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ABSTRACT

Recently, we identified deregulated expression of the B-cell specific transcription
factor MEF2C in T-cell acute lymphoid leukemia (T-ALL). Here, we performed sequence
analysis of a regulatory upstream section of MEF2C in T-ALL cell lines which, however,
proved devoid of mutations. Unexpectedly, we found strong conservation between
the regulatory upstream region of MEF2C (located at chromosomal band 5q14) and
an intergenic stretch at 7q11 located between STAG3L4 and AUTS2, covering nearly
20 kb. While the non-coding gene STAG3L4 was inconspicuously expressed, AUTS2
was aberrantly upregulated in 6% of T-ALL patients (public dataset GSE42038) and
in 3/24 T-ALL cell lines, two of which represented very immature differentiation
stages. AUTS2 expression was higher in normal B-cells than in T-cells, indicating
lineage-specific activity in lymphopoiesis. While excluding chromosomal aberrations,
examinations of AUTS2 transcriptional regulation in T-ALL cells revealed activation
by IL7-IL7R-STAT5-signalling and MEF2C. AUTS2 protein has been shown to interact
with polycomb repressor complex 1 subtype 5 (PRC1.5), transforming this particular
complex into an activator. Accordingly, expression profiling and functional analyses
demonstrated that AUTS2 activated while PCGF5 repressed transcription of NKL
homeobox gene MSX1 in T-ALL cells. Forced expression and pharmacological inhibition
of EZH2 in addition to H3K27me3 analysis indicated that PRC2 repressed MSX1 as
well. Taken together, we found that AUTS2 and MEF2C, despite lying on different
chromosomes, share strikingly similar regulatory upstream regions and aberrant
expression in T-ALL subsets. Our data implicate chromatin complexes PRC1/AUTS2
and PRC2 in a gene network in T-ALL regulating early lymphoid differentiation.

INTRODUCTION cellular differentiation of thymocytes. The chromosomal
rearrangement t(10;14)(q24;q11) activates NKL homeobox
gene TLX1, and t(5;14)(q35;932) activates TLX3 or

NKX2-5 [5-8]. Aberrant activation of NKL homeobox

In T-cell acute lymphoid leukemia (T-ALL) several
types of oncogenes are involved in leukemogenesis

deregulating survival, proliferation and developmental
processes, resulting in differentiation arrest of developing
T-cells at particular stages [1-3]. T-cell differentiation
is mainly regulated at the transcriptional level creating
gene regulatory networks [4]. Therefore, deregulation of
transcription factors (TFs) represents a basic mechanism
of T-cell transformation. Homeobox genes encode
particular TFs which perform fundamental functions
in developmental processes. Several genes of the NKL
subclass are aberrantly activated in T-ALL and deregulate

gene MSXI is not mediated by chromosomal alterations
but via deregulation of the BMP-signalling pathway
[9]. This gene is physiologically expressed in early
lymphopoiesis and silenced during ensuing differentiation
steps [10]. Accordingly, MSX1 represses differentiation
of other tissues/cell types as well, including muscle
cells and cardiomyocytes [11, 12]. Therefore, repression
of differentiation may represent a common outcome of
aberrantly expressed structurally and functionally related
NKL homeobox genes for thymocyte transformation [9].
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Polycomb repressor complex (PRC)1 and PRC2
represent transcriptional repressors of developmental genes,
including homeobox genes [13—15]. These complexes
consist of several proteins forming subtypes according to
composition, localization and function [15—17]. Aberrant
downregulation of PRC2 member EZH?2 has been reported
in T-ALL resulting in activation of the clustered homeobox
gene HOXA10 [18]. Furthermore, in T-ALL and early
T-cell progenitor (ETP)-ALL inactivating mutations have
been found in EZH2 and additionally in EED and SUZ12
[19-21]. In contrast, in adult T-cell leukemia the activity
of PRC2 is aberrantly enhanced [22], highlighting the
importance of a balanced activity of regulatory chromatin
complexes for normal lymphoid development.

MEF2C encodes a MADS-box TF which regulates
the development, proliferation and survival of B-cells,
and is silenced in T-cells [23-25]. Aberrant activation
of MEF2C during T-cell differentiation contributes to
leukemogenesis in a subset of T-ALL associated with
an immature phenotype [26, 27]. In this malignant
context MEF2C transcription is directly activated by the
oncogenic TF NKX2-5 or via chromosomal aberrations
including T-cell receptor gene translocation or upstream
deletion. The genomic deletion of its regulatory upstream
region removes a repressive STATS binding site thus
promoting aberrant activation [26, 28].

The advent of next generation sequencing and
the analyses of whole cancer genomes have revealed
oncogenic mutations located in protein coding genes in
addition to regulatory gene regions targeting particular
TFBS. Recently, a mutated binding site for GATA3 in a
super-enhancer of the LMO1 gene has been identified in
neuroblastoma, and the mutagenic formation of a TFBS
for TCFL2 in the MYC gene mediates elevated expression
in intestinal tumors [29, 30]. Thus, TFBS mutations
represent a basic but probably underestimated mechanism
of oncogenic aberration.

The foregoing considerations prompted our enquiry
into the wider role of TFBS mutations in T-ALL as
well. Therefore, we sequenced in T-ALL cell lines the
reported STATS binding site at MEF2C which mediates
transcriptional repression via IL7 signalling [28].
However, while failing to detect TFBS mutations thereat,
this approach uncovered striking regulatory sequence
conservation between MEF2C at chromosomal band 5q14
and AUTS2 at 7q11. Subsequent investigations revealed
novel roles for AUTS2 as chromatin modulator impacting
early lymphoid development and T-cell leukemogenesis.

