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Abstract

T-cell acute lymphoblastic leukemia (T-ALL) cells represent developmentally arrested T-cell
progenitors, subsets of which aberrantly express homeobox genes of the NKL subclass,
including TLX1, TLX3, NKX2-1, NKX2-5, NKX3-1 and MSX1. Here, we analyzed the tran-
scriptional landscape of all 48 members of the NKL homeobox gene subclass in CD34+
hematopoietic stem and progenitor cells (HSPCs) and during lymphopoiesis, identifying
activities of nine particular genes. Four of these were expressed in HSPCs (HHEX, HLX1,
NKX2-3 and NKX3-1) and three in common lymphoid progenitors (HHEX, HLX1 and MSX1).
Interestingly, our data indicated downregulation of NKL homeobox gene transcripts in late
progenitors and mature T-cells, a phenomenon which might explain the oncogenic impact of
this group of genes in T-ALL. Using MSX1-expressing T-ALL cell lines as models, we showed
that HHEX activates while HLX1, NKX2-3 and NKX3-1 repress MSX1 transcription, demon-
strating the mutual regulation and differential activities of these homeobox genes. Analysis of
a public T-ALL expression profiling data set comprising 117 patient samples identified 20
aberrantly activated members of the NKL subclass, extending the number of known NKL
homeobox oncogene candidates. While 7/20 genes were also active during hematopoiesis,
the remaining 13 showed ectopic expression. Finally, comparative analyses of T-ALL patient
and cell line profiling data of NKL-positive and NKL-negative samples indicated absence of
shared target genes but instead highlighted deregulation of apoptosis as common oncogenic
effect. Taken together, we present a comprehensive survey of NKL homeobox genes in early
hematopoiesis, T-cell development and T-ALL, showing that these genes generate an NKL-
code for the diverse stages of lymphoid development which might be fundamental for regular
differentiation.
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Introduction

The source of the human blood system is located in the bone marrow where hematopoietic stem
and progenitor cells (HSPC) generate progenitors of both the myeloid and lymphoid lineages. The
common lymphoid progenitors (CLP) differentiate into T-cells, B-cells or NK-cells. The subsequent
T-cell development begins with the early T-cell progenitors (ETP) which migrate into the thymus
where their terminal differentiation proceeds toward mature CD4+ and CD8+ T-cells. Stages of
developing thymocytes are classified according to their surface marker expression, whether double
negative (DN: CD4-, CD8-), double positive (DP: CD4+, CD8+), or single positive (SP4: CD4+,
SP8: CD8+) [1]. Major T-cell signalling pathways include NOTCH, T-cell receptor (TCR), and
MAPK. These pathways govern differentiation and selection processes which are important for the
generation of functional non-autoimmune T-cells, triggering apoptosis in disqualified cells [1,2].
Bone morphogenic protein (BMP) signalling represents an additional pathway which regulates the
development of early T-cells [3,4]. Generally, transcriptional regulation plays a prominent role for
T-cell development [5].

T-cell acute lymphoblastic leukemia (T-ALL) is a rare malignancy of the hematopoietic sys-
tem showing a peak incidence in children. The malignant cells represent developmentally
arrested thymocytes which keep on proliferating having escaped apoptotic selection. Major
T-ALL oncogenes encode aberrantly expressed transcription factors (TFs) which are normally
restricted to early hematopoiesis where they regulate developmental processes, including LMO2,
TALI and LYL1 [6,7]. Homeobox genes TLX1, TLX3, NKX2-1 and NKX2-5 encode TFs which
are physiologically silent during hematopoiesis, but which undergo ectopic activation in trans-
formed thymocytes [8-11]. These genes belong to the NKL subclass of homeobox genes which
numbers to date eight aberrantly expressed members in T-ALL, highlighting this group of struc-
turally similar developmental TFs for attention [12,13]. Examples of NKL subclass members
which are aberrantly expressed in T-ALL with physiological expression in hematopoietic cells
include NKX3-1 and MSXI1. These genes are variously (de)regulated via TAL1, LYL1, BMP-
pathway, and AUTS2 [14-17].

Homeobox genes play fundamental roles in embryonal development and differentiation pro-
cesses in the adult. Some represent master genes for specific cell types/tissues like NKX2-5 (heart),
NKX2-3 (spleen), or PAX6 (eye) [18-20]. Furthermore, particular homeobox gene families form
developmental expression patterns called gene codes. The HOX-code constitutes the anterior-
posterior axis of the embryo, while the DLX-code mediates dorso-ventral differentiation of the
branchial archs [21-23]. Therefore, aberrant activity of homeobox genes potentially contributes
to tumorigenesis in multiple tissues and cell types by inter alia deregulating developmental pro-
cesses therein [13,24,25].

This study presents a comprehensive analysis of hematopoietic NKL homeobox genes focus-
sing on HSPCs, lymphopoiesis and T-cell development. The specification of a physiological
hematopoietic NKL gene expression set enables both the identification of aberrant subclass
members and any developmental processes potentially impacted.

Materials and methods
Primary cells, cell lines and treatments

Primary samples of CD34+ HSPCs were harvested by leukapheresis from healthy volunteers.
The cells were purified to >98% CD34+ content by magnetic cell sorting using Clini MACS
(Miltenyi Biotech, Bergisch-Gladbach, Germany) and cryopreserved in liquid nitrogen.
Approval for this study was obtained from the Ethical Committee of Hannover Medical
School, and informed consent was obtained in written form in accordance with the
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Declaration of Helsinki. T-ALL cell lines are held by the DSMZ (Braunschweig, Germany) and
were cultivated as described elsewhere [26]. Gene specific siRNA oligonucleotides and AllStars
negative Control siRNA (siControl) were obtained from Qiagen (Hilden, Germany). Expres-
sion constructs for HHEX, HLX1, NKX2-3 and NKX3-1 were cloned in vector pPCMV6-XL4
and obtained from Origene (Wiesbaden, Germany). SiRNAs (80 pmol) and expression con-
structs/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. Electropo-
rated cells were harvested after 20 h cultivation.

Expression profiling

Gene expression microarray profiling data were generated using the HG U133 Plus 2.0 gene
chip (Affymetrix, High Wycombe, UK). The datasets for primary CD34+ HSPCs and 11 T-ALL
cell lines (one sample for each probe, N = 1) were generated at the Institute of Pathology (Uni-
versity of Wiirzburg, Germany) and generously provided by Prof. Andreas Rosenwald. The
expression data are deposited at Gene Expression Omnibus (GEO, www.ncbi.nlm.nih.gov) and
available via the numbers GSE87303 and GSE87334, respectively. Expression profiling datasets
for B-cell progenitors with N = 5 (GSE12453) [27], mature lymphocytes with N = 3 (GSE72642)
[28], and for 117 primary pediatric T-ALL patient samples with N = 1 (GSE26713) [11] were
obtained from GEO. The B-cell progenitors have been isolated from peripheral blood by deplet-
ing CD27+ subpopulations (T-cells, memory B-cells) and CD11b+ subpopulations (monocytes,
macrophages, granulocytes, NK-cells). Subsequently, the remaining cells have been FACS-
sorted for the B-cell marker IgD+. Germinal center and plasma cells have been isolated from
tonsils according to the following marker expression: CD20high CD38+ CD77+ (centroblasts),
CD20high CD38+ CD77- (centrocytes), CD20low CD38high (plasma cells). After RMA-back-
ground correction and quantile normalization of the spot intensities, the profiling data were
expressed as ratios of the sample mean and subsequently log2 transformed. Data processing was
performed via R/Bioconductor using limma and affy packages (http://www.bioconductor.org/).
For creation of heat maps we used the software CLUSTER version 2.11 and TREEVIEW version
1.60 (http://rana.lbl.gov/EisenSoftware.htm). To parse biological function of shortlisted genes,
gene-annotation enrichment analysis was performed using DAVID bioinformatics resources
(http://www.david.ncifcrf.org/) [29]. To compare expression profiling data sets we performed
principal component analysis on 30% of the most variable transcripts and hierarchical cluster
analysis (Euclidian distance, average linkage).

