB neurons, conditional dele-
tion of Pbx1 at different stages of adult V-SVZ neurogene-
sis established its involvement in multiple consecutive steps of
neurogenesis (17,18).

Chromatin immunoprecipitation followed by deep se-
quencing (ChIP-seq) for PBX1 in different embryonic tissues
mapped PBX1 binding to thousands of sites genome wide,
indicating that it participates in the regulation of numerous
gene expression programs (14,19,20). PBX1 achieves these
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tasks through interaction with other TFs, most notably HOX
proteins and TALE-HD proteins of the related MEIS and
PKNOX/PREP families (21-23). PAX6 is a presumed PBX1
interactor in adult V-SVZ neurogenesis (24), and PBX1 has
been implicated in the interaction network of mental disor-
der proteins with OLIG2 (25). Still, PBX1 chromatin bind-
ing in cells of the V-SVZ adult neurogenic system has not yet
been studied genome-wide and only few proteins that cooper-
ate with PBX1 in this system are known.

With this study, we set out to decode PBX1-centered GRNs
in adult neural progenitor cells. Combining ChIP-seq for
PBX1 with ATAC-seq allowed us to predict candidate PBX1-
interacting TFs, which were subsequently substantiated by
data integration with a large number of ChIP-seq datasets
taken from the public domain. Interactor candidates were
validated by mass spectrometry and co-immunoprecipitation.
This approach revealed a previously unknown physical inter-
action of PBX1 with the class I bHLH proteins TCF3 and
TCF4 that provides a likely explanation for the strong leuke-
mogenic activity of the t(1;19) translocation fusion protein in
pre-B cell ALL.

Materials and methods

Preparation of murine primary V-SVZ cells and aNS
culture

All procedures involving animals were approved by the local
animal care committee and the government of Hesse and are in
accordance with German and EU regulations. 6-30 weeks-old
C57Bl/6] mice were provided by the MPI for Brain Research
Frankfurt and the Central Animal Facility of the University
Hospital Frankfurt. Adult neural stem-/progenitor cells were
isolated from the lateral walls of the lateral ventricle and prop-
agated at 37°C, 5% CO> in the presence of EGF and FGF2 to
allow the formation of free-floating neurospheres (17). Adult
neurospheres (aNS) were passaged every three to four days
and passage 1 (pl) or passage 2 (p2) cells were used for all
experiments.

siRNA mediated knockdown

For transient knockdown (kd), siRNAs targeting the cod-
ing sequences of Pbx1 (Ambion, s71280), Tcf3 (Ambion,
s74858) or Tcf4 (Ambion, s74830) were transfected into 1
Mio p1 aNS cells per treatment with Metafectene (Biontex)
according to the manufacturer’s instructions. Validated non-
targeting siRNAs were used as controls in all experiments
(Ambion, AM4611). After 48 h incubation at 37°C, cells were
collected by centrifugation and used for qPCR, western blot
or RNA-seq analysis. Kd efficiency of >70% was confirmed
by qPCR.

Spheroid assay

To assess sphere growth under conditions of reduced Pbx1
or Tcf3 expression, aNS cells were treated as described above
with individual siRNAs alongside combination treatment. Per
treatment, 25 000 cells were collected in the center of 96-well
round bottom culture plates by brief centrifugation. Spheroid
formation was observed by imaging for 72 h in a Brightfield
CYTENA live-cell imaging system with CELLCYTE Studio
Version 2.7.4 for analysis. Sphere size minimum was reached
at 34 h post-treatment and was used for normalization.
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Statistical analysis of control versus treatment was performed
with unpaired, two-sided Student’s t-test.

RT-gPCR

RNA was isolated with the RNeasy Mini Kit (Qiagen), cDNA
was generated using the cDNA Synthesis Kit (Thermo Fisher
Scientific). RT-qPCR of 1:100 diluted cDNA was performed
using specific primers (Supplementary Table S1). Transcript
quantity was assessed relative to B-actin or GAPDH for
murine V-SVZ derived aNS and RPLPO for Nalmé cells, as
indicated. Statistical analysis of treatment vs. control was per-
formed with paired student’s t-test. Correlation analysis was

performed with the Pearson correlation test in R Studio Ver-
sion 1.3.1093.

Co-immunoprecipitation (co-IP)

To assess interaction between TCF3 and PBX1, p3xFlag-
Tcf3/E47 (murine Tcf3 splice variant E47; Addgene #34585)
or p3xFlag-Tcf3/E47aa290-648 (coding for amino acids 290-
648 of mouse E47) were introduced into HEK293T cells by
calcium phosphate transfection. Cells were collected after in-
cubation for 48 h at 37°C and lysed in cold JS+ buffer (50
mM HEPES at pH 7.5, 150 mM NaCl, 5 mM EGTA, 1.5 mM
MgCl,, 1% glycerol, 1% Triton X-100, in sterile H,O; + indi-
cates addition of cOmplete® protease inhibitor cocktail (PI),
Roche) at 4°C for 30 min while rotating (26). The solution
was sonicated for 5 cycles in a Bioruptor Plus (Diagenode)
with high intensity, 30 s on, 30 s off, 4°C. 10% of the lysate
were kept as input material. Immunoprecipitation was per-
formed over night at 4°C, rotating with the remaining protein
lysate and 2 pg of antibodies (PBX1 rb, Cell Signaling Tech-
nology, #4342 or GFP rb, abcam, ab290). Imnmunocomplexes
were bound to Dynabeads protein A (30 pl/sample) by incu-
bation for 3 h at 4°C, rotating. Beads were washed 3x with 1
ml NET + buffer (50 mM Tris—=HCl at pH 7.5, 150 mM NacCl,
5 mM EDTA, 0.1% Triton X-100, 1x PIin H,O), centrifuged,
the pellet was resuspended in LDS sample buffer (1x) along
with 100 mM DTT (final conc.) and denatured at 70°C. The
eluate was analyzed by western blotting using antibodies di-
rected against the FLAG epitope (ms, 1:1000, Sigma, 1804).

Mass spectrometry (MS)

Proteomic assessment of the PBX1 interactome was per-
formed in triplicates with antibodies specific for PBX1 or GFP
together with aNS$ cells dissociated at day three of p1. Ly-
sis, sonication and immunoprecipitation were performed as
described above using 5 pg of either PBX1 rb (Cell Signal-
ing Technology, #4342) or GFP rb (abcam, ab290) antibod-
ies, but omitting the denaturation step in LDS sample buffer.
The protein precipitates were instead processed using the S-
Trap Micro High Recovery Protocol (ProtiFi, LLC) after the
final washes. MS measurements and data analysis were per-
formed at Max Planck-Institute for Biophysics, Frankfurt,
Germany. Analytical separation was performed using a na-
noElute nanoHPLC (Bruker Daltonics, Bremen, Germany)
and liquid chromatography was coupled to a hybrid trapped
ion mobility spectrometer (TIMS) — quadrupole time of flight
(Q-ToF) mass spectrometer, timsTOF Proll (Bruker Daltonics,
Bremen, Germany), with CaptiveSpray nano-electrospray ion
source (nano-ESI). Data were acquired in positive, data depen-
dent acquisition utilizing Parallel Accumulation Serial Frag-
mentation (dda-PASEF) and TIMS mode. For protein identi-
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fications and relative quantification of the MS/MS data ac-
quired, MaxQuant version 2.2.0.0 was utilized (27,28). De-
tails are described in Supplementary Material online. For vi-
sualization, mass spectrometry derived PBX1 interactors were
filtered manually to exclude RNA-binding/ribosomal proteins
and splicing factors, and subjected to protein-protein interac-
tion network analysis with STRING 11.5 (29).

Proximity ligation assay (PLA)

For PLA, aNS cells in passage 1 were dissociated and trans-
duced with pWPI-Tcf3/E47-Flag or p WPI-empty vector con-
trol virus (details described in Supplementary Material online)
for 48 h. Per treatment condition, 150 000 singularized cells
were plated on a PDL-coated 8-well Lab-Tek chamber slide.
Attached cells were fixed, washed and permeabilized. Af-
ter blocking, PLA was performed with Duolink in Situ De-
tection Reagents Red (Sigma-Aldrich) following the manu-
facturer’s instructions. PBX1 rb (Cell Signaling Technology,
#4342, 1:15 000, ChIP-grade high-concentrated formulation)
or FLAG ms (Sigma-Aldrich, F3165, 1:1000) were used as
primary, PLA-plus rb (Sigma-Aldrich, DUO82002-100RXN,
1:10) and PLA-minus ms (Sigma-Aldrich, DUO82004-
100RXN, 1:10) antibodies as secondary antibodies. After lig-
ation and amplification, cells were blocked and stained with
GFP chk (abcam, ab13970, 1:1000), Alexa-488 o chk (Life
Technologies, A11039, 1:1000) to visualize viral transduction
and counterstained with DAPI. Specimen were mounted with
cover slips in Aqua-Poly/Mount (Polysciences) and allowed to
dry overnight. Images were captured using a Nikon Eclipse 801
microscope (60x water objective). Analysis was performed in
Image] 1.53t with a customized analysis script (available in
Supplementary Material online).