RESULTS

Concurrent regulatory sequences at MEF2C and
AUTS2

Expression analysis of MEF2C in 79 pediatric T-ALL
samples (public dataset GSE42038) demonstrated aberrant

overexpression in 19% of the patients at varying levels
(Figure 1A). RQ-PCR analysis of T-ALL cell lines yielded
similar expression data for MEF2C in both frequency
(4/24, 17%) and range of levels (Figure 1A). MOLT-16
and RPMI-8402 expressed low RNA levels while del(5q14)
containing cell line LOUCY and NKX2-5 expressing
cell line CCRF-CEM transcribed the highest levels,
supporting the published data [26-28]. Quantification
of MEF2C expression levels in primary hematopoietic
cell/tissue samples in comparison to T-ALL cell line
LOUCY showed vanishingly low expression in T-cells,
contrastingly high levels in B-cells and aberrant activity in
T-ALL (Figure 1A), endorsing these cell lines as suitable
models for analyzing MEF2C deregulation in T-ALL. To
investigate whether mutations in the reported repressive
STATS TFBS located in the promoter region of MEF2C
were implicated in T-cell leukemia, we performed sequence
analyses of a 750 bp stretch in seven selected T-ALL cell
lines (CCRF-CEM, JURKAT, MOLT-16, LOUCY, PEER,
PER-117, RPMI-8402). However, this exercise showed
the absence of mutations (data not shown), discounting
involvement of sequence alterations in this TFBS in
MEF2C deregulation in these T-ALL models.

BLAST and BLAT alignments of our obtained
cell line data indicated corresponding sequences at
5ql4 (MEF2C) and surprisingly at 7ql1, showing few
mismatched positions between these loci (Supplementary
Figure S1). Extended analysis demonstrated that this
sequence match between 5q14 and 7ql11 covers a length
of 19.15 kb (Figure 1B, 1C, 1D). Within these regions
we recognized two blocks of conserved TFBS, named
here A and B (Figure 1B, 1C). The indicated repressive
binding site for STAT5 at 7q11 was located in block A,
downstream of STAG3L4, respectively far upstream of
AUTS?2 (Figure 1D) which, therefore, might be involved
in regulation of either of these genes.

Genomic comparisons between human and mouse
showed structural differences at 7ql1 but not at 5q14
(Supplementary Figure S2A, S2B). The absence of the
conserved regulatory region together with STAG3L4 in
the mouse genome likely reflects ancient processes of
genomic evolution. Moreover, remaining STAG3-like
genes are present in humans and primates but not in mice.
These non-coding genes of unknown function probably
emerged in higher vertebrates [31]. Furthermore, while
STAG3L4 is located upstream of AUTS2 in humans
it lies downstream of AUTS2 and WBSCRI17 in the
chimp (Supplementary Figure S2C), demonstrating
ongoing alterations in this genomic region during primate
evolution.

Expression analysis of STAG3L4 and AUTS2

Aberrant activation of MEF2C in T-ALL via
chromosomal translocation or genomic deletion at 5q14
implicates the removal of its regulatory upstream region
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Figure 1: MEF2C expression and genomic regions at Sq14 and 7q11. (A) Expression analysis of MEF2C in T-ALL patients
(public dataset GSE42038) indicated aberrant overexpression in 19% samples (left). RQ-PCR analysis of MEF2C in T-ALL cell lines
demonstrated aberrant expression in 4 cell lines (middle). RQ-PCR analysis of MEF2C in primary cells showed high expression levels
in B-cells, silencing in T-cells, and aberrant expression in T-ALL cells (right). (B-D) The 5q14 and 7q11 homologous sequence (boxed
region) is located in the upstream region of MEF2C (B), in the downstream region of STAG3L4 (C) or in the upstream region of AUTS2
(D). This region contains two blocks of conserved TF binding sites which are named A and B (data were obtained from UCSC Genome
Bioinformatics). The conserved STATS5 binding site is indicated in red.
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in the pathogenesis of this malignancy [26-28]. The
observed similarity of regulatory sequences between
chromosomal positions at 5q14 and 7q11 might indicate
a role of these sequences in gene deregulation at 7q11 as
well. Therefore, we asked if STAG3L4 and/or AUTS2
show aberrant expression patterns in T-cell leukemia. To
this end we performed RQ-PCR and expression profiling
analyses. Transcript levels of STAG3L4 showed similar
values in all 24 T-ALL cell lines excluding aberrant
expression in these samples (Figure 2A). Expression
analysis of STAG3L4 in 79 T-ALL patients (GSE42038)
again showed inconspicuous activity (Figure 2A), leaving
this gene without pathological findings.

In contrast, we observed conspicuous discrepancies
in AUTS?2 transcript levels, demonstrating overexpression
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expressed the highest levels as shown by quantitative RQ-
PCR and Western blot. Of note, these cell lines represent
very early staged T-ALL cases which might reflect
pathological significance [9, 18]. Among T-ALL patient
samples analyzed, 6% showed eclevated AUTS2 levels,
pinpointing aberrant expression in a considerable subset of
this malignancy. RQ-PCR analysis of AUTS2 in primary
hematopoietic cells/tissues showed raised expression
levels in B-cells and suppression in T-cells, indicating
contrasting regulation in the development of lymphoid
lineages (Figure 2D). Taken together, we identified
physiological expression in hematopoiesis and aberrant
activation of AUTS2 in a T-ALL subset. These findings
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Figure 2: Expression analyses of STAG3L4 and AUTS2. (A) RQ-PCR analysis of STAG3L4 in T-ALL cell lines (left). Expression
analysis of STAG3L4 in T-ALL patient samples (public dataset GSE42038) (right). (B) RQ-PCR analysis of AUTS2 in T-ALL cell
lines indicated overexpression in 3 cell lines (left). Expression analysis of AUTS2 in T-ALL patients (GSE42038) indicated aberrant
overexpression in 6% of the samples (right). (C) Western blot analysis of AUTS2 in selected T-ALL cell lines shows elevated expression
in LOUCY and PER-117. Tubulin A served as loading control. (D) RQ-PCR analysis of AUTS2 in primary cells showed high expression
levels in B-cells, reduced levels in T-cells and overexpression in LOUCY and PER-117.
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prompted examinations of the regulation and function of
AUTS2 in T-ALL in more detail, using high and low level
expressing cell lines as models.