The public GEO dataset GSE69239 provides RNA sequencing data of several isolated
hematopoietic entities with N = 2 [30]. For simplicity we renamed sample Thyl (CD34+ CD7-
CD1a-) as DN1, Thy2 (CD34+ CD7+ CD1a-) as DN2, Thy3 (CD34+ CD7+ CD1la+) as DN3,
Thy4 (CD4+ CD8+) as DP, Thy5 (CD4+ CD8-) as SP4, and Thy6 (CD4- CD8+) as SP8. The
expression data are given in units of FPKM (fragments per kilobase of mappable gene length
and million reads) and were obtained after normalizing the count matrices with sequencing
depth and gene effective length [30]. FPKM values which are equal to or exceed 1 were inter-
preted as positive expression. This procedure was validated by comparative quantification of
gene expressions via RQ-PCR of HSPC samples.

Real-time Quantitative Polymerase Chain-Reaction (RQ-PCR) analyses

Total RNA was extracted from cell line samples using TRIzol reagent (Invitrogen, Darmstadt, Ger-
many). Primary human total RNA used in this study was commercially obtained—isolated from
peripheral blood mononuclear cells (PBC), thymus, lymph node (LN), spleen, and bone marrow
(BM) from Biochain/BioCat (Heidelberg, Germany), RNA from NK-cells (3H Biomedical, Uppsala,
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Sweden), 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). RQ-PCR analysis was performed with the 7500 Real-time System,
using commercial buffer and primer sets (Applied Biosystems/Life Technologies, Darmstadt, Ger-
many). Quantification of MSX1 was performed as described recently [16]. For normalization of
expression levels we analyzed the transcript of TATA box binding protein (TBP). Quantitative anal-
yses were performed twice 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 indi-
cated by asterisks (* p<0.05, ** p<0.01, *** p<0.001, n.s. not significant).

Protein analyses

Western blots were generated by the semi-dry method. Protein lysate from human spleen was
obtained from Origene. Protein lysates from cell lines were prepared using SIGMAFast protease
inhibitor cocktail (Sigma, Taufkirchen, Germany). Proteins 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)
and NKX2-3 (Abcam, Cambridge, UK). For loading control blots were reversibly stained with
Poinceau (Sigma) and detection of alpha-Tubulin (TUBA) was performed thereafter. Secondary
antibodies were linked to peroxidase for detection by Western-Lightning-ECL (Perkin Elmer, Wal-
tham, MA, USA). Documentation was performed using the digital system ChemoStar Imager
(INTAS, Géttingen, Germany).

Reporter gene assay

For creation of reporter gene constructs we combined a reporter with a regulatory genomic frag-
ment derived from the upstream region of MSX1, containing a consensus binding site for NKX2-
3. We cloned the genomic PCR product of the corresponding upstream region (regulator) and
of the HOXA9 gene, comprising exonl-intronl-exon2 (reporter), into the HindIIl/BamHI and
EcoRlI sites, respectively, of the expression vector pcDNA3 downstream of the CMV enhancer.
The oligonucleotides used for the amplification of the MSX1-regulator were obtained from Euro-
fins MWG (Ebersbach, Germany). Their sequences were as follows: MSX1-forl 5'-CCAAGCTT
CAGGCAGATCTTGCATCTCC-3", MSX1-revl 5 -ATGGATCCTTATCCTAGGAGAAAGA
CATACTATTAAC-3". Introduced restriction sites used for cloning are underlined. Constructs
were validated by sequence analysis (Eurofins MWG). Transfections of plasmid-DNA into NIH-
3T3 cells were performed using SuperFect Transfection Reagent (Qiagen). 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, Mannheim, Germany)
using the luminometer Lumat LB9501 (Berthold Technologies, Bad Wildbad, Germany).

Results

Expression of NKL homeobox genes in hematopoietic cells

Expression profiling data obtained from primary HSPCs and selected T-ALL cell lines were illus-
trated as a heatmap in Fig 1A, showing transcript levels of 37 NKL homeobox genes. These data
indicated that three genes, namely HHEX, HLX1 and NKX2-3, were physiologically expressed in
HSPCs, while the analyzed T-ALL cell lines aberrantly expressed HHEX, MSX1, NKX2-5, NKX3-
1, TLX1 and TLX3 as reported previously [8,10,15,16,31]. Thus, NKL homeobox oncogenes might
either be hematopoietically reactivated (HHEX, MSX1) or ectopically activated (NKX2-5, TLX1,
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Fig 1. Gene expression profiling data of NKL homeobox genes in primary hematopoietic cells and cell
lines. (A) Heatmap for primary HSPCs and 5 T-ALL cell lines. (B) Heatmap for primary immature B-cells. Data
were obtained from GSE12453. (C) Heatmap for primary mature lymphocytes (GSE72642). Activated genes
are indicated in red.

doi:10.1371/journal.pone.0171164.g001

TLX3). Analysis of B-cell progenitors from peripheral blood and tonsils (dataset GSE12453)
revealed physiological expression of another set of genes, comprising HMX1, MSX1 and NKX6-3
(Fig 1B). Alterations in expression levels indicated developmental downregulation of the genes
HMX1 and MSX1 upon B-cell maturation, while NKX6-3 showed unsystematic variations. Analy-
sis of differentiated lymphocytes (dataset GSE72642) indicated significant expression levels just of
HHEX in mature B-cells, while mature T-cells showed absence of any NKL homeobox gene activ-
ity (Fig 1C). Thus, NKL homeobox genes display specific expression patterns which differ between
particular stages during early hematopoiesis and lymphopoiesis indicating functional roles in
development.

Since this type of microarray profiling assay does not cover all 48 known NKL homeobox
genes as listed by the HUGO Gene Nomenclature Committee, we analyzed for a comprehensive
survey of the complete subclass of NKL homeobox genes public RNA-sequencing data (GSE69
239) obtained from several hematopoietic entities (Table 1). These data demonstrated expres-
sion of four members in HSPCs comprising again HHEX, HLX1, NKX2-3 and additionally
NKX3-1 (Fig 2). To validate these data we performed RQ-PCR quantifying these four NKL
homeobox genes in addition to MSX1. We analyzed primary hematopoietic cells/tissues and
selected T-ALL cell lines (Fig 3), supporting potent expression of HHEX, HLX1, NKX2-3 and
NKX3-1 in HSPCs. Mature lymphocytes showed absent or faint expression levels of the genes
analyzed. Furthermore, MSX1 was significantly expressed in NK-cells, indicating a functional
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Table 1. NKL homeobox gene expressions in hematopoiesis (GSE69239) and T-ALL (GSE26713).

NKL gene

synonyms

HSC

LMPP

CLP

BCP

TCP (DN)

TCP (DP,SP)

T-ALL

chr. transl.

BARHLA1

BARHL2

BARX1

BARX2
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DBX2

DLX1
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NKX5-3

HMX2

NKX5-2

HMX3

NKX5-1
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(Continued)
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Table 1. (Continued)

NKL gene synonyms HSC LMPP CLP BCP TCP (DN) TCP (DP,SP) T-ALL chr. transl.
VENTX VENTX2 X
48 4 3 3 4 5 0 20 5

Significant transcript levels in the corresponding hematopoietic cell type are indicated by a cross and by grey background. Aberrantly overexpressed genes
in T-ALL subsets are indicated by bold crosses. Genes involved in chromosomal aberrations in T-ALL are indicated by underlined crosses. HSPC:
hematopoietic stem and progenitor cells, LMPP: lymphoid and myeloid progenitor, CLP: common lymphoid progenitor, BCP: B-cell progenitor, TCP(DN): T-
cell progenitor (combined double negative T-cell progenitors), TCP(DP,SP): combined double positive and single positive T-cell progenitors.

doi:10.1371/journal.pone.0171164.t001

role of MSXI1 for this lineage of lymphocyte differentiation. HLX1 showed reduced expression
in lymphatic tissues and NKX2-3 strong transcript levels in the spleen as described previously
[19], while expression of HHEX and NKX3-1 was restricted to HSPCs. T-ALL cell lines LOUCY
and JURKAT expressed HHEX, NKX3-1 and MSXI1 as shown previously [14,15,17], and served
as models for homeobox gene regulatory examinations (see below).

