MMSET is expressed ubiquitously in early development and its deletion is associated with the malformation syndrome called Wolf-hirschhorn syndrome. It is involved in the t(4;14)(p16;q32) chromosomal translocation, which is the second most common translocation in multiple myeloma (MM) and is associated with the worst prognosis. MMSET expression has been shown to promote cellular adhesion, clonogenic growth and tumorigenicity in multiple myeloma. MMSET expression has been recently shown to increase with ascending tumor proliferation activity in glioblastoma multiforme. These data demonstrate that MMSET could be implicated in tumor emergence and/or progression. Therefore we compared the expression of MMSET in 40 human tumor types -brain, epithelial, lymphoid -to that of their normal tissue counterparts using publicly available gene expression data, including the Oncomine Cancer Microarray database. We found significant overexpression of MMSET in 15 cancers compared to their normal counterparts. Furthermore MMSET is associated with tumor aggressiveness or prognosis in many types of these aforementioned cancers.

Taken together, these data suggest that MMSET potentially acts as a pathogenic agent in many cancers. The identification of the targets of MMSET and their role in cell growth and survival will be key to understand how MMSET is associated with tumor development.
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Introduction

MMSET gene is expressed ubiquitously in early development. The Wolfhirschhorn syndrome is a malformation syndrome associated with a homizygous deletion of the distal short arm of chromosome 4 containing MMSET gene [START_REF] Lauring | The multiple myeloma associated MMSET gene contributes to cellular adhesion, clonogenic growth, and tumorigenicity[END_REF].

The MMSET gene is involved in the t(4;14)(p16;q32) chromosomal translocation, which is the most common translocation in multiple myeloma (MM) -occurring in 15% of newly-diagnosed patients -and is associated with poor prognosis[1; 2; 3]. The t (4;14) translocation dysregulates both MMSET and FGFR3 genes that are closely located on chromosome 4p16. FGFR3 has oncogenic activity in vitro and in vivo, but approximately one-third of MM tumors harboring t(4;14) translocation lacks FGFR3 expression, whereas an overexpression of MMSET is a universal characteristic of t(4;14) cases [3; 4; 5]. Furthermore, the poor prognosis of t(4;14) is independent of FGFR3 expression. These data suggest that activation of MMSET, not FGFR3, may be the critical transforming event of this recurrent translocation [1; 3; 5].

MMSET gene encodes for three isoforms including MMSET type I (647 aa) and type II (1365 aa) as a result of alternative splicing, and a 584 aa protein, known as RE-IIB (response element II-binding protein) translated from a second transcription initiation site. MMSET isoforms share various conserved protein domains suggesting a role in DNA-binding and chromatin modification, including PWWP domains, an HMG domain, PHD zinc fingers, and a C-terminal SET domain characteristic of histone methyltransferases [START_REF] Lauring | The multiple myeloma associated MMSET gene contributes to cellular adhesion, clonogenic growth, and tumorigenicity[END_REF].

The biological role of MMSET in MM disease is still poorly understood. A direct evidence shows that MMSET expression contributes to cellular adhesion, clonogenic growth and tumorigenicity in multiple myeloma [START_REF] Lauring | The multiple myeloma associated MMSET gene contributes to cellular adhesion, clonogenic growth, and tumorigenicity[END_REF]. MMSET contains a SET domain that is found in many histone methyltransferases and determines their enzymatic activity.

Histone lysine methylation promotes or prevents binding of proteins and protein complexes that drive particular regions of the genome into active transcription or repression [START_REF] Yoo | Epigenetic therapy of cancer: past, present and future[END_REF]. MMSET has a transcriptional repressor activity, with increased H4K20 methylation gene and loss of histone acetylation. Consistent with this repressive activity, MMSET could form a complex with HDAC1 and HDAC2, mSin3a and the histone demethylase LSD1 suggesting that it is a component of transcription co-repressor complexes [START_REF] Marango | The MMSET protein is a histone methyltransferase with characteristics of a transcriptional corepressor[END_REF]. Moreover, RE-IIB (IL5 response element II-binding protein) has been recently demonstrated to repress IL-5 expression, through the histone H3-K27 hypermethylation around promoter region and H3 hypo-acetylation [START_REF] Kim | Multiple-myeloma-related WHSC1/MMSET isoform RE-IIBP is a histone methyltransferase with transcriptional repression activity[END_REF].