(De)regulation of AUTS2 expression in T-ALL

The genomic region at 7qll in humans showed
several alterations in comparison to other vertebrates
(see above). Moreover, chromosomal rearrangements
of AUTS2 have been described in neurodevelopmental
disorders and B-cell precursor ALL [32-36]. To
investigate the role of genomic alterations of AUTS2 in
T-ALL we performed genomic array analyses of T-ALL
cell lines CCRF-CEM, JURKAT, LOUCY, PER-117 and
RPMI-8402. These data indicated a copy number gain
at 7ql11 only in PER-117 which exhibits chromosome 7
triploidy (Figure 3A). RQ-PCR analysis of genomic DNA
from T-ALL cell lines DND-41, JURKAT, LOUCY, PER-
117 and SUP-T1 demonstrated alone for PER-117 three
copies of AUTS2, confirming the array data and excluding
cryptic amplifications (Figure 3A). FISH analyses of the
AUTS2 locus in DND-41, LOUCY and PER-117 showed
absence of chromosomal translocations (Figure 3A),
indicating that genomic aberrations do not play a major
role in AUTS?2 activation in T-ALL.

Next, we analyzed candidate TFs which might
mediate AUTS2 (de)regulation in T-ALL cells. As
described above, we identified a conserved STATS-site
located in the far upstream region of AUTS2 (Figure 1C).
To check if STATS5 regulates AUTS2 transcription
we performed in LOUCY and JURKAT cells siRNA-
mediated knockdown and forced overexpression of
STATS, as well as treatment with STAT5-activator 1L7
(Figure 3B). Collectively, these data showed that STATS
activates transcription of AUTS2. Recently, mutations in
the extracellular juxta-transmembrane domain of the IL7
receptor gene IL7R have been shown to drive constitutive
signalling activity via STATS in T-ALL [37]. Sequence
analysis of this gene section in IL7R-expressing T-ALL
cell lines detected the reported insertion-type of mutation
in one IL7R allele of DND-41 (Figure 3C). Accordingly,
siRNA-mediated knockdown of IL7R in DND-41 resulted
in reduced expression of AUTS2 (Figure 3D), explaining
elevated AUTS2 levels in this cell line (Figure 2B), and
supporting that IL7-STATS5-signalling mediates AUTS2
activation.

Furthermore, in silico sequence analysis of the
AUTS?2 promoter region revealed three MEF2C binding
sites located at —2808 bp, —5527 bp, and —24537 bp
(Supplementary Figure S3). To see if MEF2C regulates
AUTS2 expression we performed siRNA-mediated
knockdown of MEF2C and quantified AUTS2 transcript
levels. These data demonstrated that MEF2C mediated
AUTS2 activation in LOUCY cells (Figure 3E).
Additionally, we performed reporter gene assays for each
of these MEF2C sites in JURKAT cells. While forced

expression of MEF2C together with a reporter-construct
containing distal binding site 3 showed no significant
effect, constructs containing sites 1 or 2 were accompanied
by reporter gene inhibition, showing that MEF2C directly
binds and regulates AUTS2 via these two proximal
sites (Figure 3F). However, the observed reporter gene
inhibition instead of an expected activation may result
from cloning constrictions of the regulatory regions
artificially performed for this assay. Taken together, we
showed that copy number gain, IL7-STAT5-signalling,
and TF MEF2C contribute to the aberrant expression of
AUTS2 in T-ALL.

AUTS2 activates expression of NKL. homeobox
gene MSX1

AUTS2 encodes a nuclear protein which interacts
with PCGF5/PRC1.5 and converts this subtype of
repressor complex into an activator [38, 39], indicating
that the AUTS2 regulated genes are enhanced in
overexpressing cells. To identify AUTS2 target genes in
T-ALL we performed expression profiling. Comparing
AUTS2-high (LOUCY, PER-117) and AUTS2-low (ALL-
SIL, CCRF-CEM, PEER) T-ALL cell lines we found
2166 gene candidates showing at least 6-fold enhanced
expression levels (Supplementary Table S1). This
approach confirmed elevated expression of AUTS2 and
MEF2C and revealed upregulation of several homeobox
genes including members of the HOXA- and HOXB-
cluster, MSX1 and PBX1. Accordingly, gene-annotation
enrichment analysis of the top 500 differentially expressed
genes indicated that AUTS2 regulates developmental
processes including transcription and signal transduction
(data not shown). We focused on MSX1 and HOXA10
previously described as aberrantly expressed in early-
staged T-ALL and which are regulated by chromatin
modifications [9, 13, 18]. SIRNA-mediated knockdown
of AUTS2 in LOUCY resulted in reduced expression of
MSX1 while HOXA10 and MEF2C levels did not change
(Figure 4A). AUTS2-knockdown in PER-117 resulted
in MSXI1 reduction as well, while in AUTS2-low cell
line JURKAT no change was effected by this treatment
(Figure 4A). In contrast, forced expression of AUTS2
in JURKAT cells resulted in elevated MSX1 expression
(Figure 4A), supporting an activatory input of AUTS2 on
homeobox gene MSX1.

