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Abstract

:

Homeobox genes encode transcription factors which control basic processes in development and differentiation. Concerning the sequence conservation in their homeobox, these genes are arranged into particular groups sharing evolutionary ancestry and resembling in function. We have recently described the physiological expression patterns of two homeobox gene groups, NKL and TALE, in early hematopoiesis and subsequent lymphopoiesis. The hematopoietic activities of eleven NKL and nine TALE homeobox genes have been termed as NKL- and TALE-codes, respectively. Due to the developmental impact of homeobox genes, these expression data indicate a key role for their activity in normal hematopoietic differentiation processes, including B-cell development. On the other hand, aberrant expression of NKL- and TALE-code members or ectopic activation of non-code members have been frequently reported in lymphoid malignancies, demonstrating their oncogenic potential in the hematopoietic compartment. Here, we provide an overview of the established NKL- and TALE-codes in normal lymphopoiesis and of deregulated homeobox genes in Hodgkin lymphoma, demonstrating the capability of gene codes to identify homeo-oncogenes in lymphoid malignancies.
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1. Hematopoiesis and B-Cell Development


In the course of hematopoiesis, all of the blood and immune cells are produced. Today, developing and mature hematopoietic cells are extensively defined even at the molecular level, allowing for the retracement of underlying mechanisms of cell differentiation [1]. Hematopoietic stem cells (HSCs) are located in the bone marrow and generate common progenitors, which represent the starting points for the myeloid and lymphoid cell lineages. The common lymphoid progenitor (CLP) generates all of the types of lymphocytes, comprising B-cells, T-cells, natural killer (NK)-cells, and innate lymphoid cells (ILC). The process of B-cell development begins with the CLP-derived B-cell progenitor (BCP) and includes the rearrangements of B-cell receptor genes encoding the immunoglobulin chains. BCPs differentiate via the pro-B-cell and pre-B-cell stages into naïve B-cells. Early T-cell progenitors migrate into the thymus to complete their differentiation. In contrast, for the final differentiation steps to memory B-cells and plasma cells via the stage of germinal center (GC) B-cells, naïve B-cells migrate into lymph nodes, the spleen, and other lymphoid tissues. In these compartments, additional molecular alterations occur, such as the somatic hypermutation and class switching of the B-cell receptor genes. These alterations are operated at the DNA level and prone to generate oncogenic gene rearrangements and mutations.



The main steps of lymphopoiesis including B-cell development are controlled at the transcriptional level [2,3]. Accordingly, several transcription factors (TFs), such as BCL6, EBF1, MYB, PAX5, PRDM1, SPIB, and TCF3 are members of a B-cell specific regulatory network, which orchestrates basic differentiation processes [4,5,6,7]. TCF3 plays a prominent role for the development of all types of lymphocytes, while EBF1 and PAX5 are basic factors of the B-cell lineage [3,8]. BCL6 and PRDM1 inhibit each other and are involved in differentiation processes taking place in the GC [9]. Provoked by aberrant chromosomal rearrangements or gene mutations, deregulations of these developmental TFs are reported to contribute to the generation of B-cell malignancies [10,11]. Therefore, the knowledge of physiological activities of developmental TFs supports the understanding of both the normal and abnormal processes in B-cell differentiation.




2. Classification of Homeobox Genes


Homeobox genes encode TFs, which mainly control development and cell/tissue differentiation [12]. They represent the second strongest group of TFs in humans [13]. Their conserved homeobox encodes the homeodomain, which forms a 3D-structure classified as helix–turn–helix. The homeodomain is about 60 amino acid residues long and consists of three helices. Helix 3 shows the strongest sequence conformance, fits into the major groove of the DNA, and performs sequence–specific interactions [14]. Accordingly, helix 3 has been termed as a recognition helix. Moreover, the homeodomain mediates contacts with chromatin and cofactors, thus representing the operating basis of these TFs [12].



With regards to the similarities in their homeobox sequences, these genes are arranged in classes and subclasses. Overall, eleven classes have been recognized, comprising ANTP, CERS, CUT, HNF, LIM, POU, PRD, PROS, SINE, TALE, and ZF [15]. The largest classes are antennapedia (ANTP) and paired (PRD). The ANTP class contains the subclasses HOX-like (HOXL) and NK-like (NKL). This established scheme reflects the evolutionary history of these genes, which have been detected in all of the eukaryotes and expanded in Metazoa [16]. The human genome contains 235 homeobox genes [15]. The process of gene duplication has generated gene clusters, which subsequently diversified and separated, but are still present for the HOX genes and to some extent, for the NKL genes [17]. The human genome contains four HOX gene clusters, called HOXA, HOXB, HOXC, and HOXD, showing an evolutionary conserved arrangement and colinear activities in the embryonal development. Furthermore, the human genome contains 48 NKL subclass members. For instance, NKL homeobox genes TLX3, NKX2-5, and MSX2 are distant neighbors and located at chromosomal position 5q35, displaying their evolutionary history as part of an ancient and more comprehensive NKL gene cluster [15,17].