Collectively, these data suggest that by acting directly as a modifier of chromatin as well as through binding of other chromatin modifying enzymes, MMSET may influence gene expression and potentially acts as a pathogenic agent in MM. The identification of the targets of MMSET and their role in cell growth and survival will be key to understand how MMSET is associated with tumor development [START_REF] Marango | The MMSET protein is a histone methyltransferase with characteristics of a transcriptional corepressor[END_REF].

Recent study has identified an aberrant expression of MMSET mRNA and protein in glioblastoma multiform compared to normal brain cortex samples using proteomic approach [START_REF] Li | Identification of a novel proliferation-related protein, WHSC1 4a, in human gliomas[END_REF]. They demonstrated that MMSET expression increased with ascending tumor proliferation activity. Furthermore, RNA interference blocking MMSET expression suppresses glioma cells growth [START_REF] Li | Identification of a novel proliferation-related protein, WHSC1 4a, in human gliomas[END_REF]. These data demonstrate that MMSET could be implicated in tumor emergence and/or progression. Therefore, we focussed on MMSET expression in various cancers compared to their normal counterparts and in association with staging.

Methods

Databases

We used oncomine cancer microarray database (http://www.oncomine.org) [START_REF] Rhodes | ONCOMINE: a cancer microarray database and integrated data-mining platform[END_REF] to study gene expression of MMSET in 40 human tumor types and their normal tissue counterpart as indicated in table 1. To compare the gene expression of a tumor type to its normal counterpart, we used gene expression data from a same study with the same methodology. All data were log transformed, median centered per array, and the standard deviation was normalized to one per array [START_REF] Rhodes | ONCOMINE: a cancer microarray database and integrated data-mining platform[END_REF] .

Statistical analysis

Statistical comparisons were done with Mann Whitney or student t-test.

Results and discussion

We investigated the expression of MMSET in cancer using publicly available gene expression data. The 40 tumor types investigated corresponded to 4 hematological malignancies and 36 solid tumors (Table 1). We found MMSET overexpression in all hematological cancers and in 12/36 solid tumors (Table 1 and Supplementary figure S1).

Overexpression of MMSET was found in glioblastoma compared to normal brain (P = 1.7E-14, P = .009, P = .002) [11; 12; 13]; in hepatocellular carcinoma compared to normal liver (P = 2.9E-7, 1.3E-6) [14; 15]; in head and neck cancer compared to the normal (P = .008, P = 2.7E-5) [16; 17]; in bladder carcinoma compared to normal bladder (P = 4.1E-11, P = 1.8E-7) [18; 19]; in primary colon cancer compared to normal adjacent mucosa (P = 9.5E-6) [START_REF] Ki | Whole genome analysis for liver metastasis gene signatures in colorectal cancer[END_REF]; in esophagus adenocarcinoma compared to normal esophagus (P = .004) [START_REF] Kimchi | Progression of Barrett's metaplasia to adenocarcinoma is associated with the suppression of the transcriptional programs of epidermal differentiation[END_REF]; in breast carcinoma compared to normal breast (P = 3.8E-8) [START_REF] Richardson | X chromosomal abnormalities in basal-like human breast cancer[END_REF]; in T-cell acute lymphoblastic leukemia compared to normal bone marrow (P = 5.1E-7) [START_REF] Andersson | Microarray-based classification of a consecutive series of 121 childhood acute leukemias: prediction of leukemic and genetic subtype as well as of minimal residual disease status[END_REF]; in B-cell acute lymphoblastic leukaemia compared to normal bone marrow (P = .001) [START_REF] Andersson | Microarray-based classification of a consecutive series of 121 childhood acute leukemias: prediction of leukemic and genetic subtype as well as of minimal residual disease status[END_REF]; in lung adenocarcinoma compared to normal lung (P = .009, P = 8.4E-4, 1.7E-6) [24; 25; 26]; in lymphoma compared to normal B-cell (P = 3.5E-5, 7.3E-5) [START_REF] Basso | Reverse engineering of regulatory networks in human B cells[END_REF]; in cutaneous melanoma compared to normal melanocyte ( P = 6.46E-13, P = .01, P =.009) [28; 29; 30]; in smoldering multiple myeloma compared to normal bone marrow (P = 7.3E-4) [START_REF] Zhan | Gene-expression signature of benign monoclonal gammopathy evident in multiple myeloma is linked to good prognosis[END_REF]; in prostate cancer compared to normal prostate (P = 1.8E-6, P = .039, P = 5.1E-8, P = .002, P = .009, P = .006, P = .009) [32; 33; 34; 35; 36; 37; 38]; in yolk sac tumor compared to normal testis (P = .003) [START_REF] Skotheim | Differentiation of human embryonal carcinomas in vitro and in vivo reveals expression profiles relevant to normal development[END_REF]; in ovarian carcinoma compared to normal ovary (P = .002, P = 1.1E-4) [40; 41] and in clear cell carcinoma compared to normal kidney tissue (P = .006) [START_REF] Gumz | Secreted frizzled-related protein 1 loss contributes to tumor phenotype of clear cell renal cell carcinoma[END_REF].