GST-pulldown

Pulldown experiments were performed with PBX1a or PBX1b
and truncated forms thereof C-terminally fused to triple
HA-tag, and full-length and truncated forms of mE47 N-
terminally fused to GST-Flag, co-transfected into HEK293T.
Transfection and extract preparation by sonification were per-
formed as described above. Details of the pulldown are de-
scribed in Supplementary Material online.

ChIP-gPCR

ChIP was performed on primary V-SVZ-derived aNS, cross-
linked with 1% PFA, and fragmented by sonication to a size
of 200-700 bp. Immunoprecipitation was performed with
magnetic Dynabeads protein A/G and 2 pg of either a-Pbx1
rb (Cell Signaling Technology, #4342), «-FLAG ms (Sigma-
Aldrich, F3165), or «-H3K27ac rb (Diagenode, C15410196)
antibodies. Genomic primers for ChIP-qPCR can be found in
Supplementary Table S2. Statistical analysis was done by two-
way ANOVA with Bonferroni post-test. Details are described
in Supplementary Material online.

ChiP-seq

PBX1 and H3K27ac ChIP-seq was performed in duplicates
as described above, with 25 pg chromatin of fragment size
100-500 bp per IP. ChIP-enriched chromatin was purified
on MicroChIP DiaPure columns (Diagenode) and successful
ChIP was verified by qPCR. Library preparation was con-
ducted with MicroPlex Library Preparation kit v2 (Diagen-
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ode). Paired-end sequencing was performed at the Genomic
Technologies Core Facility, University of Manchester, UK on
an HiSeq 4000 or NovaSeq 6000 sequencer (both Illumina).
Bioinformatic analysis of the raw data was carried out at the
Bioinformatics Core Facility of University of Manchester, UK.
Sequencing output in BCL format was converted to FASTQ
using bcl2fastq v2.20.0.422, unmapped read pairs were tested
by FastQC v11.3 and fastg-screen v0.9.2 or v0.14.0 to iden-
tify any contaminating DNA. Remaining sequence adapters
were removed and reads were quality trimmed using Trim-
momatic v0.36 (SLIDINGWINDOW:4:20 MINLEN:35) (30).
Reads were mapped against the mouse reference genome, ver-
sion mm10/GRCm38 using Bowtie2 v2.3.0 (31). Mapped
reads were filtered using samtools v1.9 to retain only high
confidence concordant pairs (-f 2 — q30) (32), followed by
removal of reads mapping to unassembled contigs and mito-
chondrial genome. Peak calling was performed using MACS2
v2.1.2 using the default qvalue threshold of 0.05 (33); candi-
date regions were filtered by fold enrichment (FE) score. De
novo PBX1 motif analysis was performed using MEME-ChIP
v4.11.2 on the top 1000 ChIP-seq peaks of each replicate. The
background sequences were obtained from randomly shuffled
locations of PBX1 peaks.

ATAC-seq

Adult V-SVZ stem- and progenitor cells cultured for 48 h
as free-floating aNS were purified by 3% BSA-gradient, and
treated with accutase for singularization. For each of two
replicates, cells (10 000/12 000, respectively) were subjected
to cell lysis (TrissHCI 10 mM, NaCl 2 mM, MgCl, 3 mM,
Igepal 0.1%) and transposase reaction mix (Nextera) treat-
ment with occasional snap mixing. DNA fragments were pu-
rified by MinElute PCR Purification Kit (Qiagen). Amplifica-
tion of library together with indexing primers was performed
as described elsewhere (34). Libraries were mixed in equimo-
lar ratios and sequenced on the NextSeq500 platform using
V2 chemistry and paired-end setup.

Raw reads were trimmed and aligned to the mouse
genome version mml0 (GRCm38) using STAR 2.5.4b
with  the parameters ‘-outFilterMismatchNoverLmax
0.1 -outFilterMatchNmin 20 -alignlntronMax 1 -
alignSJDBoverhangMin 999 —outFilterMultimapNmax 1
—alignEndsProtrude 10 ConcordantPair’ (35) and retaining
only unique alignments to exclude reads of uncertain ori-
gin. Reads were further deduplicated using Picard 2.21.1
to mitigate PCR artefacts leading to multiple copies of the
same original fragment. Reads aligning to the mitochondrial
chromosome were removed. The MACS peak caller version
3.0.0a6 was employed to accommodate for the range of
peak widths typically expected for ATAC-seq (33). Minimum
qvalue was set to —4 and FDR was changed to 0.0001.
Peaks overlapping ENCODE blacklisted regions (known
misassemblies, satellite repeats) were excluded. In order to
compare peaks in different samples to assess reproducibility,
the resulting lists of significant peaks were overlapped and
unified to represent identical regions. Sample counts for union
peaks were produced using bigWigAverageOverBed (UCSC
Toolkit) and normalized with DESeq2 1.30.1 to compensate
for differences in sequencing depth, library composition, and
ATAC-seq efficiency (36). Peaks were annotated with the
promotor of the nearest gene in range (TSS # 5000 nt) based
on reference data of GENCODE vM135.
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Motif enrichment within ATAC-seq peaks was performed
with AME (Analysis of Motif Enrichment) v5.0.2 using motifs
from JASPAR and a background of mESC peaks (GEO source:
GSM2156965) (37). ATAC-seq footprinting was performed
within open chromatin regions using TOBIAS v0.16.0 with
standard parameters (38). Footprints are visualized as the ag-
gregate TnS-corrected signal across TF binding sites predicted

bound.

RNA-seq

RNA-seq of wild-type (WT) V-SVZ derived aNS§, or of aNS
48 h post transfection with siRNAs directed against Pbx1,
Tcf3, Tcf4 or control siRNAs, was performed in triplicates.
Total RNA was isolated by RNeasy Mini Kit (Qiagen). For
exclusion of genomic DNA contamination, the samples were
treated by on-column DNase digestion (RNase-free DNase
Set, Qiagen). Total RNA and library integrity were verified
with LabChip Gx Touch 24 (Perkin Elmer). 1 ug of total
RNA was used as input for SMARTer Stranded Total RNA
Sample Prep Kit - HI Mammalian (Clontech). Sequencing
was performed on a NextSeq 500 instrument (Illumina) with
1 x 75 bp single end setup or NextSeq 2000 instrument
with 1 x 72 bp single end setup. Details are described in
Supplementary Material online.

Whole transcriptome spatial RNA analysis

The formalin-fixed paraffin embedded brain of C57Bl/6]
(n = 1) was cut in coronal 5 um sections and placed on Epre-
dia™ SuperFrost Plus™ microscopy slides (Epredia). The Ge-
oMx® Mouse Whole Transcriptome Atlas Assay (NanoString
Technologies) was used as recommended by the manufac-
turer’s protocol. Immunofluorescence staining was performed
with «-PBX1 (rb, Cell Signaling Techology, #4342, 1:400)
and «-DCX (gp, Merck, #AB2253, 1:4000) as primary, and
Alexa488 o-rb (Thermo Fisher Scientific, A11008, 1:1000),
Alexa647 «-gp (Thermo Fisher Scientific, AA21450, 1:1000)
as secondary antibodies. A 2.5 nM solution of SYTO™ 82 Or-
ange Fluorescent Nucleic Acid Stain (Thermo Fisher Scientific)
was used to label the DNA. Data acquisition was performed
on a GeoMx® Digital Spatial Profiler (NanoString). The bar-
codes of the assay were sequenced on a NextSeq 1000 (Illu-
mina) and demultiplexed on the Illumina BaseSpace Sequence
Hub by the NanoString GeoMx NGS Pipeline 2.0.21. Down-
stream data analysis was performed using the manufacturers
software packages on the GeoMx® Digital Spatial Profiler.

Bioinformatic post-processing

Data retrieval from the public domain, bioinformatic post-
processing and data integration of ChIP-/ ATAC- and RNA-
seq was performed as summarized previously (39). Specifica-
tions of the applied processes and tools are described below.
Graphs were produced with R Studio Version 1.3.1093 unless
specified otherwise.

ChiIP-seq analysis

GO term analysis for genomic loci occupied with PBX1 in .bed
was performed using GREAT version 4.0.4 (40). Additional
ChIP-seq data was retrieved from GEO (41), ChIP-Atlas (42),
or the sources listed in Supplementary Table S3. For ChIP-seq
visualization, mm10 .bigWig and .bed representations were
loaded into IGV, version 2.11.9 (43). Multiple profiles were
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co-visualized for inspection of local track overlaps and peak
shape. In case .bed data was available in other formats than
mm10 (also including human datasets), UCSC liftOver was
used for coordinate conversion (44).

Query sequences in .bed format were converted to .fasta us-
ing bedtools getfasta (version 2.30.0) (45) on the Galaxy plat-
form (46). Motif enrichment of PBX1 ChIP-seq peaks (.fasta)
was performed with MEME-ChIP, using ‘classic’ motif discov-
ery and enrichment mode for DNA, RNA or protein alongside
Eukaryote DNA /vertebrates (in vivo and in silico) as motif
enrichment paradigm. Significantly enriched selected motifs
and motif profiles were retrieved in .eps format. Peak center-
ing analysis was performed with CentriMo (version 5.5.1) us-
ing the 200 nucleotide (nt) summit of PBX1 ChIP-seq peaks
(47). Secondary motif analysis was performed with SpaMo us-
ing entire overlapping region of PBX1 (aNS§, this manuscript)
and TCF3 (NPC) (48) ChIP-seq peaks, as a minimum peak
length of 310 nt is required for this analysis (49). Peak an-
notation was performed with ChIPseeker (50), making use of
mm10 comprehensive gene annotation file GRCm38.p6 (re-
trieved from GENCODE) as annotation source.