Interestingly, while analyzing further hematopoietic entities of the RNA-sequencing dataset
GSE69239, we identified the expression of additional NKL homeobox genes (Table 1, Fig 2).
Lymphoid and myeloid progenitors (LMPP) expressed NANOG, common lymphoid progeni-
tors (CLP) expressed HHEX, HLX1 and MSX1, B-cell progenitors (BCP) expressed HHEX,
HLX1, MSX1 and NKX6-3, and progenitors representing early T-cell developmental DN
stages expressed HHEX, HLX1, NKX3-1, TLX2 and VENTX at significant levels. Of note, late
stages of T-cell development (DP, SP4 and SP8) do not express any NKL homeobox gene
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Fig 2. Expression of NKL homeobox genes in hematopoietis. RNA-sequencing data (GSE69239) were
exploited to analyze all NKL homeobox genes in hematopoiesis. Nine genes were found to be expressed at
significant levels which are indicated in FPKM (fragments per kilobase of mappable gene length and million
reads). HSPC: hematopoietic stem and progenitor cells, LMPP: lymphoid and myeloid progenitor, CLP:
common lymphoid progenitor, BCP: B-cell progenitor, DN: double negative T-cell progenitor, DP: double
positive T-cell progenitor, SP4: single positive CD4+ T-cell progenitor, SP8: single positive CD8+ T-cell
progenitor.

doi:10.1371/journal.pone.0171164.9002
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Fig 3. RQ-PCR expression analyses of NKL homeobox genes. Transcript levels of five selected NKL
homeobox genes were quantified in primary hematopoietic cells/tissues and selected T-ALL cell lines. NKX2-
3 expression was additionally analyzed by Western blot in spleen and JURKAT cells. Tubulin served as
loading control.

doi:10.1371/journal.pone.0171164.9003

consistent with expression profiling data shown above (Fig 1). Overall, our analyses indicated
that nine particular NKL homeobox genes are physiologically transcribed in HSPCs and lym-
phopoiesis, showing stage-specific expression patterns. Therefore, these results suggest the
presence of an NKL-code for defined hematopoietic stages.

Transcriptional regulation of HHEX and NKX3-1

To understand the formation of the described expression patterns in hematopoietic cells we
analyzed regulation and capacities of selected NKL homeobox genes. As shown previously, the
transcriptional regulation of NKX3-1 is governed by hematopoietic stem cell TFs TAL1 and
LYL1 in addition to T-cell TF GATA3 which mediate its activation [14,15]. To analyze the regu-
lation of HHEX in the same way we used here the immature T-ALL cell line LOUCY as model
system. SIRNA-mediated knockdown of LYL1 or GATA3 was confirmed by RQ-PCR and
resulted in concurrently reduced expression levels of HHEX (Fig 4A). Forced expression of
TAL1 in LOUCY cells mediated slightly increased HHEX transcription indicating that overlap-
ping TF complexes present in HSPCs regulate both HHEX and NKX3-1. Furthermore, forced
expression of HLX1 or NKX2-3 in LOUCY cells resulted in decreased HHEX expression levels,
while NKX3-1 overexpression mediated no alteration (Fig 4B). SiRNA-mediated knockdown
of HHEX showed no alteration in NKX3-1 expression levels (Fig 4B), indicating absence of
mutual regulation. Similarly, forced expression of HHEX, HLX1 or NKX2-3 in JURKAT cells
showed no alterations of NKX3-1 expression (Fig 4B). Thus, while TFs of the basic helix-loop-
helix and GATA families activate both NKX3-1 and HHEX, the expression of HHEX is sup-
pressed by HLX1 and NKX2-3, together forming a regulatory network which contains NKL
homeobox genes as basic mediators.

Analysis of NKL homeobox gene NKX2-3

NKX2-3 represents a novel player of the NKL homeobox gene subclass in hematopoiesis.
Western blot analysis of NKX2-3 was performed for spleen samples, demonstrating robust
protein expression in this hematopoietic tissue (Fig 3). The NKX2-3 RNA expression levels in
spleen were similar to those in HSPCs, suggesting comparable protein amounts of this factor
in both cell types. Unfortunately, we were unable to find an NKX2-3 expressing T-cell line to
analyze its transcriptional regulation. However, NKX2-3 expression is regulated by transcrip-
tion factor NFATC?2 as identified by single nucleotide polymorphism (SNP)-analyses of
patients suffering inflammatory bowel disease [32]. High NFATC2 levels in HSPCs correlate
with NKX2-3 (S1 Fig), suggesting a common regulatory relationship. But analysis of T-ALL
cases overexpressing NKX2-3 did not show enhanced NFATC2 levels (GSE26713), excluding
involvement of this factor in aberrant NKX2-3 regulation.

To identify potential target genes we compared expression profiling data of two NKX2-3
positive and ten NKX2-3 negative T-ALL patient samples (GSE26713, S2 Fig). For this
approach we used the online tool GEO2R, revealing the 250 most significant differentially
expressed genes (S1 Table), 50 of which showed decreased levels. Interestingly, one of the
downregulated genes was NKL homeobox gene HHEX, which corresponded to our previous
results, supporting that NKX2-3 repressed HHEX gene activity (Fig 4B). Gene-annotation
enrichment analysis of the 200 upregulated genes highlighted activation of the BMP-signalling
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Fig 4. Analyses of NKL homeobox genes in T-ALL cell lines. (A) RQ-PCR analysis of HHEX after siRNA-
mediated knockdown in LOUCY. Concomitant reduction of transcript levels indicated that LYL1 (left) and
GATA3 (middle) activate the expression of HHEX. Forced expression of TAL1 resulted in slightly increased
expression of HHEX (right), indicating an activating input as well. (B) RQ-PCR analysis of HHEX after forced
expression of NKL homeobox genes HLX1, NKX2-3 and NKX3-1in LOUCY (left). RQ-PCR analysis of NKX3-
1 after siRNA-mediated knockdown of HHEX in LOUCY (middle). RQ-PCR analysis of NKX3-1 after forced
expression of NKL homeobox genes HHEX, HLX1 and NKX2-3 in JURKAT (right). (C) RQ-PCR analysis of
BMPR1A and BMPR2 after forced expression of NKL homeobox gene NKX2-3 in LOUCY.

doi:10.1371/journal.pone.0171164.9004
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pathway (KEGG). Consistently, RQ-PCR analysis of LOUCY cells treated for forced expres-
sion of NKX2-3 demonstrated increased expression of the BMP receptor encoding gene
BMPRI1A (Fig 4C), supporting the notion that the BMP-signalling pathway is both located
downstream and activated by NKX2-3.

Regulation of MSX1 by stem cell NKL homeobox genes

Expression data for MSX1 showed that this NKL homeobox gene is turned off in HSPCs but
activated in lymphoid progenitors (Figs 2-3). To analyze potential consequences of NKL fac-
tors expressed in HSPCs on MSX1 we performed knockdown and overexpression assays in
MSX1-positive T-ALL cell lines. SiRNA-mediated knockdown of HHEX in LOUCY resulted
in reduced expression of MSX1 (Fig 5A). Accordingly, forced expression of HHEX in JUR-
KAT resulted in elevated MSX1 transcript levels, demonstrating that HHEX mediates activa-
tion of MSX1 expression (Fig 5A). SiRNA-mediated knockdown of NKX3-1 in JURKAT
resulted in elevated expression of MSX1 (Fig 5A). Accordingly, forced expression of HLX1,
NKX2-3 or NKX3-1 resulted in suppressed MSX1 transcription (Fig 5A). Thus, while HHEX
activated MSX1 transcription, NKX2-3, NKX3-1 and HLX1 acted repressively, showing func-
tional differences between NKL factors expressed in HSPCs and lymphoid progenitors, thus
contributing to the observed NKL expression pattern.

Recently, we have shown that MSX1 transcription is regulated by the chromatin modulators
AUTS2-polycomb repressor complex (PRC) 1 in T-ALL cells [17]. Therefore, we analyzed if
the observed transcriptional impact of the NKL-factors on MSX1 operates via AUTS2. SiRNA-
mediated knockdown of HHEX in LOUCY resulted in decreased AUTS2 expression, while its
forced expression in JURKAT had the opposite effect (Fig 5B). In contrast, forced expression
of HLX1, NKX2-3 or NKX3-1 resulted in reduced AUTS2 expression levels (Fig 5B). Thus,
HHEX activated while HLX1, NKX2-3 and NKX3-1 repressed AUTS2 which in turn mediates
the expression of MSX1. Of note, siRNA-mediated knockdown of AUTS2 left the expression
level of HHEX unperturbed (Fig 5B), discounting regulation of this NKL homeobox gene via
the AUTS2 chromatin complex.