Quantification of PCGFS5 transcripts in T-ALL cell
lines by RQ-PCR indicated the highest values for DND-
41 and the lowest for PER-117 (Figure 4B), showing
an inverse relation of expression levels for repressor
gene PCGF5 and homeobox gene MSXI1 [9]. Analysis
of PCGFS5 transcription in primary hematopoietic cells/
tissues demonstrated enhanced values in both B-cells and
T-cells, indicating upregulation of PCGFS5 expression
during lymphoid development (Figure 4B). Comparison of
PCGFS transcript levels between LOUCY, PER-117 and

www.impactjournals.com/oncotarget

45402

Oncotarget



A [T aurkaT
o2 i B ety AN AW ( AUTS2

l . *

7 Loucy
Rt et At it et it I i APy A s srpe]

. [ |
7 PERA17
Ao i gt S et bt S e Mot o S S8 s et

fold copy number

copy number | MEF2C

F1 1 B0 (LA URCURTINVAVIC AT AR R YT TR R vga:h
g ox2yd
g zEox 5

63-2¢a

VAT 1100 RO OV OR0 OO NN VRO ARIE 001 MO DO 0D

PER-117

w
9
g
>
>
c
5
(2]
N

| AUTS2 15 sTATS [[AUTS2 | 4 | MEF2C | AUTS2
*

Id i
*
*
*
*
*
*
fold expression

LOUCY Control
LOUCY IL7
JURKAT siControl
JURKAT siSTATS
JURKAT vector
JURKAT STAT5A
JURKAT vector
JURKAT STATSA

s g
£ &
s =
o @
S %
2
g s
X
¥
s 3

LOUCY siControl
LOUCY siSTAT5A
LOUCY siControl
LOUCY siSTATSA

siControl
SISTATS
control
IL7 (4h)
vector
STATSA

sws [ »oee [ s
TUBA TUBA

JURKAT

-

Loucy Loucy

IL7R (DND-41)

fold expression

DND-41siCTR
DND-41silL7TR

£«
o o
S 3
33
Q 9
zZ Z
o o

2 AUTS2prom-3
reporter

n.s.

LOUCY siCTR
LOUCY siMEF2C
LOUCY siCTR
LOUCY siMEF2C
JURKAT vector
JURKAT MEF2C
JURKAT vector
JURKAT MEF2C
JURKAT vector
JURKAT MEF2C

Figure 3: Gain at 7q11, IL7-STATS and MEF2C activate AUTS2 expression. (A) Genomic profiling of T-ALL cell lines
JURKAT, LOUCY and PER-117 shows copy number states of chromosome 7, indicating whole chromosome triploidy in PER-117 (above,
left). Quantitative PCR analysis of AUTS2 indicated 3 copies in PER-117 (Above, right). FISH analysis of AUTS2 (orange) and chromosome
7 (green) in DND-41, LOUCY and PER-117 indicates absence of chromosomal rearrangements at AUTS2 (below). (B) RQ-PCR
analysis (above) after siRNA-mediated knockdown of STATS, treatment with IL7, and forced overexpression of STATS in LOUCY and
JURKAT cells. Western blot analyses (below) confirmed knockdown, increased phosphorylation and overexpression of STATS. Tubulin
A and SMADI served as loading controls. (C) Sequencing results of a IL7R gene section in DND-41 cells show wild type configuration
of one allele (above) and an insertion in the other allele (below). This insertion encodes 4 amino acid residues comprising cysteine which
mediates aberrant receptor activation. (D) SiIRNA-mediated knockdown of IL7R in DND-41 resulted in reduced expression of AUTS2.
(E) SiRNA-mediated knockdown of MEF2C in LOUCY resulted in reduced expression of AUTS2. (F) Reporter gene assay analyzing
3 potential MEF2C binding sites in the upstream region of AUTS2 demonstrated direct binding and regulation of AUTS2 by MEF2C.

www.impactjournals.com/oncotarget 45403 Oncotarget



primary hematopoietic cells showed reduced expression
in both T-ALL cell lines (Figure 4B). SiIRNA-mediated
knockdown of PCGFS5 resulted in increased expression
of MSX1 in LOUCY and JURKAT but not in PER-117
(Figure 4C). In contrast, forced expression of PCGFS5 in
PER-117 resulted in strongly decreased MSX1 expression
(Figure 4C), supporting that PCGF5 repressed MSX1
and suggesting that the relative amounts of AUTS2 and
PCGF5 may play a key role in target gene regulation.
Again HOXA10 expression was not affected by PCGF5
knockdown (Figure 4C), discounting PCGF5/PRC1.5 as a
general regulator of homeobox genes.

PRCs mediate gene repression via modification
of histones by methylation and ubiquitinylation [15].
AUTS2 inhibits histone ubiquitinylation and recruits
histone acetyltransferase EP300 to effect gene activation
[39]. Accordingly, treatment with histone deacetylase
inhibitor TSA resulted in increased MSX1 expression
and treatment with EP300 inhibitor ICBP112 resulted in
decreased expression (Figure 5A). These data demonstrate
that histone acetylation is involved in the transcriptional
regulation of NKL homeobox gene MSXI1.

Furthermore, PRC1 interacts with PRC2 leading to
combined or sequential operations in gene suppression
[40, 41]. EZH2 represents the central component of PRC2
and performs repressive tri-methylation of histone H3 at
K27 [15]. DZNep is a pharmacological inhibitor which
mediates degradation of EZH2 as shown recently in
JURKAT cells [18, 42]. Here, treatment of JURKAT cells
with DZNep resulted in enhanced expression of MSX1
(Figure 5B), indicating a suppressive impact of PRC2 on
this homeobox gene as well. LOUCY does not express
EZH2 [18], consistently showing no effect of DZNep
treatment on MSX1 expression (Figure 5B). In contrast,
forced expression of EZH2 in LOUCY cells resulted in
reduced transcription of MSX1 (Figure 5B), supporting that
EZH2/PRC2 mediates repression of MSX1. Supporting
this notion, ChIP analysis demonstrated the presence of
H3K27me3 at the promoter region of MSX1 in JURKAT
but not in LOUCY cells (Figure 5B). However, we were
unable to detect H2AK119ubl at that region, leaving open
whether PRC1-mediated histone H2A ubiquitinylation
plays a role in MSX1 regulation in these cells.