ChIP-seq datasets of potential PBX1 interactors (deter-
mined by aNS data integration of PBX1 ChIP-seq motifs,
ATAC-seq motif enrichment and RNA-seq, for details see
below) were subjected to in silico intersection to assess the
context-specificity of PBX1-interactor overlaps. For each po-
tential interactor, ChIP-seq data of developmental neurogenic
(NSC or NPC) or adult neuronal contexts, as well as develop-
mental and terminally differentiated control contexts (ESC,
liver, lung etc., dependent upon availability) were intersected
with full-length PBX1 ChIP-seq peaks from aNS cells (nl).
Intersections were computed using bedtools intersect (option
-wo to later remove duplicate intersections mapped to one ref-
erence peak) version v2.27.1 (45). Because coverage of the
genome differed considerably between the datasets used for
overlap computation, control intersections were conducted
for each dataset. To this end, peaks were shifted in a random
manner using a python script (see Supplementary Material
online), while retaining their original extension. Background
overlaps of 10 iterations of this script were computed, average
overlap with PBX1 ChIP-seq was reported and visualized.

RNA-seq analysis

For visualization of RNA-seq data (Pbx1, Tcf3 or Tcf4 kd
alongside respective controls), information was retrieved from
the spreadsheet matrix and manually converted into CLAR-
ION format. Data was uploaded to the Webbased Interactive
Omics visualizatioN tool (WIlsON), filtered as indicated in the
respective figures, and visualized as heatmap with Euclidean
clustering based on average (51).

GO term enrichment was performed with PANTHER Over-
representation Test (version 20221013) with Fisher’s Exact
test, calculating false discovery rate (FDR) as correction (52).
Redundancy of GO terms was removed with REVIGO version
1.8. (53). Gene regulatory network analysis of genes dysreg-
ulated upon Pbx1 kd (ENCODE and ChEA Consensus TFs
from ChIP-X) was performed with Enrichr (54,55).

Data integration of different sequencing paradigms
ChIP-seq and RNA-seq

For gene regulatory network prediction of PBX1 ChIP-seq,
data were subjected to ISMARA analysis (56), and relevant

Nucleic Acids Research, 2024, Vol. 52, No. 20

predicted network interactors were filtered by integration
with top predicted GRN candidates of dysregulated genes
upon Pbx1 kd in RNA-seq derived from Enrichr analysis (see
above).

ChIP-/ATAC-/RNA-seq

Potential PBX1 interactors were identified by triangulation of
PBX1 ChIP-seq motifs with TF motifs detected in open chro-
matin (ATAC-seq), and information about expression of the
interactor candidate (RNA-seq). JASPAR 2022 CORE ver-
tebrate non-redundant pfms motifs identified in both PBX1
ChIP-seq (MEME-ChIP) and ATAC-seq (AME), were inte-
grated using a python script (see Supplementary Material

online), and information of interactor candidate expression
in RNA-seq (>50 reads in RNA-seq of WT aNS cells) was
derived from corresponding spreadsheet matrix.

Identification of PBX1 targets in leukemic context

Because PBX1 displays strong binding and regulation at pro-
motors, E2A-PBX1 ChIP-seq peaks from leukemic 697 cells
with t(1;19) fusion were annotated with ChIPseeker and fil-
tered for promotor peaks. Information on dysregulation in
shRNA-mediated PBX1 kd in 697 cells was integrated (57).
Promotor peaks were subjected to CiiiDER (58). Expression
in different cell lines was assessed on DepMap and targets
with increased expression in cell lines with t(1;19) transloca-
tion were selected. Filtered targets were screened for known
possible significance in a leukemic context based on literature.

Results

Triangulation of PBX1 functionality with ChlP-seq,
ATAC-seq and RNA-seq

Adult neural stem- and progenitor cells can be captured in
vitro and cultivated in the presence of epidermal growth fac-
tor (EGF) and fibroblast growth factor 2 (FGF2) as adult
neurospheres (aNS), free-floating cell aggregates that consist
predominantly of TAPs and a few activated stem cells (59).
Although aNS progressively change from neurogenic to glio-
genic in the presence of growth factors, early passage aNS con-
stitute an experimentally amenable population of neural stem-
and progenitor cells (60,61). ChIP-seq analysis with PBX1-
specific antibodies (Figure 1A, Supplementary Figure S1A) on
chromatin of second passage adult murine aNS identified a
large number of PBX1-bound sites, which could be assigned
to a total of 16 044 genes (Supplementary Table S4). De novo
motif analysis identified a short consensus sequence with max-
imum mapping to the center of PBX1-bound peaks, represent-
ing the PBX1 core binding motif in adult neural progenitor
cells (Figure 1B). This motif shares a high degree of similar-
ity with the short PBX1 consensus motif deduced from ChIP-
seq data obtained for PBX1 in E12.5 and E15.5 embryonic
mouse cortex (14) as well as the decameric motif bound by
PBX-PREP in 3.5hpf zebrafish embryos (62) and E11.5 mouse
embryonic trunk (19), but differs markedly from the motifs
identified for PBX1-HOX targets (19). Peaks with fold en-
richment (FE) of >50 (n = 2453) were primarily annotated
to promotor-proximal regions (<1 kb from putative tran-
scriptional start site) (Figure 1C) and associated with terms
such as ‘protein folding’, ‘regulation of cell cycle G2/M phase
transition,” and ‘positive regulation of Notch receptor targets’
(Figure 1E). In contrast, peaks with lower fold enrichment
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Figure 1. Genome-wide identification of PBX1 target genes in adult neural stem- /progenitor cells by ChiP-seq, RNA-seq and ATAC-seq. (A) Schematic
depiction of PBX1 ChIP-seq experiment. (B) PBX1 binding motifs of both replicates (n1/n2) identified by de-novo motif analysis with MEME-ChIP (C, D)
ChiIPseeker derived peak annotation of PBX1 ChlIP-seq peaks with high fold enrichment (FE > 50, C) and low FE (10-50, D). (E, F) GO term analysis with
GREAT of peaks with FE > 50 (E) and FE 10-50 (F). (G) Intersection of PBX1-bound genomic sites with regions marked by activating (H3K27ac,
H3K4me3) or repressing (H3K27me3) histone modifications (63). (H) Exemplary co-localization of open chromatin (ATAC-seq) and PBX1 ChlP-seq
occupancy, alongside histone modifications at the Olig2 gene locus and upstream enhancer regions. Colored bars represent called peaks, grey arrow
direction of transcription. (I) The majority of up- and downregulated genes upon Pbx7 kd are associated with PBX1 ChlP-seq peaks. (J) Heatmap of top

upregulated (FE > 0.9) and downregulated (FE < —0.9) genes following Pbx7 kd.

(FE 10-50; n = 24 144) mapped more evenly to promotor
proximal, intronic or distal intergenic regions (Figure 1D), and
were linked to GO terms including ‘commissural neuron axon
guidance’ and ‘negative regulation of oligodendrocyte differ-
entiation’ (Figure 1F).

We next correlated the genomic sites of PBX1-binding to
the transcriptional state of these loci by conducting ChIP-seq
experiments for histone 3 lysine 27 acetylation (H3K27ac),
an epigenetic modification associated with transcriptionally

active promotors and enhancers (Supplementary Table S4). In
the vast majority of cases, PBX1-bound genomic sites coin-
cided with H3K27ac-modified chromatin (Figure 1G). Sup-
porting the notion that PBX1 binds to transcriptionally active
chromatin, intersecting PBX1-bound genomic sites with pub-
lished ChIP-seq data from aNS uncovered prominent overlap
of PBX1 binding with regions positive for histone 3 lysine
4 triple-methylation (H3K4me3), an epigenetic mark of ac-
tive promotors, but minimal overlap with chromatin marked
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by H3K27me3, a modification associated with transcriptional
repression (Figure 1G, Supplementary Figure S1B, C) (63).
To further narrow down the binding properties of PBX1 to
chromatin, we applied ATAC-seq, a method grounded in the
concept that protein binding shields DNA against cleavage.
A total of 81 141 open chromatin regions were detected
in early passage aNS of which 24 420 could be assigned
to promotors (Supplementary Table S5). 18 466 (75.6%) of
promoter-proximal open chromatin regions overlapped with
PBX1 peaks, as exemplified for the gene locus of Olig2 (Figure
1H). Visual inspection of PBX1 occupancy alongside histone
marks and open chromatin at further example loci demon-
strated binding to activated (Cited2), poised (Prom1) and re-
pressed (Dcx) genes in aNS cells (Supplementary Figure S1D).
In adult neural stem- and progenitor cells, PBX1 binding to the
genome, hence, occurs at numerous positions, but is strongest
at promotors. Further, PBX1 binding predominantly over-
laps with regions of open chromatin and regulatory regions
that carry histone modifications characteristic of actively tran-
scribed chromatin.