MMSET has been shown to be highly overexpressed in MM with t(4;14), in association with poor prognosis. Thus, we looked for whether MMSET expression could be associated with tumor progression and prognosis. MMSET was significantly overexpressed in oligodendroglioma grade III compared to grade II (P = .009) [START_REF] Sun | Neuronal and glioma-derived stem cell factor induces angiogenesis within the brain[END_REF] (Figure 1) in agreement with previous data [START_REF] Li | Identification of a novel proliferation-related protein, WHSC1 4a, in human gliomas[END_REF]; in patients presenting advanced bladder carcinoma (grade II and III) compared to grade I in four independent studies (P = 4E-6, P = .0001, P = .004, P = .008) [19; 43; 44; 45]; in breast carcinoma grades II and III compared to grade I in four independent studies (P = 2.2E-6, P = 9.1E-4, P = .014, P = .017) [46; 47; 48; 49]; in advanced prostate carcinoma grades VII, VIII and IX compared to grade VI (P = 1.4E-4 [START_REF] Glinsky | Gene expression profiling predicts clinical outcome of prostate cancer[END_REF]; in no differentiated hepatocellular carcinoma compared to differentiated hepatocellular carcinoma (P = 7.2E-5) [START_REF] Wurmbach | Genome-wide molecular profiles of HCV-induced dysplasia and hepatocellular carcinoma[END_REF]; in undifferentiated compared to differentiated head and neck cancer (P = .002) [START_REF] Pyeon | Fundamental differences in cell cycle deregulation in human papillomavirus-positive and human papillomavirus-negative head/neck and cervical cancers[END_REF]; in undifferentiated compared to differentiated cervical carcinoma [START_REF] Bachtiary | Gene expression profiling in cervical cancer: an exploration of intratumor heterogeneity[END_REF]; in advanced papillary renal cell carcinoma stages III and IV compared to stages I and II (P = .0039) [START_REF] Yang | A molecular classification of papillary renal cell carcinoma[END_REF](Figure 1). Furthermore, as it has been demonstrated in MM, MMSET expression is associated with bad prognostic in others cancers (Figure 2). MMSET is overexpressed in patients with head and neck squamous cell carcinoma dead at 5 years compared to patients alive at 5 years (P = 1.2E-4) [START_REF] Chung | Molecular classification of head and neck squamous cell carcinomas using patterns of gene expression[END_REF]; in 1 year relapsing MM patient compared to patients with no relapse (P = 3.2E-4) [START_REF] Carrasco | High-resolution genomic profiles define distinct clinico-pathogenetic subgroups of multiple myeloma patients[END_REF]; in MM patients alive compared to dead MM patient at one year (P = .001) [START_REF] Carrasco | High-resolution genomic profiles define distinct clinico-pathogenetic subgroups of multiple myeloma patients[END_REF]; in prostate carcinoma patients presenting recurrence compared to prostate carcinoma patients with no recurrence (P = 1.5E-4) at 5 years [START_REF] Glinsky | Gene expression profiling predicts clinical outcome of prostate cancer[END_REF] and in dead glioma patients compared to alive glioma patients at 3 years (P = .009) [START_REF] Freije | Gene expression profiling of gliomas strongly predicts survival[END_REF].