Gene-specific recruitment of PRCI is performed
inter alias by binding to particular TFs. The hematopoietic
TF RUNXI1 has been shown to interact/recruit PRCI
components including PCGF5 [43]. Sequence-analysis
of the MSX1 promoter region revealed two potential
binding sites for RUNXI1 located at 474 bp and —1576
bp (Supplementary Figure S4), suggesting that RUNX1
may aid the recruitment of repressor complex PRC1.5 to
the regulatory region of MSX1. To investigate the impact
of RUNXI on the expression of MSX1 we performed
siRNA-mediated knockdown in JURKAT and LOUCY
cells. This treatment resulted in elevated expression of
MSX1 (Figure S5C). Moreover, forced expression of

RUNXI1 in LOUCY and PER-117 resulted in reduced
MSX1 transcription (Figure 5C), consistent with
transcriptional inhibition by RUNXT.

Finally, gene analyses of 79 T-ALL patients
(GSE42038) demonstrated that the overlap of patients
with maximal RNA expression of both AUTS2 and MSX1
was statistically significant (p = 0.0053) (Figure 5D).
These data support that our experimental findings obtained
in T-ALL cell lines have clinical significance. Therefore,
T-ALL patients showing upregulation of AUTS2 or MSX1
may benefit from treatments with specific inhibitors of
chromatin regulators, representing a promising therapeutic
approach for this subset of patients.

DISCUSSION

Our key findings are summarized in Figure 6,
specifically the identification of AUTS2 and PCGFS as
antagonistic regulators of NKL homeobox gene MSX1 in
T-ALL cells. We also showed that MSX1 is repressed by
EZH2 via tri-methylation of histone H3 and that histone
acetylation activates MSXI1 transcription probably
via histone acetyltransferase EP300 recruitment by
AUTS?2. Instead of chromosomal rearrangement AUTS2
deregulation is conducted by the IL7-STATS-pathway and
by MEF2C. STATS activates AUTS2 but simultaneously
represses MEF2C. The corresponding STATS binding sites
are embedded in large regulatory upstream regions which
are conserved between AUTS2 at 7ql1 and MEF2C at
5ql4. Our data suggest synergistic inputs of AUTS2 and
MEF2C in lymphopoiesis and leukemia (de)regulating
NKL homeobox gene MSXI1.

Genomic comparisons between human and mouse
revealed similar gene configurations at 5q14 but several
differences at 7q11. Humans possess 6 gene variants of
STAG3 (STAG3L1-6) absent in the mouse genome.
STAG3 encodes a meiotic protein while the function of
the non-coding STAG3-like RNAs is elusive [31, 44].
AUTS2 encodes an evolutionary conserved nuclear
protein [38]. Mutations of AUTS2 have been correlated
with neurodevelopmental disorders [33]. Accordingly,
AUTS2 is expressed in fetal brains but also in leukocytes
[32, 33]. Interestingly, the human AUTS2 gene differs
from its orthologue in Neandertals, indicating ongoing
evolutionary alterations in this chromosomal region [45].
Genomic aberrations targeting AUTS2 have been reported
in patients with neurodevelopmental disorders and B-cell
precursor ALL while absent from T-ALL as shown here
[32-36]. Aberrant fusions with the B-cell specific gene
PAXS may indicate physiological expression and function
of AUTS2 in B-cell development. Accordingly, our data
demonstrate AUTS2 activity in B-cells and silenced
transcription in T-cells, indicating lineage-specific
functions in lymphopoiesis. Aberrant reactivation in the
T-cell lineage may thus promote developmental defects or
leukemic transformation.
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STATS and MEF2C regulate AUTS2 transcription
in T-ALL (as shown here) and are coexpressed in the fetal
mouse brain (Supplementary Figure S5). MEF2C is a key
developmental factor in brain neurogenesis and deletions
have been reported in autism-related disorders [46, 47].
Furthermore, left/right asymmetry in the developing
brain reportedly correlates with AUTS2 and MEF2C
expression [48]. MEF2C is also expressed in B-cell but
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not in T-cell development [23, 25], thus correlating with
AUTS?2 activity in B-cell lymphopoiesis. In T-ALL both
MEF2C and STATS are deregulated and contribute to
leukemogenesis. MEF2C serves as an oncogene in an
immature subtype of T-ALL and is aberrantly activated via
NKL homeodomain TF NKX2-5 or by genomic upstream-
deletions eliminating a repressive binding site for STATS
[26-28]. STATS is mobilized via the IL7-pathway which
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Figure 4: AUTS2 and PCGFS5 regulate MSX1 expression
in reduced expression of MSX1 but not of HOXA10 or MEF2C (left). SIRNA-mediated knockdown of AUTS2 in PER-117 resulted in
reduced expression of MSX1 (middle). SIRNA-mediated knockdown of AUTS2 in JURKAT showed no change in MSX1 expression levels
(middle). Forced expression of AUTS2 in JURKAT resulted in MSX1 upregulation while HOXA10 levels remained unaffected (right).
(B) RQ-PCR analysis of PCGFS5 in selected T-ALL cell lines (left). PER-117 showed the lowest PCGFS5 expression level. RQ-PCR analysis
of PCGFS in primary hematopoietic cells showed elevated expression levels in B- and T-cells and reduced levels in T-ALL cell lines (right).
(C) SiRNA-mediated knockdown of PCGFS5 in LOUCY (left) and JURKAT (middle) resulted in enhanced expression of MSX1 but not of
HOXA10. SiRNA-mediated knockdown of PCGF5 in PER-117 (middle) left MSX1 expression unperturbed. Forced expression of PCGF5
in PER-117 resulted in reduced expression levels of MSX1 (right).
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Figure 5: PRC1, PRC2 and RUNXI1 regulate MSX1. (A) RQ-PCR analysis of MSX1 in JURKAT and LOUCY after treatment
with HDAC-inhibitor TSA resulted in enhanced expression levels (left). RQ-PCR analysis of MSX1 in LOUCY after treatment with
EP300-inhibitor ICBP112 resulted in reduced expression levels (middle). (B) RQ-PCR analysis of MSX1 in JURKAT and LOUCY after
treatment with EZH2-inhibitor DZNep resulted in enhanced expression levels in JURKAT but showed no change in EZH2-negative
LOUCY (left). Forced expression of EZH2 in LOUCY resulted in reduced expression of MSX1 (left). ChIP analysis of H3K27me3 and
H2A119ubl in JURKAT and LOUCY demonstrated H3K27-trimethylation at MSX1 in JURKAT but not in LOUCY (right). (C) SiRNA-
mediated knockdown of RUNX1 in JURKAT and LOUCY resulted in increased expression of MSX1 (left). In LOUCY and PER-117
forced expression of RUNX1 mediated decreased MSX1 expression (right). (D) Expression analysis of AUTS2 (left) and MSX1 (right) in
T-ALL patients (public dataset GSE42038) demonstrated that the overlap of patients with maximal RNA expression of both AUTS2 and
MSX1 was statistically significant (p = 0.0053, hypergeometric test, n = 20 draws of N = 79 patients), supporting the observed activating
impact of AUTS2 on MSX1 expression.
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is constitutively activated by particular mutations in
the IL7-receptor [37]. Here, we identified an insertion-
type mutation in one allele of the IL7R gene of the
T-ALL cell line DND-41 which mediated transcriptional
activation of AUTS2. This cell line additionally expresses
NKL homeobox gene TLX3, supporting the described
correlation between IL7R and TLX3 in T-ALL patients
[37]. Our data demonstrated AUTS?2 as target gene of this
aberrantly activated pathway. Thus, a network linking
MEF2C, IL7R, STATS and AUTS2 may play a role in two
cellular contexts: T-cell differentiation/leukemia and brain
development/autism-related disorders.