Sequence analysis of the promoter region of MSX1 revealed one potential binding site for
NKX2-3 at =656 bp [33]. To test if this NKL factor mediates direct regulation of MSX1 tran-
scription we performed reporter gene assay for a corresponding fragment of the regulatory
region (Fig 5C). The results showed that NKX2-3 repressed the reporter gene activity, demon-
strating direct inhibitory regulation. Thus, MSX1 transcription is regulated by particular NKL
homeodomain factors acting directly and/or indirectly by chromatin modulation via AUTS2.

Deregulated NKL homeobox genes in T-ALL

Visual analyses of 37 NKL homeobox gene expression profiles for 117 T-ALL patient samples
(GSE26713) confirmed enhanced transcript levels of NKL homeobox oncogenes including
TLX1, TLX3, NKX2-1 and NKX2-5 and additionally identified novel members showing aber-
rant expression levels in patient subsets including DLX1, NKX2-3 and TLX2 (S2 Fig). These
results were combined with expression data obtained from normal HSPCs, lymphoid progeni-
tors and T-cell progenitors as indicated above (Table 1). According to this procedure we iden-
tified 20 deregulated genes, seven of which (35%) are physiologically expressed during
hematopoiesis/lymphopoiesis (HHEX, HLX1, MSX1, NKX2-3, NKX3-1, NKX6-3, TLX2),
while 13/20 (65%) are ectopically expressed in T-ALL (DLX1, DLX2, DLX3, DLX6, LBX1,
MSX2, NKX1-1, NKX2-1, NKX2-2, NKX2-5, NKX3-2, TLX1, TLX3). Thus, ectopic activation
represents the most frequent mode of deregulation, although reactivation (NKX2-3, NKX6-3)
and failed downregulation (HHEX, HLX1, MSX1, NKX3-1, TLX2) play significant roles as
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Fig 5. Analyses of MSX1 regulation in T-ALL cell lines. (A) RQ-PCR analysis of MSX1 after siRNA-media-
ted knockdown of HHEX in LOUCY and after forced expression of HHEX in JURKAT demonstrated that
HHEX activates MSX1 transcription. RQ-PCR analysis of MSX1 after siRNA-mediated knockdown of NKX3-1
in JURKAT and after forced expression of NKX2-3, NKX3-1 and HLX1 in LOUCY demonstrated that all analyzed
genes repressed MSX1 transcription. (B) RQ-PCR analysis of AUTS2 after siRNA-mediated knockdown of HHEX
in LOUCY and after forced expression of HHEX in JURKAT demonstrated that HHEX activates AUTS2 transcript-
ion. RQ-PCR analysis of AUTS2 after forced expression of NKL homeobox genes HLX1, NKX2-3, NKX2-5 and
NKX3-1in LOUCY demonstrated that the analyzed homeobox genes inhibit transcription of AUTS2. RQ-PCR
analysis of HHEX after siRNA-mediated knockdown of AUTS2 in LOUCY demonstrated that AUTS2 did not
regulate HHEX expression. (C) The sequence shown comprises the regulatory upstream region and the first exon
of MSX1 (capital letters). Reporter gene analysis was performed of a MSX1 promoter fragment containing an
identified consensus NKX2-3 site (underlined). RQ-PCR analysis of the reporter gene showed that NKX2-3
directly represses MSX1 transcription (right).

doi:10.1371/journal.pone.0171164.9005
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well. Interestingly, chromosomal translocations are exclusively involved in ectopic activation
of NKL homeobox genes (NKX2-1, NKX2-2, NKX2-5, TLX1, TLX3), suggesting the require-
ment of particular activating mechanisms for genes normally silenced in hematopoietic cells.

To look for coinciding gene activities of T-ALL cases expressing NKL homeobox genes we
performed bioinformatic analyses of the T-ALL patient data set GSE26713. For this approach,
the patient cohort was divided into two groups: 93 NKL-positive and 24 NKL-negative con-
trols. The adopted online tool GEO2R extracted 250 differentially expressed genes according
to their statistical significance (S2 Table). Subsequent gene-annotation enrichment analysis of
these genes indicated activation of survival pathway (KEGG) and inhibition of FAS signalling
pathway activity (BIOCARTA), highlighting deregulation of apoptosis (data not shown). Fur-
thermore, we performed comparative expression profiling of five NKL-positive and five NKL-
negative T-ALL cell lines (S3 Table). Gene-annotation enrichment analysis of the top 1000 dif-
ferentially expressed genes highlighted various signalling pathways, including activation of
MAPK- and TCR-pathways (KEGG, not shown). Of note, common downstream effects of
these pathways mediate the regulation of apoptosis in T-cell development [34-36].

Principal component analysis and clustering of the patient and cell line data did not reflect
the classification of the NKL-positive/negative groups (S3 Fig), demonstrating absence of any
common gene signature for NKL homeobox gene expressing samples. Moreover, statistical
analyses of genes differentially expressed between these groups in patients and cell lines revealed
absence of common gene activities (with p<0.5), again showing no significant overlap within
NKL-positive or NKL-negative sample groups (not shown). Thus, both data sets indicated
absence of any NKL-specific gene signature but rather promotion of cell survival activity which
might represent the consensual character of NKL-positive T-ALLs.

Discussion

Here, we performed NKL homeobox gene expression analyses in hematopoiesis, lymphopoi-
esis, T-cell development and T-cell leukemia. We detected four subclass members in HSPCs
(HHEX, HLX1, NKX2-3, NKX3-1), three in CLPs (HHEX, HLX1, MSX1), four in BCPs
(HHEX, HLX1, MSX1, NKX6-3), and five in DN early thymocytes (HHEX, HLX1, NKX3-1,
TLX2, VENTX). No NKL homeobox gene expression was detected in late thymocytes or dif-
ferentiated T-lymphocytes while at least MSX1 was expressed in differentiated NK-cells. Thus,
these genes show stage-specific expression patterns which we propose to term hematopoietic
“NKL-code”.

Homeobox genes control fundamental decisions during embryogenesis of the body axis,
head and pharyngeal region, and hematopoietic system. Accordingly, homeobox gene codes
have been described for these embryonal regions/tissues. The HOX-code was the first gene code
recognized and describes the colinear expression pattern of clustered homeobox genes along
the anterior-posterior axis in the head, the branchial region, and the vertebrae [21,37,38]. In
addition, the branchial archs display the DLX-code mediating their dorso-ventral differentia-
tion [22,23]. Within the pharyngeal region an NKX-code has been described, however, consist-
ing of just three genes [39]. The hematopoietic system shows a specific expression pattern of the
clustered homeobox genes which has been also termed HOX-code [40-42]. In particular, HOX
members display specific expression patterns during T-cell differentiation, highlighting their
developmental importance in lymphopoiesis [43]. Interestingly, deregulated HOX genes play
key roles in T-ALL subsets [24,44], demonstrating a relationship between aberrant
homeobox gene expression patterns and malignancy as shown here for the NKL subclass.

Transcripts of NKL homeobox genes HHEX, HLX1 and NKX2-3 but not of NKX3-1 have
also been identified in embryonic HSPCs [45]. Of note, these data indicate a prominent role
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for NKX2-3 in early embryonic hematopoiesis. Furthermore, NKX2-3 is expressed during
myelopoiesis and behaves as a tumor suppressor gene in acute myeloid leukemia subtypes
[46]. In marginal zone B-cell lymphoma NKX2-3 is aberrantly activated and acts as an onco-
gene [47]. Our results indicate an oncogenic role of NKX2-3 in T-ALL as well.

We used NKL homeobox gene expressing T-cell lines as models and revealed a regulatory net-
work which might also be paralleled in hematopoietic stem and lymphoid progenitor cells (Fig
6). Accordingly, MSX1 is regulated by NKX2-3, AUTS2 and BMP-signalling, forming a marker
gene for the human CLP as shown previously in the mouse [48]. In intestinal microvascular
endothelial cells NKX2-3 enhances BMP-signalling via activation of BMP4 and inhibition of
SMAD?7 [49]. We have shown recently that the BMP-pathway inhibits MSX1 expression in
T-ALL which is activated via aberrant suppression of BMP-signalling [16]. Here, we have shown
that NKX2-3 inhibits MSX1 transcription directly, activates BMP-receptor expression, and inhib-
its AUTS2 expression, together contributing to MSX1 downregulation. In colon cancer cell lines
NKX2-3 regulates AUTS2 as well [50], suggesting a direct regulatory connection. AUTS2 inter-
acts with and turns polycomb repressor complex (PRC) 1 into an activating complex which is
involved in MSX1 deregulation [17,51]. Consistent with this idea, expression data of AUTS2 and
its PRC1 binding partner PCGF5 show elevated and reduced levels, respectively, in both CLPs
and BCPs, corresponding to enhanced MSXI1 transcript levels in these hematopoietic entities (S1
Fig). Furthermore, HHEX activated, while HLX1 and NKX3-1 repressed AUTS2 expression, dis-
playing a regulatory network.