To correlate PBX1 chromatin binding to a transcrip-
tional outcome, we performed siRNA-mediated Pbx1 knock-
down in aNS$ cells (Supplementary Figure S2A-C; Pbx1
kd: 84.31 £ 6.46% in RT-qPCR) followed by whole tran-
scriptome RNA-seq. This approach revealed differential ex-
pression of 772 genes following PBX1-depletion (560 up-
regulated, 212 downregulated, Supplementary Figure S2D,
Supplementary Table S6). 88% (493/560) of the upregu-
lated and 88.6% (188/212) of the downregulated genes cor-
responded to PBX1-bound genes (Figure 1I). Notably, top
upregulated genes encompassed neuronal marker genes, in-
cluding the gamma 3 subunit of GABA-A receptor (Gabrg3),
synaptotagmin XIII (Syz13) or glutamate receptor 1 (Grial),
as well as genes involved in nervous system development and
neuronal maturation like reelin (Reln), calmin (Clmn) (64) or
VGEF nerve growth factor inducible (Vgf) (65) (Figure 1]). Cor-
responding GO terms were associated with neuronal devel-
opment and differentiation including ‘regulation of synaptic
structure or activity’, ‘synapse organization’ and ‘regulation
of cell differentiation’ (Supplementary Figure S2E). Downreg-
ulated genes included genes linked to neural stem cell identity
or maintenance of neurogenic proliferation, such as fibrob-
last growth factor 1 (Fgf1) (66), aquaporin 4 (Agp4) (67), or
serotonin (5-HT) receptor Htr1b, in line with the sensitivity of
neural stem cell proliferation to 5-HT signaling (68) (Figure
1]). Accordingly, downregulated genes were enriched for GO
terms related to DNA replication (Supplementary Figure S2F).
These findings suggest that PBX1 may help to coordinate
two competing gene expression programs in neural progeni-
tor cells: maintenance of cellular proliferation and neurogenic
differentiation, respectively.

In silico prediction of PBX1 binding partners

We subjected the PBX1 ChIP-seq dataset to MEME-ChIP
motif analysis, reasoning that the TF consensus motifs near
PBX1-occupied sites may provide clues to the identity of pro-
teins that bind chromatin together with PBX1. Besides consen-
sus binding motifs for PBX1, the most highly overrepresented
motifs included MEIS2, OLIG2, NFIA and SOX2 (Figure 2A).
To explore the presence of PBX1 binding motifs within acces-
sible chromatin in aNS cells, we conducted an in-depth motif
enrichment analysis of our ATAC-seq data with the analysis
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tool AME (Supplementary Table S5). This approach gener-
ated two separate lists of TF consensus binding motifs, those
that were overrepresented near PBX1-bound sites according
to our ChIP-seq data and those that were enriched in acces-
sible chromatin as derived from analysis of our ATAC-seq re-
sults. Motifs included in both lists spanned diverse TF fam-
ilies, encompassing bHLH class I E-box binding TCF tran-
scription factors, bBHLH class II OLIG2, SMAD/NF-1 DNA-
binding domain factors, and high-mobility group SOX2 (Fig-
ure 2B). MEME-ChIP enriched motifs were filtered for motifs
that are listed in the JASPAR database and both lists were
seamlessly integrated in subsequent computational analyses.
This revealed that 187 motifs were shared between motifs as-
sociated with genomic regions characterized as ‘open chro-
matin’ in aNS (455 motifs in total) and motifs identified in
PBX1-bound chromatin (354 motifs; Figure 2C).

To refine this list for further experimental analyses, we first
filtered the 187 TFs for expression in aNS, only taking into
account genes whose transcript level exceeded a minimum
cutoff of 50 reads according to our WT RNA-seq results
(Supplementary Figure S3A). Ninety-eight TF motifs fulfilled
these criteria. To test the strength of our predictions, we first
performed ATAC-seq footprinting analysis, a method which
is based on the assumption that bound TFs hinder cleavage of
DNA, thus enabling investigation of TF binding i silico (38).
Indeed, footprints for many of these 98 factors were present
at peak centers within accessible chromatin in aNS, includ-
ing consensus motifs for OLIG2, NFIA/NFIB/NFIC/NFIX,
TCF12, and TCF3-heterodimers (Supplementary Figure S4A,
B; Supplementary Table S5). Next, we used the wealth of
ChIP-seq data available in the public domain to exam-
ine genome-wide binding of TFs whose recognition motifs
mapped near PBX1-occupied sites. We hypothesized that TFs
that act in concert with PBX1 in aNS may also do so in other
biological contexts, and that this may be more likely in settings
related to neurogenesis than in others. We devised an intersec-
tion paradigm with bedtools and performed pairwise compu-
tational comparisons between the PBX1 ChIP-seq data from
aNS and ChIP-seq datasets from various other cell sources. A
total of 46 such comparisons were performed with datasets
categorized into neural (early neural: 11 datasets; late neu-
ral: 7 datasets) or non-neural biological contexts (non-neural
development: 9 datasets, hematopoietic lineage: 10 datasets,
adult organ: 9 datasets; Figure 2D; Supplementary Table S3).
These comparisons showed that the genomic sites bound by
PBX1 in aNS were frequently also occupied by the same small
group of TFs in other physiological settings. Prominent mem-
bers of this group were TCF3, SREBF2, SMAD4, RFX1/2/3,
PBX1/2/3, OLIG2 and NFI transcription factors (Figure 2D,
Supplementary Table S3). This association was particularly
high when ChIP-seq data from early neural cell populations
were analyzed. In fact, over 80% of the genomic sites bound
by RFX1/2/3, SMAD4, SREBF2 or TCF3 in ChIP-seq studies
from early neural cellular contexts corresponded to positions
bound by PBX1 in aNS, as did close to 70% of sites bound
by NFI or OLIG2. As public domain-derived data differ in
terms of width and number of annotated peaks, rigorous con-
trol analyses were conducted. When the peaks in the respec-
tive dataset were computationally shifted in a random manner
and intersected with aNS PBX1 ChIP-seq data, the degree of
overlap dropped to 3.48% on average, thus confirming the ro-
bustness of our intersections (Supplementary Figure S3A-C).
Visual inspection of example locus Olig2 furthermore demon-
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Figure 2. In silico prediction of PBX1 interaction partners. (A) Selection of overlapping enriched motifs found under PBX1 ChIP-seq peaks summit by
MEME-ChIP analysis. (B) PBX1-associated motifs in aNS and motif enrichment of open chromatin regions (ATAC-seq) harbor E-box/bHLH class | and
bHLH heterodimer, bHLH class I, SMAD/NF-1 DNA-binding domain factor and High-mobility group (HMG) domain factor motifs. (C) Intersection of
JASPAR 2022 CORE vertebrate non-redundant pfms motifs derived from PBX1 ChlIP-seq and open chromatin in aNS. (D) Genome-wide intersections of
PBX1 ChIP-seq in aNS with ChIP-seq of the TFs indicated for potential interaction (references to datasets see Supplementary Table S3; overlaps
between .bed files were identified pairwise with bedtools intersect). Percentage of overlapping intervals is colorcoded (0% / black to 100% / bright
green; grey: no data available). (E) Co-visualization of ChIP-seq profiles of in silico predicted interactors at example locus Olig2 demonstrates shared
binding pattern and distribution compared to PBX1 (ChIP-seq datasets can be identified by their ChIP-Atlas ID; NSC = neural stem cells with NS5 cells
for NFIA, OLIG2 and SMAD4, E12.5 embryonic NSC for TCF3, NLPC = neural lens progenitor cells). Colored bars represent called peaks, grey arrow

direction of transcription.

strated co-localization of PBX1 with similar peak shapes and
patterns for several of these factors including OLIG2 itself,
NFIA, SREBF2 and TCF3 (Figure 2E).

We also asked whether we can derive the underlying GRNs
by performing bioinformatic network predictions on our
RNA-seq and ChIP-seq data. We applied the collaborative
gene list enrichment analysis tool Enrichr to the RNA-seq
data obtained from Pbx1 kd to predict possible TFs that
contribute to the up- or downregulation of genes. In paral-
lel, we subjected our PBX1 ChIP-seq data to reverse analy-
sis by ISMARA to model GRNs associated with TFs bound
near PBX1-occupied sites. Notably, computational modeling
predicted both, chromatin binding together with PBX1 and
participation in the regulation of PBX1-dependent genes, for
the same small group of TFs, consisting of SMAD4, NFIA,
SOX2, SREBF2 and TCF3 (Supplementary Figure S5). Sev-
eral of these TFs, such as SMAD4, SOX2 and NFIA, are
known regulators of adult V-SVZ neurogenesis or had been
linked to PAX6-induced neurogenic differentiation in the V-
SVZ (24,69,70). Hence, in silico predictions reconstructed a
larger GRN in which PBX1 targets multiple other TFs, which
are themselves connected by extensive cross-regulatory inter-
actions (Supplementary Figure S5G).

In conclusion, by applying different bioinformatic ap-
proaches to our ChIP-seq, ATAC-seq and RNA-seq results
and making extensive use of published data, we were able
to derive a network of putative PBX1-interacting proteins in
the adult V-SVZ neurogenic stem cell system, whereby inter-

action of PBX1 with its partners occurs in association with
chromatin and is more prevalent in early neural tissues than
others.