Correlations between MMSET and HDAC expression in tumor cells

In patients with MM, it was recently demonstrated that MMSET could form a complex with HDAC1 and HDAC2, mSin3a and the histone demethylase LSD1 suggesting that MMSET is a component of transcription co-repressor complexes. Interestingly, the genes of at least one of these four MMSET partners are overexpressed in cancers presenting a MMSET overexpression compared to their normal counterpart (Supplementary Table 1). Furthermore, HDAC1, HDAC2 and LSD1 overexpression are associated with tumor aggressiveness, as MMSET, in brain and liver cancers (Supplementary Table 2). Furthermore a high expression of the MMSET partners is associated with prognosis in brain cancer (Supplementary Table 3). HDAC2 and LSD1 overexpression is also associated with breast and lung progression; and they are associated with prognosis in breast cancer (Supplementary Table 3).

Conclusions:

The analysis reported here demonstrates that MMSET mRNA is overexpressed in at least in 15 cancers compared to their normal counterparts, and within a given tumor categories is associated with tumor progression or bad prognosis. The properties of transcriptional co-factor of MMSET appear to be associated with tumorigenesis. The identification of the targets of MMSET and their role in cell growth and survival will be key to understanding how MMSET is associated with tumor development. MMSET gene expression in oligodendroglioma [START_REF] Li | Identification of a novel proliferation-related protein, WHSC1 4a, in human gliomas[END_REF], bladder [19; 43; 44; 45], breast carcinoma [46; 47; 48; 49], prostate carcinoma [START_REF] Glinsky | Gene expression profiling predicts clinical outcome of prostate cancer[END_REF], in hepatocellular carcinoma [START_REF] Wurmbach | Genome-wide molecular profiles of HCV-induced dysplasia and hepatocellular carcinoma[END_REF], head and neck cancer [START_REF] Pyeon | Fundamental differences in cell cycle deregulation in human papillomavirus-positive and human papillomavirus-negative head/neck and cervical cancers[END_REF], cervical carcinoma [START_REF] Bachtiary | Gene expression profiling in cervical cancer: an exploration of intratumor heterogeneity[END_REF], papillary renal cell carcinoma [START_REF] Yang | A molecular classification of papillary renal cell carcinoma[END_REF]. MMSET expression in alive patients with head and neck carcinoma, in dead patients with head and neck carcinoma [START_REF] Chung | Molecular classification of head and neck squamous cell carcinomas using patterns of gene expression[END_REF], in MM patients with no relapse, in MM patients with relapse [START_REF] Carrasco | High-resolution genomic profiles define distinct clinico-pathogenetic subgroups of multiple myeloma patients[END_REF], in alive and dead patients with MM [START_REF] Carrasco | High-resolution genomic profiles define distinct clinico-pathogenetic subgroups of multiple myeloma patients[END_REF], in prostate carcinoma patients with no recurrence, prostate carcinoma patients with recurrence [START_REF] Glinsky | Gene expression profiling predicts clinical outcome of prostate cancer[END_REF], in alive and dead patients with glioma [START_REF] Freije | Gene expression profiling of gliomas strongly predicts survival[END_REF].

Table 1

Expression of MMSET, HDAC1, HDAC2, LSD1, Sin3A in human tumor types to that of their normal tissue counterparts using publicly available gene expression data, including the Oncomine Cancer Microarray database. Mul:pleMyeloma-Survival-1Year
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