The expression of NKL homeobox gene HHEX is important for normal hematopoiesis [52].
The activity of HHEX is downregulated in T-cell differentiation while its overexpression medi-
ates T-cell malignancy [53,54]. Overexpression of MSX1 has been described in T-ALL subsets
as well [16]. Thus, both genes represent paradigms for aberrant activity of hematopoietic NKL
homeobox genes. Our data indicate that aberrant chromosomal rearrangements mediate exclu-
sively ectopic NKL homeobox gene expression in T-ALL. This observation might suggest that
non-hematopoietic genes require T-cell specific enhancers for their activity in these cells which
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is realized by juxtaposition to TCR loci or BCL11B. However, in marginal-zone B-cell lym-
phoma NKX2-3 expression is aberrantly activated via chromosomal juxtaposition to the B-cell
receptor gene, and in diffuse large B-cell lymphoma activation of NKX2-1 is mediated by chro-
matin alterations but not via direct chromosomal rearrangement [47,55]. These cases oppose
the situation in T-ALL, suggesting lineage-dependent differences in gene regulation during B-
and T-cell development.

Furthermore, the expression levels of NKL homeo-oncogenes might themselves be of sig-
nificance. High HHEX mediates suppression of hematopoietic differentiation, while low levels
mediate development of T-cell malignancies [54]. This interrelation has been described for
aberrantly expressed NKX2-5 and NKX3-1 as well [15,55]. Moreover, the presence of an NKL-
code in lymphoid progenitors and the absence of NKL homeobox gene activity in mature T-
cells support the sensitivity of these progenitor cell types for transformation by this gene class.
However, deregulated NKL homeobox genes have been described in B-cell malignancies as
well [47,55]. But this oncogene class seems to be much less prevalent in those types of lym-
phoid tumours.

Our data indicated absence of common target genes of NKL homeodomain proteins in
T-ALL, although several target genes have been described for TLX1, TLX3 and NKX2-5 in this
malignancy [56-59]. However, these results may reflect differences in DNA-binding site speci-
ficities as shown for MSX1, NKX3-1 and NKX2-1 [60]. Furthermore, NKL homeodomain pro-
teins share a conserved segment in their N-terminal regions. This EH1 domain mediates
protein-interactions with TLE/groucho corepressors, and might be profoundly important for
their leukemic impact masking differences in DNA-binding specificity [61-63]. The basic role
of NKL homeobox genes and their TLE corepressors has been highlighted in the embryonal
development of the ventral neural tube [64], suggesting that repression of alternative differen-
tiation programs represents a general function of these genes.

Supporting information

S1 Fig. Expression levels of selected genes in hematopoietic cell types (GSE69239).
(TIF)

S2 Fig. (A) NKL homeobox gene expression levels in 117 T-ALL patients (GSE26713). Bars
indicate expression levels of the indicated genes. The selected genes show aberrantly elevated lev-
els in subsets of the patients. The first seven samples correspond to bone marrow controls of
healthy donors. The selected genes include DLX genes. (B) NKL homeobox gene expression
levels in 117 T-ALL patients (GSE26713). Bars indicate expression levels of the indicated genes.
The selected genes show aberrantly elevated levels in subsets of the patients. The first seven sam-
ples correspond to bone marrow controls of healthy donors. The selected genes include NKX
genes. (C) NKL homeobox gene expression levels in 117 T-ALL patients (GSE26713). Bars
indicate expression levels of the indicated genes. The selected genes show aberrantly elevated lev-
els in subsets of the patients. The first seven samples correspond to bone marrow controls of
healthy donors. The selected genes include TLX genes.

(TIF)

S3 Fig. Principal component analysis and cluster analysis of T-ALL (A) patients and (B) cell
lines. Of note, the patient data were obtained from GS26713 and include seven bone marrow
samples from healthy donors which were named here controls.

(TIF)

S1 Table. GEO2R analysis of NKX2-3 positive/negative T-ALLs patients (GSE26713).
NKX2-3 positive samples: GSM657744, GSM657745. NKX2-3 negative controls: GSM657733,
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GSM657734, GSM657735, GSM657736, GSM657737, GSM657738, GSM657739, GSM657740,
GSM657741, GSM657742.
(XLSX)

S2 Table. GEO2R analysis of NKL-positive/negative T-ALL patients (GSE26713). NKL posi-
tive samples: GSM657722, GSM657723, GSM657726, GSM657727, GSM657729, GSM657731,
GSM657732, GSM657733, GSM657734, GSM657735, GSM657736, GSM657737, GSM657738,
GSM657739, GSM657740, GSM657741, GSM657742, GSM657743, GSM657744, GSM657745,
GSM657746, GSM657747, GSM657749, GSM657750, GSM657753, GSM657754, GSM657755,
GSM657756, GSM657757, GSM657758, GSM657759, GSM657760, GSM657761, GSM657762,
GSM657765, GSM657766, GSM657767, GSM657768, GSM657769, GSM657770, GSM657771,
GSM657773, GSM657775, GSM657776, GSM657777, GSM657778, GSM657779, GSM657780,
GSM657781, GSM657782, GSM657783, GSM657784, GSM657785, GSM657786, GSM657787,
GSM657788, GSM657789, GSM657793, GSM657794, GSM657795, GSM657796, GSM657797,
GSM657798, GSM657799, GSM657801, GSM657802, GSM657804, GSM657805, GSM657806,
GSM657807, GSM657808, GSM657809, GSM657810, GSM657814, GSM657815, GSM657816,
GSM657817, GSM657821, GSM657822, GSM657823, GSM657824, GSM657825, GSM657826,
GSM657827, GSM657828, GSM657829, GSM657830, GSM657831, GSM657833, GSM657834,
GSM657835, GSM657836, GSM657837. NKL negative samples: GSM657721, GSM657724,
GSM657725, GSM657728, GSM657730, GSM657748, GSM657751, GSM657752, GSM657763,
GSM657764, GSM657772, GSM657774, GSM657790, GSM657791, GSM657792, GSM657800,
GSM657803, GSM657811, GSM657812, GSM657813, GSM657818, GSM657819, GSM657820,
GSM657832.

(XLSX)

S3 Table. Differential gene expression analysis of NKL-positive (ALL-SIL, CCRF-CEM,
HPB-ALL, LOUCY, PEER) and negative T-ALL cell lines (CML-T1, MOLT-4, MOLT-14,
MOLT-16, SUP-T1) (GSE87334).

(XLSX)

Author contributions
Conceptualization: SN.

Data curation: HD.

Formal analysis: CP.

Investigation: CM MK KB MS RM.
Resources: HD MS.

Visualization: SN.

Writing - original draft: SN.

Writing - review & editing: SN RM HD.