AUTS2 protein interacts with a particular type
of PRCI1 multiprotein complex via the component
PCGF5. This interaction turns the repressor PRC1.5
into a gene activating complex via inhibition of
histone ubiquitinylation and recruitment of histone
acetyltransferase EP300 [39]. The hematopoietic TF
RUNXI1 has been shown to interact with PCGF5 as well
and may guide the positioning of PCR1.5 to specific target
genes including MSX1 [43]. Our data indicate that the

balance of PCGFS5 and AUTS2 is important for regulation
of target gene activity. We observed overexpression of
AUTS?2 and decreased levels of PCGFS in T-ALL subsets.
In contrast, overexpression of PCGFS5 has been reported
for esophageal adenocarcinoma, indicating that PCR1.5
may activate or suppress tumorigenesis, depending on the
cellular context [49].

Polycomb repressor complexes regulate many
developmental genes including homeobox genes. Six
subtypes of PRC1 have been described which differ in
their PCGF-component [16]. PCGF1 containing complex
PRCI1.1 suppresses HOXA genes including HOXA10 in
hematopoiesis [50]. Our data showed that PCGF5/PRC1.5
repressed MSX1 but not HOXA10, demonstrating target
gene specific differences between these complexes.
We also showed that MSX1 was suppressed by PRC2
while activated by histone acetylation. PRC1 and PRC2
cooperate in gene regulation [40, 41]. However, the exact
mode of their impact on MSX1 remains unclear. We
detected PRC2-mediated H3K27me3 but no H2A119ul
at the target gene MSX1, suggesting that PRC1.5 performs
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Figure 6: Gene regulatory network comprising AUTS2 and MSX1. This figure summarizes the results obtained in this study.
IL7-STATS5-signalling is located upstream of MEF2C and AUTS2. AUTS2 interacts with PCGF5/PRC1.5 turning the repressive impact of
this complex into an activatory, resulting in elevated expression of MSX1. PRC2 mediates repressive H3K27-trimethylation and AUTS2
activatory histone-acetylation. MSX1 is regulated by PRC1.5 and PRC2 while HOXA10 is regulated just by PRC2. Both, HOXA10 and

MSXT1 are involved in lymphoid differentiation.
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MSX1 suppression without histone-ubiquitinylation as
described for other PRC1-regulated homeobox genes as
well [14, 40, 51].

The expression of MSXI1 is controlled by
methylation and acetylation of histones in other tissues
as well, indicating that the modulation of its chromatin
structure represents a fundamental mode of transcriptional
regulation. In the embryonal neural crest border region
histone methyltransferase NSD3 activates MSX1
transcription probably via H3K4-methylation [52, 53].
In myoblasts and neural crest cells HDAC1 and HDAC3,
respectively, inhibits MSX1 expression demonstrating an
activating input of histone acetylation in these cell types
[54, 55]. On the other hand, MSX1 mediates target gene
regulation via cooperation with particular chromatin-
proteins. MSX1 protein interacts with histone HI,
PRC2 components SUZ12 and EED, and with histone
methyltransferase G9A, demonstrating mutual regulation
of and by MSX1 via repressive chromatin components
[13, 56, 57].

MSXI1 represents a primarily physiological member
of the NKL subclass of homeobox genes in lymphopoiesis
[9, 10, 58]. While several oncogenic NKL homeobox
genes are activated by chromosomal rearrangements in
T-ALL, MSXI1 has been shown to be overexpressed in
T-ALL subsets via aberrantly reduced BMP-signalling
[9, 59]. Here, we have shown that activation of MSX1
via AUTS2 overexpression represents an additional
mechanism of its deregulation in T-ALL. Moreover, our
data indicate that AUTS2 may represent a physiological
regulator in B-cell differentiation. The situation that
mutated/deregulated PRC-components play a role in
ETP-ALL as well as in immature T-ALL as described
here supports their reported overlapping gene signature
and subsequent membership in a single disease entity [60].
Early-staged T-cell malignancies are connected with bad
outcome and require additional efforts to develop novel
therapeutic strategies [20, 21, 61]. The immature T-ALL
cell lines LOUCY and PER-117 described in this study
may represent suitable preclinical models for this task.