Novel PBX1 interactors and confirmation of in
silico predicted partners by mass spectrometry

To experimentally test the predicted PBX1 interactions, we
conducted immunoprecipitation experiments with PBX1 in
aNS cells followed by LC-MS/MS. This analysis revealed
a rich array of interacting proteins, including both known
transcription factors and novel partners with diverse biolog-
ical functions (Figure 3A, Supplementary Table S7). Known
PBX1-interacting proteins MEIS1/2 and PKNOX1/2, as well
as PBX3 were among the co-precipitated proteins (Figure 3A).
Intriguingly, we detected associations between PBX1 and sev-
eral TFs that we had predicted as potential PBX1-interactors,
including OLIG2, SOX2, TCF12 and NFI factors. In addi-
tion, SOX2 and TCF4, which had not met our stringent in-
clusion criteria for the initial in silico analysis by genome-
wide intersection, co-precipitated with PBX1 (Figure 3A).
Drawing on our previous strategy, both were subjected to
multiple pairwise comparisons of available public domain-
derived ChIP-seq data (reference to respective datasets in
Supplementary Table S3). This approach revealed a high de-
gree of overlap between PBX1-bound genomic regions in aN$
and sites bound by SOX2 (Figure 3B) or TCF4 (Figure 3C),
with particularly high overlap in cells of neural or neuronal
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Figure 3. LC-MS/MS identifies novel PBX1 interactors and confirms in silico predicted interaction partners. (A) STRING Interaction network of PBX1
co-precipitators in mass spectrometry (physical interaction map; filter: no RNA-binding / ribosomal proteins, splicing factors and factors with no
connection to network proteins). (B, C) Genome-wide intersections of V-SVZ derived aNS PBX1 ChlIP-seq with ChlP-seq results obtained for SOX2 (B) or
TCF4 (C). Overlaps between .bed files were identified pairwise with bedtools intersect; graphs show percentage of overlaps. ChlP-seq of various
biological contexts shows pronounced co-localization in embryonic and adult neurodevelopmental contexts but low to minimal co-localization in
non-neural cells and tissues (NPC: ESC-derived neural precursor cells, MEF: mouse embryonic fibroblast, ESC: embryonic stem cells, NS5 NSC: NS5
neural stem cell line; Supplementary Table S3). Tracks spanning the Nfix gene locus taken from ES-derived NPCs (SOX2, orange) and NS5 cells (TCF4,
green) are shown in (D). (D) Example ChlP-seq profiles of PBX1 and mass spectrometry validated interaction partners NFIB, NFIX, OLIG2, SOX2 and
TCF4 at the Nfix gene locus. Colored bars represent called peaks, grey arrows direction of transcription; ChiP-seq datasets can be identified by their

ChlIP-Atlas ID and are listed in Supplementary Table S3.

origin. Visualization of ChIP-seq data for PBX1-binding fac-
tors NFIB, NFIX, OLIG2, SOX2 and TCF4 obtained from
early neural cell sources demonstrated striking similarities
in position and shape of the ChIP-peaks, with the Nfix ge-
nomic locus given as example (Figure 3D; Supplementary

Table S3). This is even more remarkable considering that the
data originate from sources as diverse as cerebellar progen-
itors (NFIB, NFIX), NS5 NSC cells (OLIG2, TCF4) or ES-
derived neural precursor cells (SOX2). Our mass spectrome-
try analysis also unveiled PBX1’s association with key com-
ponents of chromatin remodeling complexes active in neu-
rodevelopmental contexts (71), including chromatin remod-
eling components of the CHD/NuRD (CHD4, MTA1/2 and
HDAC1/2, RBP48) and SWI/SNE/ISWI (SMARCA4/BRG1,
SMARCAS/SNF2H and SMARCE1/BAF57) complexes (Fig-
ure 3A). PBX1 also co-precipitated with various RNA-
processing factors (Supplementary Table S7), indicative of po-
tential involvement in the regulation of post-transcriptional
RNA-related processes.

To gain insights into the biological implications, we sub-
jected filtered interactors (excluding RNA-binding/ ribosomal
proteins, and splicing factors) to GO term analysis with PAN-
THER. According to fold enrichment of terms, the top two

terms were ‘regulation of cell fate specification’ (FE = 55.31,
P = 1.65 E-06, statistical analysis with Fisher’s Exact test us-
ing Bonferroni correction for multiple testing) and ‘regulation
of cell fate commitment’ (FE = 37.30, P = 1.88 E-035). ‘Glio-
genesis’ (FE = 7.53, P = 3.75 E-02), ‘chromatin organization’
(FE = 6.74, P = 2.24 E-05), ‘negative and positive regulation
of transcription by RNA polymerase II’ (FE = 5.74, P = 3.08
E-08 and FE = 5.69, P = 1.11 E-11, respectively), and ‘brain
development’ (FE = 5.11, P = 2.55 E-03) were among the
top 25 terms. Mass spectrometry thus confirmed physical as-
sociation of PBX1 with many of the proteins that we had pre-
dicted as potential interactors by computational modeling, in-
cluding several TFs with established functions in neurodevel-
opment, such as SOX2, TCF4/TCF12, NFIB and NFIX, and
OLIG2.

Whole transcriptome spatial RNA analysis reveals
distinct distribution of PBX1-associated GRN
components in the V-SVZ -OB neurogenic system
TFs, which participate in shared developmental processes,
are expected to exhibit the same or at least overlapping
spatial/temporal expression. Neurogenesis in the V-SVZ
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follows a distinct differentiation trajectory in which progres-
sive steps of cellular maturation take place at distinct positions
along the migratory route from the V-SVZ to the OB, mak-
ing it an excellent system to study gene expression dynam-
ics in space and time (72). We therefore assessed the spatial
distribution of Pbx1 transcripts and its interactors along the
neurogenic differentiation trajectory from the V-SVZ to the
OB by whole transcriptome spatial RNA analysis at 11 differ-
ent locations (Supplementary Table S8). Samples were taken
from the left and right V-SVZ at ventral, medial and dorsal
positions with the latter including the RMS, from caudal and
rostral positions of the RMS, and from different areas in the
OB, corresponding to GABAergic granule cells in the inner
OB and periglomerular neurons and mitral cells in the outer
OB. Hierarchical cluster analysis of spatial expression levels
of all PBX1-interactors that had been identified by mass spec-
trometry demonstrated distinctly different expression among
samples, with particularly pronounced differences between V-
SVZ and OB (Figure 4A, B).

We followed the spatial expression of Pbx1 and sev-
eral of its interactors across the probe set (Figure 4C-G,
Supplementary Figure S6A-D). Pbx1, its known heterodimer-
ization partner Meis2, and the related Pbx3 exhibited a bipha-
sic expression dynamic whereby transcript levels were high-
est in the V-SVZ (samples 001-004), decreased in the RMS,
before increasing again in the inner part of the OB, presum-
ably in neuroblasts entering the OB and granule cells (sam-
ples 008 and 009; Figure 4C, Supplementary Figure S6E).
Neurodevelopmental transcription factors of the Nfi family,
Tcf4 and Sox2 showed strong expression in the V-SVZ but
lacked the second wave of upregulation in the OB charac-
teristic of Pbx/Meis (Figure 4D-F). These expression trajec-
tories were further supported by the expression patterns of
the respective genes reported in the Allen Mouse Brain Atlas
(Supplementary Figure S7). Similar transcriptional dynamics
were also observed for selected PBX1-co-precipitating epige-
netic modifying enzymes and components of chromatin re-
modeling complexes (Figure 4G). Spatial whole transcriptome
analysis therefore allowed us to define two phases of Pbx1 ex-
pression: an early phase in the V-SVZ germinal niche during
which Pbx1 expression is matched by that of many of the in-
teractors observed by mass spectrometry in aNS, and a second
phase of upregulation that roughly coincides with neurob-
last entry into the OB, during which no induction of expres-
sion of these interactors was observed. Therefore, the PBX1-
centered GRN established here likely reflects the regulatory
network in which PBX1 engages during early steps of V-SVZ
neurogenesis.