The basic impact of homeobox genes in developmental processes is evident by nominating several members as master genes. NKL homeobox gene NKX2-3 has been described as a fundamental regulator of spleen development. Knockdown of this gene in embryonal mice results in asplenic animals [18]. Furthermore, NKX2-3 is hematopoietically expressed in human HSCs and silenced in the following stages of differentiation, indicating functional roles at the stem cell level [19]. NKX2-5 is involved in the development of both the spleen and heart [20,21]. Its role in heart development is evolutionary conserved in vertebrates and insects, highlighting the profound developmental impact of homeobox genes. Finally, PAX5 is a member of the PRD class of homeobox genes and controls the differentiation of B-cells [22]. Loss of PAX5 activity in the hematopoietic compartment disturbs the B-cell development in mice [23]. Therefore, these master genes regulate fundamental steps in the differentiation of specific cells, tissues, and organs.




3. Homeobox Gene Signatures: Lymphoid NKL- and TALE-Codes


Homeobox gene codes have been described for the first time for the clustered HOX genes expressed in the developing fruit fly Drosophila and later in vertebrate embryos [24]. Regarding their genomic arrangement, these genes display a colinear anterio–posterio expression pattern in the embryonic head region of mice, which has been called HOX-code [25]. The DLX-code describes a dorso–ventral expression pattern of DLX homeobox genes in the developing pharyngeal region [26]. Therefore, these gene codes represent the expression signatures of related homeobox genes for particular tissues or body regions.



Recently, we have created the NKL-code, which describes the expression of particular NKL homeobox genes in the course of hematopoiesis, including early stem cell stages, lymphopoiesis, myelopoiesis, and mature lymphoid and myeloid cells [19,27,28]. This code encompasses eleven NKL homeobox genes, showing a specific expression pattern in stem and progenitor cells, as well as mature blood and immune cells [29]. The lymphoid NKL-code is depicted in Figure 1. With regards to this code, the expression of NKX2-3 and NANOG is restricted to hematopoietic stem/progenitor cells, while HHEX and HLX are active in developing and mature lymphocytes. The activity of NKL homeobox genes is downregulated in the final differentiation stages of T-cells, ILC1, and ILC2. In B-cell development, HLX is silenced after the stage of B-cell progenitors, while HHEX and NKX6-3 contribute to the differentiation of memory B-cells and plasma cells, respectively.



TALE genes represent a conspicuous homeobox gene class [12,30]. All of the members contain a three amino acid loop extension between helix 1 and 2, abbreviated as TALE. This very ancient group of homeobox genes encodes TFs, which are able to cooperate with other TALE or with particular HOX proteins to regulate target genes. Regarding the generation of the NKL-code, we have created the lymphoid TALE-code [31]. This gene signature includes 11 of the 20 genes of the strong TALE homeobox gene class, expressed in early hematopoiesis and lymphopoiesis (Figure 2).



Each stage in lymphopoiesis expresses between one (ILC1) and eight (for example, naïve B-cells) TALE homeobox genes. TGF1 is expressed in all of the analyzed cell types, while PBX1, for example, is restricted to stem and progenitor cells. Thereafter, PBX1 is silenced in the course of B-cell development [31,32], indicating a suppressive function in lymphoid maturation.




4. Deregulated Homeobox Genes in Hodgkin Lymphoma


4.1. Hodgkin Lymphoma


Hodgkin lymphoma (HL) is a GC-derived B-cell malignancy, although rare cases with T-cell origin have been described [33]. With regards to the histological and phenotypical characteristics, this tumor type is classified into two main groups, classical HL and nodular lymphocyte predominant HL (NLPHL). Classical HL is further divided into the subtypes nodular sclerosis, mixed cellularity, lymphocyte-rich, and lymphocyte-depleted. The typical large tumor cells are called Hodgkin Reed Sternberg (HRS) and lymphocyte predominant (LP) cells, respectively for the classical HL and NLPHL groups, occurring rarely in infiltrated lymph nodes. Therefore, most of the cells of the tumor mass represent reactive lymphocytes, macrophages, dendritic cells, and granulocytes [34].



The specific phenotype and rareness of HRS and LP cells complicate their analysis. However, established bona fide HL cell lines may serve as suitable models to investigate their molecular abnormalities [35]. HL has a long and intense background of causal research revealing several hallmarks, including aberrant receptor-signaling, inhibition of apoptosis, activated NFkB-pathway, loss of B-cell associated TFs, EBV infection, and immune escape [34,36]. HL is one of the most frequent lymphomas in the Western world. In addition, the current chemotherapeutic and radiation protocols have substantially improved the prognosis [34].