References

1. Rothenberg EV, Kueh HY, Yui MA, Zhang JA. Hematopoiesis and T-cell specification as a model devel-
opmental system. Immunol Rev. 2016; 271(1):72-97. doi: 10.1111/imr.12417 PMID: 27088908

2. Alberola-lla J, Hernandez-Hoyos G. The Ras/MAPK cascade and the control of positive selection.
Immunol Rev. 2003; 191:79-96. PMID: 12614353

PLOS ONE | DOI:10.1371/journal.pone.0171164 February 2, 2017 16/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171164.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171164.s006
http://dx.doi.org/10.1111/imr.12417
http://www.ncbi.nlm.nih.gov/pubmed/27088908
http://www.ncbi.nlm.nih.gov/pubmed/12614353

@° PLOS | ONE

Hematopoietic NKL homeobox genes

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Hager-Theodorides AL, Outram SV, Shah DK, Sacedon R, Shrimpton RE, Vicente A, et.al. Bone mor-
phogenetic protein 2/4 signaling regulates early thymocyte differentiation. J Immunol. 2002; 169
(10):5496-5504. PMID: 12421925

Cejalvo T, Sacedodn R, Hernandez-Lopez C, Diez B, Gutierrez-Frias C, Valencia J, et.al. Bone morpho-
genetic protein-2/4 signalling pathway components are expressed in the human thymus and inhibit
early T-cell development. Immunology. 2007; 121(1):94—104. doi: 10.1111/j.1365-2567.2007.02541.x
PMID: 17425602

Rothenberg EV. Transcriptional drivers of the T-cell lineage program. Curr Opin Immunol. 2012; 24
(2):132—138. doi: 10.1016/j.c0i.2011.12.012 PMID: 22264928

Ferrando AA, Neuberg DS, Staunton J, Loh ML, Huard C, Raimondi SC, et.al. Gene expression signa-
tures define novel oncogenic pathways in T cell acute lymphoblastic leukemia. Cancer Cell. 2002; 1
(1):75-87. PMID: 12086890

Armstrong SA, Look AT. Molecular genetics of acute lymphoblastic leukemia. J Clin Oncol. 2005; 23
(26):6306—6315. doi: 10.1200/JC0O.2005.05.047 PMID: 16155013

Hatano M, Roberts CW, Minden M, Crist WM, Korsmeyer SJ. Deregulation of a homeobox gene,
HOX11, by the t(10;14) in T cell leukemia. Science. 1991; 253(5015):79-82. PMID: 1676542

Bernard OA, Busson-LeConiat M, Ballerini P, Mauchauffé M, Della Valle V, Monni R, et.al. A new recur-
rent and specific cryptic translocation, t(5;14)(q35;932), is associated with expression of the Hox11L2
gene in T acute lymphoblastic leukemia. Leukemia. 2001; 15(10):1495-1504. PMID: 11587205

Nagel S, Kaufmann M, Drexler HG, MacLeod RA. The cardiac homeobox gene NKX2-5 is deregulated
by juxtaposition with BCL11B in pediatric T-ALL cell lines via a novel t(5;14)(q35.1;932.2). Cancer Res.
2003; 63(17):5329-5334. PMID: 14500364

Homminga |, Pieters R, Langerak AW, de Rooi JJ, Stubbs A, Verstegen M, et.al. Integrated transcript
and genome analyses reveal NKX2-1 and MEF2C as potential oncogenes in T cell acute lymphoblastic
leukemia. Cancer Cell. 2011; 19(4):484—497. doi: 10.1016/j.ccr.2011.02.008 PMID: 21481790

Holland PW, Booth HA, Bruford EA. Classification and nomenclature of all human homeobox genes.
BMC Biol. 2007; 5(47):1-28.

Homminga I, Pieters R, Meijerink JP. NKL homeobox genes in leukemia. Leukemia. 2012; 26(4):572—
581. doi: 10.1038/leu.2011.330 PMID: 22094586

Kusy S, Gerby B, Goardon N, Gault N, Ferri F, Gérard D, et.al. NKX3.1 is a direct TAL1 target gene that
mediates proliferation of TAL1-expressing human T cell acute lymphoblastic leukemia. J Exp Med.
2010; 207(10):2141-2156. doi: 10.1084/jem.20100745 PMID: 20855495

Nagel S, Ehrentraut S, Tomasch J, Lienenklaus S, Schneider B, Geffers R, et.al. Transcriptional activa-
tion of prostate specific homeobox gene NKX3-1 in subsets of T-cell lymphoblastic leukemia (T-ALL).
PLoS One. 2012; 7(7):e40747. doi: 10.1371/journal.pone.0040747 PMID: 22848398

Nagel S, Ehrentraut S, Meyer C, Kaufmann M, Drexler HG, MacLeod RA. Repressed BMP signaling
reactivates NKL homeobox gene MSX1 in a T-ALL subset. Leuk Lymphoma. 2015; 56(2):480—491. doi:
10.3109/10428194.2014.924119 PMID: 24844359

Nagel S, Pommerenke C, Meyer C, Kaufmann M, Drexler HG, MacLeod RA. Deregulation of polycomb
repressor complex 1 modifier AUTS2 in T-cell leukemia. Oncotarget. 2016; 7(29):45398-45413. doi:
10.18632/oncotarget.9982 PMID: 27322685

Komuro I, Izumo S. Csx: a murine homeobox-containing gene specifically expressed in the developing
heart. Proc Natl Acad Sci U S A. 1993; 90(17):8145-8149. PMID: 7690144

Pabst O, Zweigerdt R, Arnold HH. Targeted disruption of the homeobox transcription factor Nkx2-3 in
mice results in postnatal lethality and abnormal development of small intestine and spleen. Develop-
ment. 1999; 126(10):2215-2225. PMID: 10207146

Hill RE, Favor J, Hogan BL, Ton CC, Saunders GF, Hanson IM, et.al. Mouse small eye results from
mutations in a paired-like homeobox-containing gene. Nature. 1991; 354(6354):522-525. doi: 10.1038/
354522a0 PMID: 1684639

Hunt P, Gulisano M, Cook M, Sham MH, Faiella A, Wilkinson D, et.al. A distinct Hox code for the bran-
chial region of the vertebrate head. Nature. 1991; 353(6347):861-864. doi: 10.1038/353861a0 PMID:
1682814

Depew MJ, Simpson CA, Morasso M, Rubenstein JL. Reassessing the DIx code: the genetic regulation
of branchial arch skeletal pattern and development. J Anat. 2005; 207(5):501-561. doi: 10.1111/j.1469-
7580.2005.00487.x PMID: 16313391

Kuratani S. Evolution of the vertebrate jaw from developmental perspectives. Evol Dev. 2012; 14
(1):76-92. doi: 10.1111/j.1525-142X.2011.00523.x PMID: 23016976

Alharbi RA, Pettengell R, Pandha HS, Morgan R. The role of HOX genes in normal hematopoiesis and
acute leukemia. Leukemia. 2013; 27(5):1000-1008. doi: 10.1038/leu.2012.356 PMID: 23212154

PLOS ONE | DOI:10.1371/journal.pone.0171164 February 2, 2017 17/19


http://www.ncbi.nlm.nih.gov/pubmed/12421925
http://dx.doi.org/10.1111/j.1365-2567.2007.02541.x
http://www.ncbi.nlm.nih.gov/pubmed/17425602
http://dx.doi.org/10.1016/j.coi.2011.12.012
http://www.ncbi.nlm.nih.gov/pubmed/22264928
http://www.ncbi.nlm.nih.gov/pubmed/12086890
http://dx.doi.org/10.1200/JCO.2005.05.047
http://www.ncbi.nlm.nih.gov/pubmed/16155013
http://www.ncbi.nlm.nih.gov/pubmed/1676542
http://www.ncbi.nlm.nih.gov/pubmed/11587205
http://www.ncbi.nlm.nih.gov/pubmed/14500364
http://dx.doi.org/10.1016/j.ccr.2011.02.008
http://www.ncbi.nlm.nih.gov/pubmed/21481790
http://dx.doi.org/10.1038/leu.2011.330
http://www.ncbi.nlm.nih.gov/pubmed/22094586
http://dx.doi.org/10.1084/jem.20100745
http://www.ncbi.nlm.nih.gov/pubmed/20855495
http://dx.doi.org/10.1371/journal.pone.0040747
http://www.ncbi.nlm.nih.gov/pubmed/22848398
http://dx.doi.org/10.3109/10428194.2014.924119
http://www.ncbi.nlm.nih.gov/pubmed/24844359
http://dx.doi.org/10.18632/oncotarget.9982
http://www.ncbi.nlm.nih.gov/pubmed/27322685
http://www.ncbi.nlm.nih.gov/pubmed/7690144
http://www.ncbi.nlm.nih.gov/pubmed/10207146
http://dx.doi.org/10.1038/354522a0
http://dx.doi.org/10.1038/354522a0
http://www.ncbi.nlm.nih.gov/pubmed/1684639
http://dx.doi.org/10.1038/353861a0
http://www.ncbi.nlm.nih.gov/pubmed/1682814
http://dx.doi.org/10.1111/j.1469-7580.2005.00487.x
http://dx.doi.org/10.1111/j.1469-7580.2005.00487.x
http://www.ncbi.nlm.nih.gov/pubmed/16313391
http://dx.doi.org/10.1111/j.1525-142X.2011.00523.x
http://www.ncbi.nlm.nih.gov/pubmed/23016976
http://dx.doi.org/10.1038/leu.2012.356
http://www.ncbi.nlm.nih.gov/pubmed/23212154

@° PLOS | ONE

Hematopoietic NKL homeobox genes

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

Abate-Shen C. Deregulated homeobox gene expression in cancer: cause or consequence? Nat Rev
Cancer. 2002; 2(10):777-785. doi: 10.1038/nrc907 PMID: 12360280

Drexler HG. Guide to leukemia-lymphoma cell lines. 2nd edition, Braunschweig: DSMZ, 2010.