MATERIALS AND METHODS

Sequence analysis

Genomic DNA from T-ALL cell lines was isolated
using the DNeasy Blood and Tissue Kit (Qiagen,
Hilden, Germany). Amplification of MEF2C upstream
regions containing the described STATS binding
site in addition to flanking regions was performed
by polymerase chain-reaction (PCR) [28], using
the thermocycler TGradient (Biometra, Gottingen,
Germany) and the following oligonucleotides: MEF2C-
for 5-AAGAGAACTCAAGCTTTAGCCAG-3', and
MEF2C-rev  5'-GGGCTGCGTTTGCCTCCTCTCC-3'
(Eurofins MWG, Ebersbach, Germany). The PCR product

(750 bp) was cloned into pGEM-T Easy (Promega,
Mannheim, Germany) and sequenced at Eurofins MWG.
The obtained sequence data were analyzed by BLAST
(blast.ncbi.nlm.nih.gov) and BLAT (genome.cse.ucsc.
edu).

Cloning of the analyzed IL7R gene region
was performed using oligonucleotides IL7R-for
5'-TGCTCCAACCGGCAGCA-3’ and  IL7R-rev
5'-CCCTATGAATCTGGCAGTCC-3’ (Eurofins MWG).
The PCR product (351 bp) was cloned into pGEM-T Easy
(Promega) and sequenced at Eurofins MWG.

Real-time quantitative polymerase chain-
reaction (RQ-PCR) analyses

Total RNA was extracted from cell line samples
using TRIzol reagent (Invitrogen, Darmstadt, Germany).
Primary human total RNA wused in this study was
commercially obtained - isolated from peripheral blood
mononuclear cells (PBC), thymus, fetal thymus, lymph
node (LN), spleen, fetal spleen, and bone marrow
(BM) from Biochain/BioCat (Heidelberg, Germany),
and RNA from peripheral CD19-positive B-cells and
CD3-positive T-cells from Miltenyi Biotec (Bergisch
Gladbach, Germany). cDNA was synthesized from 5 pg
RNA by random priming using Superscript II (Invitrogen/
Thermo Fisher, Darmstadt, Germany). RQ-PCR analysis
was performed with the 7500 Real-time System, using
commercial buffer and primer sets (Applied Biosystems/
Life Technologies, Darmstadt, Germany). Quantification
of MSX1 was performed as described recently [9]. For
normalization of expression levels we analyzed the
transcript of TATA box binding protein (TBP).

For genomic copy number quantification
we designed oligonucleotides hybridizing within
the coding region of the AUTS2 gene: AUTS2-for
5'-GAACCATGGATGGCCCGACG-3/, AUTS2-rev
5'-GACGACGAGGCGAGTGAGAG-3'. As reference we
used the MEF2C locus as reported previously [NAGEL
2011].

Quantitative analyses were performed in triplicate.
Standard deviations are presented in the figures as error
bars. The statistical significance was assessed by Student’s
T-Test and the calculated p-values are indicated by
asterisks (*p < 0.05, **p < 0.01, ***p < 0.001, n.s. not
significant).

Expression profiling

Gene expression microarray profiling data of cell
lines were generated using the HG U133 Plus 2.0 gene chip
(Affymetrix, High Wycombe, UK). Datasets for T-ALL
cell lines ALL-SIL, CCRF-CEM, LOUCY and PEER
were generated by Prof. Andreas Rosenwald (Institute of
Pathology, University of Wiirzburg, Germany), datasets
for T-ALL cell line PER-117 by Dr. Robert Geffers
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(Genome Analytics Facility, Helmholtz Centre for
Infection Research, Braunschweig, Germany). After
RMA-background correction and quantile normalization
of the spot intensities, the data were expressed as ratios
of the sample mean and subsequently log2 transformed.
Data processing was done via R/Bioconductor using
limma and affy packages (http://www.bioconductor.org/),
and data analysis performed using Microsoft Excel. For
comparative expression profiling analysis the median
values of AUTS2-high and AUTS2-low cell lines were
subtracted and ordered. A cut-off at 2.6 represents a
minimum of 6-fold expression difference (Supplementary
Table S1). To parse biological function of shortlisted
genes, gene-annotation enrichment analysis was performed
using DAVID bioinformatics resources [62].

The public GEO dataset GSE42038 was used for
expression analyses of 79 T-ALL patients [Horstmann and
Otto, unpublished]. The samples represent naive primary
T-ALLs from children. The dataset was generated using
the HG U133 Plus 2.0 gene chip platform from Affymetrix
and deposited at the National Center for Biotechnology
Information (www.ncbi.nlm.nih.gov). Supplemented
online tools were used for data analysis and R-based
protocols for statistical calculations and data illustrations
by boxplots (http://www.cran.r-project.org/). Gene
overexpression in the patient dataset was determined as
percent of outliers visualized in boxplots. Outliers are
located outside of the 1.5 interquartile range (IQR) of the
upper quartile.

Chromosomal and genomic analyses

Chromosomal analysis by fluorescent in situ
hybridization (FISH) was performed as described
previously [63]. RP11-BAC clones were obtained from
BacPac Resources, Children’s Hospital Oakland Research
Institute (CA, USA), insert DNA harvested using the
Big BAC DNA Kit (Princeton Separations, Adelphia,
NJ, USA) and directly labelled by nick translation
with dUTP-fluors (Dyomics, Jena, Germany). Whole
chromosome paint probes were obtained from Applied
Spectral Imaging (Neckarhausen, Germany). Fluorescent
images were captured and analyzed with an Axio-Imager
microscope (Zeiss, Gottingen, Germany) configured to
a dual Spectral Imaging FISH system (Applied Spectral
Imaging, Neckarhausen, Germany).