In HL, several deregulated homeobox genes have been reported, belonging to different classes/subclasses: ANTP/HOXL (HOXB9, MNX1/HLXB9), ANTP/NKL (DLX1, EMX2, HLX, NKX2-2, NKX3-2, TLX2), POU (POU2AF1/BOB1, POU2F2/OCT2), PRD (HOPX, PAX5, MIXL1, OTX1, OTX2), SINE (SIX1), TALE (IRX3, IRX4, MEIS1, MEIS3, PBX1, PBX4, TGIF1), and ZF (ZHX2) [29,31,37,38,39,40,41,42,43,44,45,46]. Downregulation of B-cell associated homeobox gene activities has been described for PAX5, POU2AF1/BOB1, POU2F2/OCT2, and ZHX2, basically contributing to the generation of this malignancy by disturbed B-cell differentiation [41,46]. The remaining deregulated homeobox genes are aberrantly overexpressed or ectopically activated. Recently, we have systematically analyzed the groups of NKL and TALE homeobox genes in hematopoiesis and revealed aberrant activities of two members in HL, which are detailed in the following section [30,36].




4.2. Deregulated NKL Homeobox Gene HLX in HL


A systematic screening for deregulated NKL homeobox genes in HL revealed six members [27]. A subsequent comparison of lymphoid NKL-code members with HL patient data demonstrated aberrant overexpression of HLX in about 8% of patients [37]. HL cell line L-540 showed conspicuously high HLX expression levels and served as a model to investigate the upstream and downstream factors. Expression profiling analysis, knockdown and inhibitor experiments, reporter gene assays, in addition to chromatin immunoprecipitation data showed that STAT3 directly activates HLX in L-540. Furthermore, analyses of the subcellular localization of STAT3 indicated that deacetylation of STAT3 protein supports nuclear translocation and the subsequent activation of HLX expression [37]. Consistently, Kube et al. have reported that STAT3 represents an aberrantly activated TF in HL [47]. Analyses of HLX target genes revealed the inhibition of differentiation factors BCL11A, MSX1 and SPIB, and of pro-apoptotic factor BCL2L11 [37]. Therefore, HLX impacts the HL hallmark processes B-cell differentiation and apoptosis. The deregulated activity and oncogenic function of HLX in HL cells is summarized in Figure 3.



The activator role of STAT3 for HLX expression has also been shown in the pathological contexts of anaplastic large cell lymphoma (ALCL) and EBV-positive diffuse large B-cell lymphoma (DLBCL). In ALCL, STAT3 is overexpressed, mutated, and aberrantly activated, representing a hallmark oncogene for this disease [48,49]. Using ALCL cell lines as models, we have demonstrated that STAT3 in addition to STAT3-activators and STAT3-target genes including HLX are overexpressed and targeted by copy number gains. Moreover, the oncogenic fusion protein NPM1–ALK activates STAT3, which can in turn drive HLX expression in ALCL cell lines [50].



Infection with Epstein–Barr virus (EBV) plays a pathognomonic role in B-cell lymphomas, including HL and DLBCL [51]. EBV-encoded proteins deregulate the activity of several signaling pathways, including JAK–STAT [52,53,54]. Accordingly, isolated EBV-positive and EBV-negative cell populations of DLBCL cell line DOHH-2 were used to demonstrate that EBV-factors LMP1 and LMP2A mediate STAT3 activation, which can in turn drive HLX expression in this malignancy [55]. Therefore, aberrant HLX activation by STAT3 is a general oncogenic transaction, playing a role in HL, ALCL, and DLBCL.




4.3. Deregulated TALE Homeobox Gene PBX1 in HL


Screening for deregulated TALE homeobox genes in HL patients revealed seven class members, including PBX1 [31]. The HL cell line SUP-HD1 expressed elevated PBX1 levels and served as a model to analyze upstream and downstream factors of this TALE homeobox gene. Genomic analysis demonstrated a copy number gain for PBX1 at 1q23 in SUP-HD1, which may underlie its upregulation. Target gene analysis revealed that PBX1 activated the differentiation factor NFIB and NKL homeobox gene TLX2. Of note, aberrant overexpression of NFIB in addition to NFIA, NFIC, and NFIX may indicate that this family of developmental TFs plays a substantial role in the pathogenesis of HL [31].