To test this assumption in an independent dataset, we
probed published single cell transcriptomics data obtained
from the adult mouse V-SVZ for Pbx1 and key PBX1-
interacting TFs (73). This dataset only contains informa-
tion on cells taken from the V-SVZ and therefore does
not allow to draw conclusions about transcript expres-
sion in migrating neuroblasts or neurons in the OB. Still,
we could confirm increased expression of Pbx1 together
with Tc¢f12, Nfia and Sox2 in activated NSCs (aNSCs) and
TAPs, and continuing strong expression of Pbx1 but de-
creasing expression of interactors as neuroblasts mature
(Figure 4H-K). Taken together, these results establish that
Pbx1 and many of its interactors share common transcrip-
tional dynamics in cells associated with the V-SVZ germinal
niche.
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To explore the functional relevance of these interactions, we
focused on the class I bHLH proteins Tcf3 and Tcf4. Tcf4
was chosen for its prominent expression in the V-SVZ neu-
rogenic system, while Tcf3 was chosen because the oncogenic
t(1;19) fusion event involving PBX1 and TCF3 (also known
as E2A) is of considerable clinical relevance for ALL (3,4) and
in light of the known functional compensation observed for
this protein family (74). Tcf12 had to be excluded due to the
lack of suitable ChIP-seq data from neural progenitor cells or
developing neurons. We first compared the overall peak dis-
tribution for PBX1 in aNS with ChIP-seq datasets for TCF3
in stem- and progenitor cells from E12.5 mouse cortices (48)
and TCF4 in the NS5 NSC cell line (25). For completeness,
all ChIP-seq peaks were included into the analysis. Peak an-
notation using ChIPseeker revealed parallel peak distribution
for PBX1, TCF3 and TCF4 in close proximity to promotor
regions (<1 kb TSS), accounting for 22.63% (PBX1), 32%
(TCF3) and 22.44% (TCF4) of peaks, respectively, demon-
strating nuanced differences in the genomic binding profiles
of both TCF proteins (Figure 5A-C). Comparison of PBX1,
TCF3 and TCF4 ChIP-seq profiles demonstrated striking simi-
larities in chromatin-binding distribution at example loci such
as Itgh5 (Figure 5D). Visualization of E-box motifs derived
from MEME-ChIP motif analysis (Supplementary Table S5,
Figure 2A) identified core motifs for TCF3, TCF4 and TCF12,
co-localized with the PBX1 motif at the PBX1 ChIP-seq peak
center (Figure SE). Secondary motif analysis of PBX1- and
TCF3-bound sites revealed that both motifs were significantly
enriched with a distance of 18 nt (Figure SF).

TCF3 was not among the PBX1-co-precipitating proteins
detected by mass spectrometry, but this may be due to its rel-
atively low expression in the V-SVZ niche compared to Tcf4
(Figure 4D, Supplementary Figure S7). E47 is the prominent
TCF3-isoform in the embryonic mouse forebrain and criti-
cally involved in the differentiation of cortical projection neu-
rons (48), but commercial, high-affinity antibodies specific for
the protein are missing. Co-immunoprecipitation experiments
were therefore performed with nuclear protein extracts of
HEK293T cells transfected with Tcf3/E47 fused to a triple
flag-tag (Tcf3/E47-flag). PBX1 precipitated together with
TCF3/E47, consistent with direct, physical interaction be-
tween the two proteins (Figure 5G). Co-immunoprecipitation
and GST-pull down experiments with truncated forms of
PBX1 and E47 mapped association to the N-terminal PBC do-
mains of PBX1 and the E47-C-terminus containing the bHLH
domain (Supplementary Figure S8). PBX1-TCF3 interaction
in the nuclear compartment was also confirmed in cellulo
by proximity ligation assay (PLA) with FLAG- and PBX1-
specific antibodies and adult V-SVZ neural stem- / progeni-
tor cells that were transduced with pWPI-retroviruses carry-
ing Tcf3/E47-flag together with IRES-GFP for visual detec-
tion (Figure SH-H”’). Together, these results established that
PBX1 and TCF proteins can engage in the formation of stable
heteromeric complexes.

Shared gene expression changes following Pbx1,
Tcf3 and Tcf4 depletion

To assess the biological function of PBX1-TCF interac-
tions, we performed siRNA-mediated knockdown of Pbx1,
Tcf3 and Tcf4 in aNS cells, followed by iz vitro differentia-
tion. Non-targeting siRNA validated for murine transcripts
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(F), and PBX1-interacting chormatin remodeling complex components (G). (H-K) Selection of single-cell transcriptomics of the above factors from the

V-SVZ neurogenic niche (73).
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Figure 5. bHLH class | proteins are PBX1 interaction partners. (A-C) Similar peak distribution of neurodevelopmental ChlP-seq according to annotation

with ChIPseeker: (A) PBX1 (V-SVZ aNS), (B) TCF3 (E12.5 NSC),

(C) TCF4 (NS5 NSC). (D) ChIP-seq profiles of PBX1, TCF3 and TCF4 show similar pattern

and distribution at example locus /tgb5. Colored bars represent called peaks, grey arrow direction of transcription. (E) CentriMo analysis of PBX1
ChIP-seq peaks demonstrates PBX1 and bHLH class | motif co-occurrence at peak center. (F, F) Secondary binding analysis (SpaMo) of intersecting
PBX1 (V-SVZ aNS) and TCF3 (E12.5 NSC) ChlIP-seq peaks with MEME-ChIP; TALE-HD and bHLH class | motifs are spaced with a gap of 18 nt

(P =8.23e-2; F), on both strands and in all directions (F"). (G) PBX1 in aNS cells co-precipitates TCF3/E47-FLAG in Co-IP of HEK293T protein lysate.
(H-H"") Proximity ligation assay for PBX1 and TCF3/E47-FLAG; (H) Script-based automated quantification revealing significant enrichment of punctate
PLA signal in Tcf3/E47-flag overexpressing cells compared to empty vector control treatment, paired Student’s t-test (P = 0.032); (H-H"") Example
staining showing speckled PLA signal in GFP + cells (arrow heads) as opposed to GFP low/- cells.

served as control. Depletion of each TF significantly reduced
neuronal differentiation compared to the control, as evident
from fluorescence activated cell sorting (FACS)-based quan-
tification of PSA-NCAM positive neuroblasts that were gener-
ated under each condition (Figure 6A). To assess genome-wide
gene expression changes, we subjected aNS cells following kd
of Pbx1, Tcf3 or Tcf4 to RNA-seq (Supplementary Figures S2,
S9, S10; n = 3 each; Tcf3 kd: 69.44 £ 10.37%; Tcf4 kd:
85.58 + 8.26% in RT-qPCR). Each experimental sample was
matched with a reference sample generated from aNS trans-
fected with non-targeting siRNAs. 772 genes were signifi-
cantly differentially regulated (up or down) following Pbx1
kd, 651 genes after Tcf3 kd and 1284 genes after Tcf4 kd
(Figure 6B, Supplementary Table S6). Assessing PBX1 oc-
cupancy at DEGs revealed that 88.2% (681) of Pbx1 kd-
dysregulated genes were bound by PBX1 in aNS ChIP-seq,
while 87.9% (572) of Tcf3 kd and 89.2% (1119) of Tcf4

kd-dysregulated genes were occupied by PBX1. Intersection
of these DEGs revealed 66 commonly dysregulated targets
upon kd of either factor, while Pbx1/Tcf3 kd affected addi-
tional 98 and Pbx1/Tcf4 kd additional 160 genes (Figure 6B,
Supplementary Figures S9, $10). GO biological process anal-
ysis of the 66 commonly dysregulated genes revealed ‘axon
guidance’ (FE = 10.60, P = 4.98 E-06, FDR = 2.62E-02) and
‘neuron projection guidance’ (FE = 10.56, P = 5.12 E-06,
FDR = 2.02 E-02) as the two top terms. Consistent with these
GO-terms, GABAergic and glutamatergic receptors Grial and
Grin2b, and the extracellular matrix-associated Reln were
prominent DEGs under all conditions (Figure 6C).

Intrigued by these similarities and motivated by the strong
oncogenic activity of the TCF3-PBX1 fusion protein (also
referred to as E2A-PBX1) that results from the t(1;19) fu-
sion event in ALL, we examined the genes co-regulated by
PBX1 and TCF3 in more detail. We subjected targets that
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Figure 6. PBX1-TCF interaction in neural progenitor cells. (A) Proportion of PSA-NCAM positive-neurons generated from aNS upon Pbx1, Tcf3 and Tcf4
kd in aNS and quantified by FACS analysis (n = 3, P < 0.05, paired two-tailed Student’s t-test). (B) Venn diagram of commonly dysregulated genes upon
Pbx1, Tcf3 and Tcf4 kd identified by RNA-seq. (C) Heatmap and cluster analysis (euclidean clustering based on average) of commonly Pbx1, Tef3 and
Tcf4 kd dysregulated genes in RNA-seq with log;FoldChange >0.3. (D) Commonly downregulated genes upon Pbx7 and Tcf3 kd partake in
replication-associated interaction network (STRING analysis). (D*-D"’) Expression of Tcf3 correlated with that of Brca2, Rbl1 and Timeless in scRNA-seq
of V-SVZ (75); Pearson Correlation test. (E, E’) ChIP-gPCR of PBX1 (E) and TCF3 transcript variant E47-FLAG (E’) at Olig2 upstream enhancer and
promotor, Cited2, Rbl1, Prom1, Myog and DnmZ2 in Tcf3/E47-Flag transduced aNS cells. Statistic analysis with paired Student's t-test (FLAG IP:
TCF3/E47-FLAG vs. empty vector control, PBX1 IP: respective gene against neg. ctrl. Myog, n = 3-4, *P < 0.05).

were downregulated following Pbx1- and Tcf3 kd to STRING
analysis. This approach revealed a replication-associated tar-
get network including Brca2, Rbl1 and Timeless (Figure 6D).
Pearson correlation analysis of public scRNA-seq data from
the V-SVZ (75) demonstrated correlation of Tcf3 expression
with all three targets (Figure 6D’-D”’). Commonly down-
regulated DEGs following depletion of Pbx1 or Tcf3 were
primarily associated with GO-terms related to DNA repli-
cation, while commonly upregulated genes were linked to
GO-terms related to neuronal differentiation and maturation
(Supplementary Figure S9C, D). These findings raise the in-
triguing possibility that the PBX1-TCF3 module may have
a role in balancing gene expression programs that act specifi-
cally in cell populations, which are in a state of transition from
cellular proliferation to differentiation, such as adult neural
progenitor cells. We also asked whether the transcriptional
changes observed after Pbx1 or Tcf3 kd were associated with
chromatin binding of PBX1 and TCF3 to the respective ge-
nomic loci. To this end, we assessed promotor occupancy of
the commonly dysregulated targets Cited2, Rbl1 and Proml
and two regulatory regions of Olig2 (upstream enhancer
and promotor) by ChIP-qPCR in Tcf3/E47-Flag-transduced
aNSs alongside two control loci, Myog, a known PBX1-target
during skeletal muscle differentiation not expressed in the V-
SVZ (9,17), and Dnm2, a gene whose promotor is occupied
by PBX1 but not TCF3 (Supplementary Figure S11). PBX1 oc-

cupied all selected target sites, while FLAG-specific antibodies
significantly enriched sites that were bound by PBX1 in com-
mon DEGs and Olig2 regulatory regions, but neither Dnm2
nor Myog (Figure 6E, E’).

