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            Abstract
We analyzed 28 thymic epithelial tumors (TETs) using next-generation sequencing and identified a missense mutation (chromosome 7 c.74146970T>A) in GTF2I at high frequency in type A thymomas, a relatively indolent subtype. In a series of 274 TETs, we detected the GTF2I mutation in 82% of type A and 74% of type AB thymomas but rarely in the aggressive subtypes, where recurrent mutations of known cancer genes have been identified. Therefore, GTF2I mutation correlated with better survival. GTF2I Î² and Î´ isoforms were expressed in TETs, and both mutant isoforms were able to stimulate cell proliferation in vitro. Thymic carcinomas carried a higher number of mutations than thymomas (average of 43.5 and 18.4, respectively). Notably, we identified recurrent mutations of known cancer genes, including TP53, CYLD, CDKN2A, BAP1 and PBRM1, in thymic carcinomas. These findings will complement the diagnostic assessment of these tumors and also facilitate development of a molecular classification and assessment of prognosis and treatment strategies.
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                    Figure 1: Overview of somatic mutations in TETs.[image: ]


Figure 2: GTF2I mutation in TETs.[image: ]


Figure 3: Expression of GTF2I isoforms and their role in cell proliferation.[image: ]


Figure 4: Structure of TFII-I protein and distributions of genomic alterations in TETs histotypes.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Histological features of thymic epithelial tumors.
According the 2004 WHO classification a clear-cut distinction has been defined between thymomas, organotypic tumors that mimic the structure of normal thymus, and thymic carcinomas (TC), more aggressive neoplasms that do not resemble the structure of normal thymus but that of carcinomas originating in other organs. A type thymomas present bland spindle/oval epithelial tumor cells with few or no lymphocytes. Grossly, they are usually encapsulated and easily separable from the surrounding organs even in case of tumors of conspicuous dimension. Type B thymomas show epithelial cells with a predominantly round or polygonal appearance. Type B1 thymomas display tumor epithelial cells with very little atypia, scattered in a prominent population of immature non-neoplastic thymocytes that resemble the structure of normal thymus cortex. Type B2 thymomas are characterized by large polygonal epithelial tumor cells arranged in a loose network containing numerous immature T lymphocytes. B3 thymomas are composed of medium size round or polygonal epithelial tumor cells with slight atypia; these cells are mixed with a minor component of intraepithelial thymocytes. AB thymomas are composed of a lymphocyte-poor type A and a more lymphocyte-rich type B component. Thymic carcinomas (TC) are named according to their histological appearance being the squamous cell carcinoma and the undifferentiated carcinoma the most common.


Supplementary Figure 2 Arm-level copy number aberrations identify two clusters of tumors.
Using array CGH, copy number aberrations were identified. An arm level copy number aberration was defined such as one event of copy number aberration that involves more than 80% of a chromosome arm (see Online Methods for details). These aberrations defined two clusters of TETs: one with few arm level copy number aberrations and one rich in arm level copy number aberrations. These clusters trend to correlate with WHO histotypes and with the presence GTF2I mutations. There is a sub-group of samples of cluster one, to the left of the picture that presents copy number aberrations. In these samples, the copy number losses were more or equally abundant than the copy number gains, which may possibly explain the location of this subgroup in cluster 1.


Supplementary Figure 3 Frequency of copy number aberrations in thymic epithelial tumors and their WHO histotypes.
Frequency of copy number aberrations is reported for all thymic epithelial tumors in the top part of the figure; the lower part of the figure reports the data by WHO histotype. Copy number gain are in blue and copy number loss in red.


Supplementary Figure 4 Copy number aberrations at the probe-set level.
An estimation of copy number gain (blue) and loss (red) is reported for each probe in each tumor. The intensity of the colors represents the extent of copy number aberration predicted by the CGH arrays. TETs were grouped according to their histotypes.


Supplementary Figure 5 GISTIC analysis identifies significant peaks of copy number gain and loss.
GISTIC algorithm was applied to CGH data from 65 TETs in order to identify regions of copy number gain and loss that are candidate drivers of tumor growth. Significant peaks are labeled and their details are reported in the Supplementary Table 3.


Supplementary Figure 6 Estimation of BCL2 mRNA expression using transcriptome sequencing (FPKM values) in tumors with (n = 5) and without (n= 17) BCL2 amplification.