Brune V, Tiacci E, Pfeil |, Déring C, Eckerle S, van Noesel CJ, et.al. Origin and pathogenesis of nodular
lymphocyte-predominant Hodgkin lymphoma as revealed by global gene expression analysis. J Exp
Med. 2008; 205(10):2251-2268. doi: 10.1084/jem.20080809 PMID: 18794340

Du X, Tang Y, Xu H, Lit L, Walker W, Ashwood P, et.al. Genomic profiles for human peripheral blood T
cells, B cells, natural killer cells, monocytes, and polymorphonuclear cells: comparisons to ischemic
stroke, migraine, and Tourette syndrome. Genomics. 2006; 87(6):693—-703. doi: 10.1016/j.ygeno.2006.
02.003 PMID: 16546348

Huang da W, Sherman BT, Lempicki RA. Systematic and integrative analysis of large gene lists using
DAVID bioinformatics resources. Nat Protoc. 2009; 4(1):44-57. doi: 10.1038/nprot.2008.211 PMID:
19131956

Casero D, Sandoval S, Seet CS, Scholes J, Zhu Y, Ha VL, et.al. Long non-coding RNA profiling of
human lymphoid progenitor cells reveals transcriptional divergence of B cell and T cell lineages. Nat
Immunol. 2015; 16(12):1282—-1291. doi: 10.1038/ni.3299 PMID: 26502406

MacLeod RA, Nagel S, Kaufmann M, Janssen JW, Drexler HG. Activation of HOX11L2 by juxtaposition
with 3'-BCL11B in an acute lymphoblastic leukemia cell line (HPB-ALL) with t(5;14)(q35;932.2). Genes
Chromosomes Cancer. 2003; 37(1):84-91. doi: 10.1002/gcc.10194 PMID: 12661009

John G, Hegarty JP, Yu W, Berg A, Pastor DM, Kelly AA, et.al. NKX2-3 variant rs11190140 is associ-
ated with IBD and alters binding of NFAT. Mol Genet Metab. 2011; 104(1-2):174-179. doi: 10.1016/j.
ymgme.2011.06.023 PMID: 21803625

Jolma A, Yan J, Whitington T, Toivonen J, Nitta KR, Rastas P, et.al. DNA-binding specificities of human
transcription factors. Cell. 2013; 152(1-2):327-339. doi: 10.1016/j.cell.2012.12.009 PMID: 23332764

Alberola-lla J, Hernandez-Hoyos G. The Ras/MAPK cascade and the control of positive selection.
Immunol Rev. 2003; 191:79-96. PMID: 12614353

Arnold R, Brenner D, Becker M, Frey CR, Krammer PH. How T lymphocytes switch between life and
death. Eur J Immunol. 2006; 36(7):1654—1658. doi: 10.1002/€ji.200636197 PMID: 16791883

Wang R, Xie H, Huang Z, Shang W, Sun Z. Developing and activated T cell survival depends on differ-
ential signaling pathways to regulate anti-apoptotic Bcl-x(L). Clin Dev Immunol. 2012; 2012:632837.
doi: 10.1155/2012/632837 PMID: 22235227

Hunt P, Krumlauf R. Deciphering the Hox code: clues to patterning branchial regions of the head. Cell.
1991; 66(6):1075-1078. PMID: 1680562

Kessel M, Gruss P. Homeotic transformations of murine vertebrae and concomitant alteration of Hox
codes induced by retinoic acid. Cell. 1991; 67(1):89—-104. PMID: 1680565

Reecy JM, Yamada M, Cummings K, Sosic D, Chen CY, Eichele G, et.al. Chicken Nkx-2.8: a novel
homeobox gene expressed in early heart progenitor cells and pharyngeal pouch-2 and -3 endoderm.
Dev Biol. 1997; 188(2):295-311. doi: 10.1006/dbio.1997.8641 PMID: 9268576

Sauvageau G, Lansdorp PM, Eaves CJ, Hogge DE, Dragowska WH, Reid DS, et.al. Differential expres-
sion of homeobox genes in functionally distinct CD34+ subpopulations of human bone marrow cells.
Proc Natl Acad Sci U S A. 1994; 91(25):12223—-12227. PMID: 7527557

Eklund EA. The role of HOX genes in myeloid leukemogenesis. Curr Opin Hematol. 2006; 13(2):67-73.
doi: 10.1097/01.moh.0000208467.63861.d6 PMID: 16456371

He H, Hua X, Yan J. Epigenetic regulations in hematopoietic Hox code. Oncogene. 2011; 30(4):379—
388. doi: 10.1038/0nc.2010.484 PMID: 20972460

Taghon T, Thys K, De Smedt M, Weerkamp F, Staal FJ, et.al. Homeobox gene expression profile in
human hematopoietic multipotent stem cells and T-cell progenitors: implications for human T-cell devel-
opment. Leukemia. 2003; 17(6):1157—1163. doi: 10.1038/sj.leu.2402947 PMID: 12764384

Soulier J, Clappier E, Cayuela JM, Regnault A, Garcia-Peydré M, Dombret H, et.al. HOXA genes are
included in genetic and biologic networks defining human acute T-cell leukemia (T-ALL). Blood. 2005;
106(1):274-286. doi: 10.1182/blood-2004-10-3900 PMID: 15774621

Zhou F, Li X, Wang W, Zhu P, Zhou J, He W, et.al. Tracing haematopoietic stem cell formation at sin-
gle-cell resolution. Nature. 2016; 533(7604):487—-492. doi: 10.1038/nature17997 PMID: 27225119

Hsu CH, Nguyen C, Yan C, Ries RE, Chen QR, Hu Y, Ostronoff F, et.al. Transcriptome profiling of pedi-
atric core binding factor AML. PLoS One. 2015; 10(9):e0138782. doi: 10.1371/journal.pone.0138782
PMID: 26397705

PLOS ONE | DOI:10.1371/journal.pone.0171164 February 2, 2017 18/19


http://dx.doi.org/10.1038/nrc907
http://www.ncbi.nlm.nih.gov/pubmed/12360280
http://dx.doi.org/10.1084/jem.20080809
http://www.ncbi.nlm.nih.gov/pubmed/18794340
http://dx.doi.org/10.1016/j.ygeno.2006.02.003
http://dx.doi.org/10.1016/j.ygeno.2006.02.003
http://www.ncbi.nlm.nih.gov/pubmed/16546348
http://dx.doi.org/10.1038/nprot.2008.211
http://www.ncbi.nlm.nih.gov/pubmed/19131956
http://dx.doi.org/10.1038/ni.3299
http://www.ncbi.nlm.nih.gov/pubmed/26502406
http://dx.doi.org/10.1002/gcc.10194
http://www.ncbi.nlm.nih.gov/pubmed/12661009
http://dx.doi.org/10.1016/j.ymgme.2011.06.023
http://dx.doi.org/10.1016/j.ymgme.2011.06.023
http://www.ncbi.nlm.nih.gov/pubmed/21803625
http://dx.doi.org/10.1016/j.cell.2012.12.009
http://www.ncbi.nlm.nih.gov/pubmed/23332764
http://www.ncbi.nlm.nih.gov/pubmed/12614353
http://dx.doi.org/10.1002/eji.200636197
http://www.ncbi.nlm.nih.gov/pubmed/16791883
http://dx.doi.org/10.1155/2012/632837
http://www.ncbi.nlm.nih.gov/pubmed/22235227
http://www.ncbi.nlm.nih.gov/pubmed/1680562
http://www.ncbi.nlm.nih.gov/pubmed/1680565
http://dx.doi.org/10.1006/dbio.1997.8641
http://www.ncbi.nlm.nih.gov/pubmed/9268576
http://www.ncbi.nlm.nih.gov/pubmed/7527557
http://dx.doi.org/10.1097/01.moh.0000208467.63861.d6
http://www.ncbi.nlm.nih.gov/pubmed/16456371
http://dx.doi.org/10.1038/onc.2010.484
http://www.ncbi.nlm.nih.gov/pubmed/20972460
http://dx.doi.org/10.1038/sj.leu.2402947
http://www.ncbi.nlm.nih.gov/pubmed/12764384
http://dx.doi.org/10.1182/blood-2004-10-3900
http://www.ncbi.nlm.nih.gov/pubmed/15774621
http://dx.doi.org/10.1038/nature17997
http://www.ncbi.nlm.nih.gov/pubmed/27225119
http://dx.doi.org/10.1371/journal.pone.0138782
http://www.ncbi.nlm.nih.gov/pubmed/26397705