We next asked whether PBX1-TCF3 interaction may ex-
tend beyond neurogenesis. To this end, we compared PBX1
and TCF3 genome-wide binding in ChIP-seq datasets ob-
tained from neural and hematopoietic cell populations. In
the t(1;19) translocation-bearing cell line 697, 9098 genomic
sites were bound by the TCF3-PBX1 fusion protein, 1816
of which overlapped with sites bound by PBX1 in aNS, and
274 positions additionally overlapped with sites bound by
TCF3 in NSC from the mouse embryonic cortex (48,57). Ge-
nomic sites occupied by the TCF3-PBX1 fusion protein in
697 cells also exhibited similar genome-wide binding prop-
erties as PBX1 or TCF3 in neurodevelopmental cell popu-
lations, and genes associated with binding in all three set-
tings were linked to GO-terms that suggest common involve-
ment in cell proliferation and hematopoiesis (Supplementary
Figure S12A-E). Moreover, comparing PBX1 and TCF3 bind-
ing profiles at example gene loci derived from our RNA-
seq experiments, the retinoblastoma-like 1 (Rbl1) promotor
and the promotor of minichromosome maintenance complex
component 5 (McmS), a part of the DNA replication licens-
ing complex, showed that both TFs occupied corresponding
sites in neurodevelopmental cell populations, leukemic cell
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lines with t(1;19) fusion (ICN12 and RCH-ACV), and B-
lymphoblastoids (Supplementary Figure S12F-G’). Together,
these observations suggest that PBX1 and TCF3 might inter-
act to co-regulate proliferation-associated genes across bio-
logical contexts.

To obtain information on possible shared PBX1-TCF3 tar-
gets in leukemogenesis, we performed additional unbiased
paradigms of data integration of ChIP-seq and RNA-seq data
derived from the public domain (Figure 7A; (57)). This anal-
ysis identified 41 genes potentially regulated by both tran-
scription factors, including B Lymphocyte Kinase (BLK) and
NOTCH3 (Supplementary Table S9). No#ch3 is a presumed
PBX1-target gene as its expression was significantly down-
regulated upon Pbx1 kd, whereas Blk is not expressed in
aNSs cells according to our RNA-seq results (Supplementary
Table S6). Nevertheless, PBX1 and TCF3 ChIP-seq profiles
at both Blk and Noitch3 were not only remarkably alike
in cells of neural origin (Supplementary Figure S13A, B),
they also shared many similarities across human hematopoi-
etic and leukemogenic cell populations irrespective of their
t(1;19) translocation status (Supplementary Figure S13A°, B).
Of note, upon viral overexpression of Pbx1a in Nalmé cells,
a PBX1-negative but TCF3-positive human pre-B cell line
(Supplementary Figure S13C, D), expression of PBX1 was
positively correlated with that of BLK and NOTCH3 (Fig-
ure 7B, C). Hence, ectopic expression of PBX1 was sufficient
to induce the expression of two in silico predicted, disease-
relevant target genes. Finally, to investigate to which extent
PBX1 and TCF3 cooperate in the control of cell proliferation,
aNSs cells were treated with siRNAs targeting Pbx1, Tcf3 or
with a combination of both, and subjected to spheroid assays
(Figure 7D). Combination treatment with both siRNAs signif-
icantly augmented the growth-reducing effect of either siRNA
alone. Together these findings suggest that PBX1 and TCF3
jointly control cell proliferation in aNS cells, a property which
may be hijacked by the PBX1-TCF3 fusion protein in ALL.

Discussion

Tissue homeostasis of essentially all adult organs relies on the
activation of resident stem cells, followed by precisely coordi-
nated phases of cell proliferation, cell fate specification and
cellular differentiation. Ordered transition through these
phases requires the interaction and mutual cross-regulation
of TFs. Focusing on the generation of neurons in the adult V-
SVZ neurogenic niche and PBX1, a broadly expressed home-
odomain TF in this germinal niche, we here provide an in-
tegrated multi-omics approach to decode a PBX1-centered
GRN that underlies early steps of adult neurogenesis. On the
one hand, our study exemplifies how the application of differ-
ent bioinformatic analysis formats can be used to make predic-
tions whose robustness can withstand subsequent experimen-
tal testing. On the other hand, our results shed light on how
the successive maturation of adult neuronal progenitor cells
can be controlled by an interacting network of TFs. At the
core of this network is a PBX1-TCF3/TCF4 transcriptional
module with likely relevance for leukemia etiology.

ChIP-seq analysis of PBX1 binding to chromatin demon-
strated numerous occupied sites in V-SVZ derived adult neu-
ral stem- and progenitor cells, indicating a wide range of func-
tions for PBX1 in this system. Integration of PBX1 ChIP-seq
motif analysis with ATAC-seq motif enrichment analysis, fol-
lowed by substantiation of the results with publicly available

12275

data allowed us to predict key neural TFs SOX2 and OLIG2,
as well as members of the NFI- and TCF- families as novel
PBX1-interactors in adult neural stem- and progenitor cells.
These in silico predictions were not only confirmed by sub-
sequent LC-MS/MS analysis, but association of individual
components of this network had also been reported for other
neurodevelopmental settings. For example, mass spectrome-
try experiments performed with the mouse embryonic NSC
line NS5 had placed SOX2, TCF4 and OLIG2 into a com-
mon regulatory network related to mental disorders (25). In a
comprehensive proteomic analysis conducted in the same cell
line, TCF4, TCF12, NFIA, NFIB, OLIG2 and SOX2 copuri-
fied together with the Mediator complex (76). Computational
analysis further identified SOX2 along with PBX1 and TCF4
as the most relevant factors in reprogramming epithelial-like
cells to induced neural stem cells (77). Lastly, ISMARA-based
gene regulatory network analysis had suggested NFIA as po-
tential interactor of PBX1 and PAX6 in V-SVZ-derived aNS
cells (24), and PBX1 and NFIA share common target genes,
including Agp4 and Nfasc, during the generation of astro-
cytes from mouse embryonic stem cells (78). The results re-
ported here bridge these diverse reports and place TALE-
HD/SOX2/NFI/TCF-associated GRNss at the core of cell fate
specification processes in diverse neurodevelopmental settings
(Figure 7E).

Our findings also underscore the notion that reorganization
of protein-protein interactions within GRNs drives develop-
mental progression. Working with primary aNS cultures and,
hence, with cells that are competent of differentiation towards
all neural lineages, immunoprecipitation with antibodies spe-
cific for PBX1 captured multiprotein complexes containing
diverse cell fate determinants. In separate experiments, spa-
tial whole-transcriptome RNA analysis of the V-SVZ lineage
revealed a biphasic expression dynamic for Pbx1 with high
expression in the V-SVZ germinal niche and a second wave
of expression in the OB. These findings support the concept
that PBX1 serves at least two roles during adult V-SVZ neu-
rogenesis: as part of an organizing structure in highly prolif-
erative, multipotent neural progenitor cells, as we report here,
and as platform for neuronal cell fate specification at later
stages of cellular maturation, consistent with published re-
ports (17,18). In this regard, PBX1 resembles the bHLH class
I1 factor OLIG2, which acts as regulator of self-renewal within
a multifactorial GRN in the NS5 NSC line (79) and as criti-
cal determinant of oligodendroglial lineage acquisition (80).
In addition, the fact that none of the proteins that PBX1 asso-
ciates with in aNS exhibits a comparable transcriptional up-
regulation in the OB supports the notion that the composi-
tion of PBX1-containing TF complexes changes along the de-
velopmental trajectory of V-SVZ neurogenesis. In fact, many
of the PBX1-interacting proteins identified here undergo dy-
namic complex formation to gain specificity. The TCF3 splic-
ing isoform E47, for example, heterodimerizes with ASCL1
and NEUROG2 to activate neurogenic gene expression, but
induces oligodendrocyte fate upon heterodimerization with
OLIG2 (81). Similarly, NFI factors can promote proliferative
quiescence, while also controlling cell specification of bipo-
lar interneurons in late retinal progenitor cells (82) and NFIA
has been described as gliogenic switch enabling astrocytic dif-
ferentiation (78,83). Collectively these findings argue that the
specificity of PBX1 and its binding partners depends on the
syntax of the TF complexes they form in distinct cellular
contexts.