TALE homeodomain factors are described to interact with homeodomain factors of the TALE class or of the HOXL subclass [56]. This feature may represent a very ancient function of TALE factors [30]. Recently, we have found by a combination of PCR-screens the use of degenerate oligonucleotides and expression profiling analysis overexpression of HOXL subclass member HOXB9 in HL cell lines. HOXB9 is normally silent in hematopoietic cells, indicating ectopic activation. Therefore, once again, a copy number gain may underlie elevated HOXB9 expression in HL [39]. Additional analyses of the identified PBX1-target genes demonstrated that TLX2 is coregulated by PBX1 and HOXB9, while NFIB and TNFRSF9 are regulated by PBX1 or HOXB9, respectively. Deregulation of NFIB and TLX2 may impact B-cell differentiation, while TNFRSF9 has been implicated in immune escape [31,57,58]. Furthermore, TLX2 was shown to inhibit apoptosis via TBX15 and BCL2L11 (Figure 4). Therefore, PBX1 and HOXB9 support several oncogenic hallmark processes in HL.





5. Conclusions


In conclusion, homeobox genes encode basic TFs with oncogenic functions, in the case that they are deregulated. Homeobox gene codes serve to describe the physiological differentiation processes and to identify and evaluate aberrant homeobox gene activities in coresponding tumor entities. Deregulated NKL- and TALE-code members HLX and PBX1 play important pathogenic roles in HL, and may thus have diagnostic and/or therapeutic potentials.
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Figure 1. The lymphoid NKL-code describes activities of NKL homeobox genes (red) in stages and cell types of early hematopoiesis and lymphopoiesis, including developing B-cells, T-cells, NK-cells, and ILCs. NKL homeobox gene HLX is highlighted in blue. BCP: B-cell progenitor; CILP: Common innate lymphoid cell progenitor; CLP: Common lymphoid progenitor; CMP: Common myeloid progenitor; DN: Double negative thymocytes; DP: Double positive thymocytes; ETP: Early T-cell progenitor; GC: Germinal center; HSC: Hematopoietic stem cell; ILC: Innate lymphoid cells; LMPP: Lymphoid and myeloid primed progenitor; memo: Memory; NKP: NK-cell progenitor; ?: Cell types with unknown NKL gene activities; ---: Cell types with absent NKL gene activities. 
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Figure 2. The lymphoid TALE-code describes the activities for TALE homeobox genes (red) in stages and cell types of early hematopoiesis and lymphopoiesis, including developing B-cells, T-cells, NK-cells, and ILCs. TALE homeobox gene PBX1 is highlighted in blue. BCP: B-cell progenitor; CILP: Common innate lymphoid cell progenitor; CLP: Common lymphoid progenitor; CMP: Common myeloid progenitor; DN: Double negative thymocytes; DP: Double positive thymocytes; ETP: Early T-cell progenitor; GC: Germinal center; HSC: Hematopoietic stem cell; ILC: Innate lymphoid cells; LMPP: Lymphoid and myeloid primed progenitor; memo: Memory; NKP: NK-cell progenitor; ?: Cell types with unknown TALE gene activities. 
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Figure 3. This diagram shows the regulation and function of aberrantly expressed NKL homeobox gene HLX. STAT3 is activated by interleukin (IL)-receptor-signaling or EBV-infection resulting in phosphorylation (P). The subcellular localization of STAT3 is regulated by acetylation (ac). EP300 mediates acetylation, while SIRT1 and overexpressed histone deacetylases (HDACs, red) perform deacetylation. Phosphorylated and deacetylated STAT3 translocate into the nucleus (dashed arrow) to activate its target gene HLX. HLX can in turn operate as a repressor to inhibit the target genes BCL11A, MSX1, SPIB, and BCL2L11 (green). 






Figure 3. This diagram shows the regulation and function of aberrantly expressed NKL homeobox gene HLX. STAT3 is activated by interleukin (IL)-receptor-signaling or EBV-infection resulting in phosphorylation (P). The subcellular localization of STAT3 is regulated by acetylation (ac). EP300 mediates acetylation, while SIRT1 and overexpressed histone deacetylases (HDACs, red) perform deacetylation. Phosphorylated and deacetylated STAT3 translocate into the nucleus (dashed arrow) to activate its target gene HLX. HLX can in turn operate as a repressor to inhibit the target genes BCL11A, MSX1, SPIB, and BCL2L11 (green).



[image: Hemato 03 00011 g003]







[image: Hemato 03 00011 g004 550] 





Figure 4. This diagram shows the activation and function of aberrantly expressed TALE homeobox gene PBX1 and HOXL homeobox gene HOXB9 in HL. Both genes are targeted by genomic copy number gains. PBX1 activates NFIB and TLX2, while HOXB9 activates TLX2 and TNFRSF9. NFIB and TLX2 mediate the inhibition of B-cell development, and TLX2 inhibits apoptosis via TBX15 and BCL2L11. TNFRSF9 supports aberrant immune escape via NFkB-signaling. 
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