@° PLOS | ONE

Hematopoietic NKL homeobox genes

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Robles EF, Mena-Varas M, Barrio L, Merino-Cortes SV, Balogh P, Du MQ, et.al. Homeobox NKX2-3
promotes marginal-zone lymphomagenesis by activating B-cell receptor signalling and shaping lympho-
cyte dynamics. Nat Commun. 2016; 7:11889. doi: 10.1038/ncomms 11889 PMID: 27297662

Jojic V, Shay T, Sylvia K, Zuk O, Sun X, Kang J, et.al. Identification of transcriptional regulators in the
mouse immune system. Nat Immunol. 2013; 14(6):633-643. doi: 10.1038/ni.2587 PMID: 23624555

Yu W, Hegarty JP, Berg A, Chen X, West G, Kelly AA, et.al. NKX2-3 transcriptional regulation of
endothelin-1 and VEGF signaling in human intestinal microvascular endothelial cells. PLoS One. 2011;
6(5):€20454. doi: 10.1371/journal.pone.0020454 PMID: 21637825

Yu W, Lin Z, Pastor DM, Hegarty JP, Chen X, Kelly AA, et.al. Genes regulated by Nkx2-3 in sporadic
and inflammatory bowel disease-associated colorectal cancer cell lines. Dig Dis Sci. 2010; 55
(11):3171-3180. doi: 10.1007/s10620-010-1138-0 PMID: 20165982

Gao Z, Lee P, Stafford JM, von Schimmelmann M, Schaefer A, Reinberg D. An AUTS2-Polycomb com-
plex activates gene expression in the CNS. Nature. 2014; 516(7531):349-354. doi: 10.1038/
nature13921 PMID: 25519132

Bedford FK, Ashworth A, Enver T, Wiedemann LM. HEX: a novel homeobox gene expressed during
haematopoiesis and conserved between mouse and human. Nucleic Acids Res. 1993; 21(5):1245—
1259. PMID: 8096636

Mack DL, Leibowitz DS, Cooper S, Ramsey H, Broxmeyer HE, Hromas R. Down-regulation of the mye-
loid homeobox protein Hex is essential for normal T-cell development. Immunology. 2002; 107(4):444—
451. doi: 10.1046/j.1365-2567.2002.01523.x PMID: 12460189

George A, Morse HC 3rd, Justice MJ. The homeobox gene Hex induces T-cell-derived lymphomas
when overexpressed in hematopoietic precursor cells. Oncogene. 2003; 22(43):6764—6773. doi: 10.
1038/sj.onc.1206822 PMID: 14555989

Nagel S, Ehrentraut S, Tomasch J, Quentmeier H, Meyer C, Kaufmann M, et.al. Ectopic expression of
homeobox gene NKX2-1 in diffuse large B-cell ymphoma is mediated by aberrant chromatin modifica-
tions. PLoS One. 2013; 8(4):e61447. doi: 10.1371/journal.pone.0061447 PMID: 23637834

Nagel S, Meyer C, Quentmeier H, Kaufmann M, Drexler HG, MacLeod RA. MEF2C is activated by mul-
tiple mechanisms in a subset of T-acute lymphoblastic leukemia cell lines. Leukemia. 2008; 22(3):600—
607. doi: 10.1038/sj.leu.2405067 PMID: 18079734

Rice KL, Izon DJ, Ford J, Boodhoo A, Kees UR, Greene WK. Overexpression of stem cell associated

ALDH1A1, a target of the leukemogenic transcription factor TLX1/HOX11, inhibits lymphopoiesis and
promotes myelopoiesis in murine hematopoietic progenitors. Leuk Res. 2008; 32(6):873-883. doi: 10.
1016/j.leukres.2007.11.001 PMID: 18082256

Nagel S, Venturini L, Przybylski GK, Grabarczyk P, Schmidt CA, Meyer C, et.al. Activation of miR-17-
92 by NK-like homeodomain proteins suppresses apoptosis via reduction of E2F1 in T-cell acute lym-
phoblastic leukemia. Leuk Lymphoma. 2009; 50(1):101-108. doi: 10.1080/10428190802626632 PMID:
19148830

De Keersmaecker K, Real PJ, Gatta GD, Palomero T, Sulis ML, Tosello V, et.al. The TLX1 oncogene
drives aneuploidy in T cell transformation. Nat Med. 2010; 16(11):1321-1327. doi: 10.1038/nm.2246
PMID: 20972433

Steadman DJ, Giuffrida D, Gelmann EP. DNA-binding sequence of the human prostate-specific homeo-
domain protein NKX3.1. Nucleic Acids Res. 2000; 28(12):2389-2395. PMID: 10871372

Riz I, Lee HJ, Baxter KK, Behnam R, Hawley TS, Hawley RG. Transcriptional activation by TLX1/
HOX11 involves Gro/TLE corepressors. Biochem Biophys Res Commun. 2009; 380(2):361-365. doi:
10.1016/j.bbrc.2009.01.099 PMID: 19250647

Nagel S, Venturini L, Przybylski GK, Grabarczyk P, Meyer C, Kaufmann M, et.al. NK-like homeodomain
proteins activate NOTCHS3-signaling in leukemic T-cells. BMC Cancer. 2009; 9(371):1-16.

Riz I, Hawley TS, Luu TV, Lee NH, Hawley RG. TLX1 and NOTCH coregulate transcription in T cell
acute lymphoblastic leukemia cells. Mol Cancer. 2010; 9(181):1-17.

Muhr J, Andersson E, Persson M, Jessell TM, Ericson J. Groucho-mediated transcriptional repression
establishes progenitor cell pattern and neuronal fate in the ventral neural tube. Cell. 2001; 104(6):861—
873. PMID: 11290324

PLOS ONE | DOI:10.1371/journal.pone.0171164 February 2, 2017 19/19


http://dx.doi.org/10.1038/ncomms11889
http://www.ncbi.nlm.nih.gov/pubmed/27297662
http://dx.doi.org/10.1038/ni.2587
http://www.ncbi.nlm.nih.gov/pubmed/23624555
http://dx.doi.org/10.1371/journal.pone.0020454
http://www.ncbi.nlm.nih.gov/pubmed/21637825
http://dx.doi.org/10.1007/s10620-010-1138-0
http://www.ncbi.nlm.nih.gov/pubmed/20165982
http://dx.doi.org/10.1038/nature13921
http://dx.doi.org/10.1038/nature13921
http://www.ncbi.nlm.nih.gov/pubmed/25519132
http://www.ncbi.nlm.nih.gov/pubmed/8096636
http://dx.doi.org/10.1046/j.1365-2567.2002.01523.x
http://www.ncbi.nlm.nih.gov/pubmed/12460189
http://dx.doi.org/10.1038/sj.onc.1206822
http://dx.doi.org/10.1038/sj.onc.1206822
http://www.ncbi.nlm.nih.gov/pubmed/14555989
http://dx.doi.org/10.1371/journal.pone.0061447
http://www.ncbi.nlm.nih.gov/pubmed/23637834
http://dx.doi.org/10.1038/sj.leu.2405067
http://www.ncbi.nlm.nih.gov/pubmed/18079734
http://dx.doi.org/10.1016/j.leukres.2007.11.001
http://dx.doi.org/10.1016/j.leukres.2007.11.001
http://www.ncbi.nlm.nih.gov/pubmed/18082256
http://dx.doi.org/10.1080/10428190802626632
http://www.ncbi.nlm.nih.gov/pubmed/19148830
http://dx.doi.org/10.1038/nm.2246
http://www.ncbi.nlm.nih.gov/pubmed/20972433
http://www.ncbi.nlm.nih.gov/pubmed/10871372
http://dx.doi.org/10.1016/j.bbrc.2009.01.099
http://www.ncbi.nlm.nih.gov/pubmed/19250647
http://www.ncbi.nlm.nih.gov/pubmed/11290324