For genomic profiling cell line genomic DNA was
prepared by the Qiagen Gentra Puregene Kit (Qiagen).
Genomic profiling was performed at the Genome Analytics
Facility, Helmholtz Centre for Infection Research
(Braunschweig, Germany). Labeling, hybridization and
washing was performed using CytoScan HD arrays and
the recommended kits according to the manufacturers
protocols  (Affymetrix). Data were subsequently
transformed and analyzed using the Chromosome Analysis
Suite software version 3.1.0.15 (Affymetrix).

Cell lines and treatments

T-ALL cell lines are held by the DSMZ
(Braunschweig, Germany) and were cultivated as
described previously [64]. PER-117 cells were kindly
provided by Dr. Ursula Kees (Perth, Australia) [65].
Treatments of cell lines were performed for 20 h with 5
uM 3-Deazaneplanocin A hydrochloride (DZNep) (Sigma,
Taufkirchen, Germany), 10 ng/ml Trichostatin A (TSA)
(Sigma), indicated concentrations of ICBP112 (Sigma), or
20 ng/ml recombinant human Interleukin-7 (IL7) protein
(R&D Systems, Minneapolis, MN, USA). Gene specific
siRNA oligonucleotides and AllStars negative Control
siRNA (siControl) were obtained from Qiagen. Expression
constructs for AUTS2, PCGF5 and RUNX1 were obtained
from Origene (Wiesbaden, Germany). SiRNAs (80 pmol)
and expression constructs/vector controls (2 pg) were
transfected into 1x10° cells by electroporation using
the EPI-2500 impulse generator (Fischer, Heidelberg,
Germany) at 350 V for 10 ms. Electroporated cells were
harvested after 20 h of cultivation. Lentiviral transduction
of the STATS gene into JURKAT cells was performed as
described previously [28, 66].

Chromatin Immuno-Precipitation (ChIP)

ChIP analysis was performed with the ChIP Assay
Kit (Millipore-Upstate, Schwalbach, Germany) according
to the manufacturer protocol. Genomic fragments
were generated by sonication. We used ChIP-validated
antibodies anti-H3K27me3 and anti-ubiquityl-H2A
(Millipore-Upstate). The subsequent nested PCR analysis
of the isolated DNA fragments was performed using tagpol
(Qiagen), the thermocycler TGradient (Biometra), and
the following oligonucleotides (Eurofins MWG): MSX1-
for 5-CTCAGCATATCTCGGCGGCC-3', MSXIl-rev
5'-CTCACTCGGCCCTGCCATTG-3', MSX1-for-nested
5-TGGACAGATGGGAGGCTACC-3', MSX1-rev-nested
5-GGCTGCCGTGGCCATTTAGG-3'.

Protein analyses

Western blots were generated by the semi-dry
method. Proteins obtained from cell line lysates using
SIGMAFast protease inhibitor cocktail (Sigma) were
transferred onto nitrocellulose membranes (Bio-Rad,
Miinchen, Germany) and blocked with 5% dry milk
powder dissolved in phosphate-buffered-saline buffer
(PBS). The following antibodies were used: alpha-
Tubulin (Sigma), AUTS2 (Origene), SMAD1 (Santa Cruz
Biotechnology, Heidelberg, Germany), STATS (Santa
Cruz Biotechnology), phospho-STAT5 (Cell Signaling
Technology, Danvers, MA, USA). For loading control
the blots were reversibly stained with Poinceau (Sigma)
and then detection of alpha-Tubulin (TUBA) or SMAD1
was performed. Secondary antibodies were linked to
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peroxidase for detection by Western-Lightning-ECL
(Perkin Elmer, Waltham, MA, USA). Documentation was
performed using the digital system ChemoStar Imager
(INTAS, Goéttingen, Germany).

Reporter gene assay

For creation of reporter gene constructs we
combined a reporter with three different regulatory
genomic fragments derived from the upstream region of
AUTS2, containing MEF2C binding sites. We cloned
genomic PCR products of the corresponding upstream
regions (regulators) and of the HOXA9 gene, comprising
exonl-intronl-exon2 (reporter), into the HindlIl/
BamHI and EcoRI sites, respectively, of the expression
vector pcDNA3 downstream of the CMV enhancer
[28]. The oligonucleotides used for the amplification
of the AUTS2-regulators were obtained from Eurofins
MWG. Their sequences were as follows: AUTS2-forl
5'-CCAAGCTTGTTGAAAGGTGACTGTAATTGC-3',
AUTS2-revl 5-AGGGATCCTGTGTTAACTTCTAGA
GTGCTG-3', AUTS2-for2 5'-CTAAGCTTTTTCCAAGT
GAGCAAATAAGGAG-3', AUTS2-rev2 5'-GGGGATCC
TTAGGGCAAAGTTACAACAATG-3', AUTS2-for3 5'-T
GAAGCTTGTCAATAGTTCCTCTTGTGGTC-3', AUT
S2-rev3 5'-TTGGATCCTGGCACTTACTCTGTCCATT
TC-3". Introduced restriction sites used for cloning are
underlined. Constructs were validated by sequence
analysis (Eurofins MWG). Commercial HOXA9 and TBP
assays were used for RQ-PCR to quantify the spliced
reporter-transcript, corresponding to the regulator activity.
A cotransfected commercial luciferase construct served as
transfection control and was quantified by the Luciferase
Assay System (Promega) using the luminometer Lumat
LB9501 (Berthold Technologies, Bad Wildbad, Germany).
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