20z JequadaQ /g Uo Jasn A19100S Youeld-xe Aq 6£9S 18./292Z 1/02/2SG/P101HE/1eu/wo0"dno olwspese//:Sdiy Wwoly papeojumoq


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae864#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae864#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae864#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae864#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae864#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae864#supplementary-data

12276

Nucleic Acids Research, 2024, Vol. 52, No. 20

A Bound by TCF3-PBX1 TCF3-PBX1 ChIP-seq peaks in 697 cells ‘ B = 0.025 4 A=064,p=00078
cQ
9098 83
i B9 00204, :
[T
Promotor binding sites of Indetifying promotor ChiP-seq peaks il &
TCF3-PBX1 by annotation with ChiPseeker é ] 0.015 + '
1945 ® 5
001 0 - T 2 T T T T
0.0 0.1 0.2 0.3 0.4
Differential expreasion in PBX1 Expression rel. to RPLPO [ddCt]
Regulated by TCF3-PBX1 Regulated by PBX1
RNA-seq: PBXT and TOF3 kd C A= 0.86, p=236-05
24 ) ( gl ) S 5= 3e-05-
¥ ! 33
82
TCF3 and PBX1 binding sites Correlation of target with PBX1 E_E 2e-054 -
suggest possible interaction expression in hematopoietic cell lines wl i
P 1e-054 «
27 14 L
Scan for binding sites Expression data 5 = .
N ) Z 2 0e+00-
in proximity by GiiDER in DepMap 0.0 0.2 0.4 0.6
PBX1 Expression rel. to RPLPO [ddCt]
D ctrl =@ Pbx1kd =@ Pbx1+Tcf3kd =@ Tcf3 kd E
13
=
E
12
<
2
<]
=14
=
a
N
© 1.0
=l
Pt el ek REE
0.9 aE
40 50 60 70
Time post Treatment [h]
F 4

t(1;19) translocation

TCF3-PBX1

. ~_A

(neural) progenitor genes

proliferation-associated
genes

Figure 7. PBX1-TCF3 interaction in hematopoiesis. (A) In silico prediction of public domain ChlIP-seq and RNA-seq data identifies BLK and NOTCHS3 as
direct target of PBX1-TCF3 interaction in the hematopoietic context. (B, C) Transcript quantification of BLK (P < 0.01) (B) and NOTCH3 (P < 0.001) (C)
expression in Nalm6 cells following viral transduction of Pbx7a (n = 16, Pearson Correlation test). (D) Spheroid assay of aNS with Pbx7, Tcf3 or
combined knockdown (n = 4-7; statistical significance: *P < 0.05, **P < 0.01, ***P < 0.001 with unpaired Student’s t-test). (E) TALE-HD, TCF, NFI,
SOX2 and OLIG2 are putative binding partners of PBX1 in adult neural progenitor cells. (F) The ability of PBX1 and TCF3 to regulate GRNs in (neural)
progenitor cells might be hijacked by the leukemogenic TCF3-PBX1 fusion protein, leading to pathological upregulation of proliferation-associated gene

expression programs.

In this study we further confirm the previous observa-
tion that Pbx1 depletion compromises neuronal differentia-
tion (17). Prima facie contradictory to this, our RNA-seq re-
sults indicate an upregulation of neuronal targets upon Pbx1
depletion. However, upregulated neuronal targets, including
Grial and Grin2b, are primarily associated with glutamater-
gic rather than the bona fide V-SVZ GABAergic cell fate.
This observation is consistent with a gatekeeping-like role for
PBX1, preventing untimely differentiation to an adverse cell
fate, disrupted by Pbx1 kd. Interestingly, the effect of reduced
neuronal differentiation was mimicked by knockdown of Tcf3
or Tcf4, further strengthening a functional interaction of these
three proteins. Cooperative DNA-binding of PBX1 and myo-
genic bHLH proteins had previously been investigated with
electrophoretic mobility shift assays and in vitro generated
proteins. This approach attributed complex formation to the

PBX1-HD and a conserved tryptophan residue N-terminal to
the bHLH domain (84). The association of PBX1 with bHLH
class I factors that we report here differs because, first, the PBC
domain not the HD of PBX1 is involved in binding and, sec-
ond, the tryptophan that mediates binding of myogenic bHLH
to PBX1 is not conserved in TCF3, TCF4 and TCF12. Indi-
rect evidence for functional cooperativity of PBX1 and TCF3
in neurodevelopment exists. For instance, exploring the GRN
of the TCF3 splice variant E47 in the mouse embryonic fore-
brain, Pfurr and colleagues detected no interaction with pre-
dicted binding partners of the NeuroD family and thus con-
cluded that E47 might act in concert with previously unrecog-
nized proteins (48). Based on the discoveries made here and in
agreement with the results reported by Golonzhka et al. (14),
PBX1 is a major candidate E47-interacting protein in fore-
brain neurogenesis.
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While primarily focusing on proliferation and differentia-
tion in the V-SVZ adult neural stem cell niche, our results
may also have implications beyond neurogenesis. Translo-
cation between chromosome 1q23 and chromosome 19p13
produces an oncogenic fusion protein consisting of the N-
terminal transactivating domain of the human TCF3 homolog
E2A and the C-terminal part of PBX1 (4). E2A is critically im-
portant for B-cell lineage commitment, evident from the fact
that targeted deletion of the gene in mice blocks early stages
of B-cell development (85) or from the observation that E2A
overexpression can upregulate B-cell specific genes in non-
lymphoid cells (86). The leukemogenic activity of the t(1;19)
translocation event has been attributed to the strong tran-
scriptional activity of the E2A-PBX1 fusion protein (85). In
general, E2A-PBX1 is considered a neo-oncogene that brings
together the transcriptional activation activity of E2A and the
DNA-binding specificity of PBX1. Our observation that PBX1
and TCF3 physically interact and control the expression of
shared target genes in adult neurogenic progenitor cells ex-
pands this view. In fact, we would argue that t(1;19) translo-
cation does not simply join two independent TFs but rather
stabilizes the association of two proteins, which are proven
cooperators in an unrelated physiological context, into a fa-
tal symbiosis. For transcriptionally active multi-TF complexes
to form, the proteins involved must not only be able to as-
semble and interact in a sterically meaningful way, the reg-
ulatory elements of downstream genes must also possess the
sequence motifs that can be bound and ‘read’ by these com-
plexes. The evolution of physiologically active transcriptional
complexes, hence, relies on the co-evolution of the protein-
coding sequences of the TFs that constitute these complexes
on one hand and of the regulatory sequences of their shared
target genes on the other. Effective transcription is only possi-
ble when both elements come together: stoichiometrically cor-
rectly assembled TFs and matching sequence motifs in the pro-
moters and enhancers of downstream genes. It therefore seems
plausible to assume that a fusion protein consisting of two TFs
that control progenitor cell proliferation as components of the
same multiprotein complex will constitute a particularly ag-
gressive oncogenic driver. Against this background, the forced
heterodimer of TCF3 and PBX1 may freeze a proliferative cel-
lular state and serve as turning point where malignant trans-
formation of t(1;19) ALL cells occurs (Figure 7F).

In support of this hypothesis, we find that ectopic expres-
sion of Pbx1 in Nalmé cells, a B-cell precursor leukemia
line that lacks t(1;19)-translocation and expresses TCF3/E2A
but not PBX1, is sufficient to upregulate expression of BLK
and NOTCH3. BLK has been associated with a multitude of
hematopoietic cancers (87),and NOTCH3 plays an oncogenic
role in various neoplasms including leukemia (88). This obser-
vation provides additional support for the assumption that the
ability of PBX1 and TCF3/E2A to function together during
physiological conditions might be an important aspect of the
leukemogenic effect of the E2A-PBX1 fusion protein. In fact,
PBX1 in aNS and E2A-PBX1 in the human pre-B leukemia
cell line 697 (57,89) share a number of similarities, including
binding to the transcription machinery and preferential local-
ization to chromatin marked by H3K27ac. In addition, we
find that in adult neural stem- and progenitor cells PBX1 and
TCEF3 positively regulate the expression of genes involved in
progenitor cell proliferation, while negatively regulating genes
associated with cellular differentiation, a function that seems
to be retained in the E2A-PBX1 fusion protein. However, clear
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differences with respect to the involvement of other TFs in
the PBX1-containing complexes also exist in both settings.
E2A-PBX1 in pre-B cells forms heteromeric complexes with
RUNX1, a Runt-related TF linked to several types of leukemia
(57) but not expressed in the V-SVZ neurogenic niche, while
PBX1 and TCF3 associate with neural and neuronal cell fate
determinants in adult neural stem- and progenitor cells.

In conclusion, using a broad spectrum of approaches our
study establishes that the TALE-HD protein PBX1 and the
class I bHLH TFs TCF3 and TCF4 function together under
physiological conditions, an ability that appears to be con-
served across physiological contexts and hijacked by the E2A-
PBX1 oncogenic fusion protein in t(1;19) leukemia.
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