                          Source data
                        


Supplementary Figure 7 Representative GTF2I T>A mutation in whole exome and Sanger sequencing.
In exome sequencing (a), representative results from tumor and normal DNA of one patient, depicting the T>A mutation. The position of the mutation is shown on chromosome 7 in the top panel; the sequence of part of GTF2I exon 15 is represented in both tracks, and in the tumor track there are appreciable reads (the gray bars) carrying the mutated A. Mutated reads are not present in normal genomic material. (b) Representative GTF2I mutation in a Sanger pherogram of a type A thymoma: the forward and the reverse sequence are the top and bottom panels, respectively. The mutation T>A in forward and A/T in reverse is heterozygous and therefore identified by the presence of 2 peaks in that position.


Supplementary Figure 8 Identification of mutations in the GTF2I gene but not in the GTF2I pseudogenes.
(a) GTF2I and pseudogenes loci on chromosome 7 and their homology region. Homology regions of GTF2I and its pseudogenes are highlighted in orange. The first 12 exons of GTF2I have a unique sequence; whereas the first exons of the pseudogenes share homology sequences with GAST gene family (highlighted in light blue) that is composed of GAST, GASTL1 and GASTL2: for convenience we show only GASTL2 in the Figure. (b) GTF2I mutation (T>A) is mapped on exon 15. This region matches exon 4 of the pseudogenes, and differs by only 1 nucleotide: C in GTF2I and T in pseudogene sequences. The schema describes the allele frequencies theoretically present in a cell: one GTF2I mutated allele (1:6, âˆ¼17%), one GTF2I WT alleles (1:6, âˆ¼17%) and 4 pseudogenes wild type alleles (4:6, âˆ¼67%). (c) TopoTA cloning performed in 4 tumors with GTF2I mutation. Results are reported as average of identified allele frequencies. Sequencing of cloned amplicons identified the mutation only in GTF2I but not in the pseudogenes. (d) Deep sequencing performed on 5 tumors with GTF2I T>A mutation. The mutation was found in GTF2I only and not the pseudogenes, which equals to the mutation rate of âˆ¼17% or 1 out of 6 alleles (2 GTF2I + 4 pseudogene alleles). The mutation was not identified in the negative controls (data not shown; for details see Supplementary Table 8).

                          Source data
                        


Supplementary Figure 9 GTF2I exon 15 and pseudogene exon 4 sequences, and their distribution in normal samples, tumors of GTF2I wild-type and GTF2I mutant.
(a) Sequence of GTF2I exome 15: wild type or mutant; wild type sequence of the exon 4 of the pseudogenes. The marker that distinguishes GTF2I from the pseudogenes is reported in purple (nucleotide N1). The site of mutation is reported in orange when WT and in green when mutated (nucleotide N2). (b) Distribution of GTF2I and pseudogene reads carrying the T>A mutation in normal DNA (n = 13), GTF2I WT (n = 131) and mutated tumors (n = 105) including all the samples characterized using the deep sequencing assay (n = 250). In the group of GTF2I mutated tumors, the frequency of the mutated GTF2I allele was reduced compared to the expected 17% in a population of exclusively cancer cells. This result was expected, since samples rich in non-neoplastic thymocytes were included in this group.


Supplementary Figure 10 Kaplan-Meier survival curves of patients with GTF2I-mutated (blue) and wild-type tumors (red).
(a) Thymic carcinomas (n = 33). (b) Thymomas (n = 171). The curves were compared using Log-Rank test. In thymic carcinoma the 10-year survival rate was 100% for GTF2I mutated cases (only 3 tumors) and 47% in WT tumors (n = 30). In thymomas, the 10-year survival rate was 81% and 94% for GTF2I mutated and WT tumors. (c) Estimation of the fraction of proliferating cells in thymic carcinomas, A and B3 thymomas by immunohistochemistry with an anti-Ki67 antibody performed on FFPE slides. The number of cells, positive for Ki67, was similar between WT and mutated thymomas, both in A (n = 5 and 11, respectively) and B3 histotypes (n = 17 and 8, respectively). In thymic carcinomas Ki67 was lower in GTF2I mutated (n = 3) tumors compared to WTs (n = 7).

                          Source data
                        


Supplementary Figure 11 Differential expression of isoforms and clustering of transcriptome data.
(a) Cufflinks FPKM values were calculated for each isoform of GTF2I and their average value were reported for wild type (WT: 18 samples) and mutated (MUT: 7 samples) cases. The differential expression was compared using a non-parametric test (Kruskal-Wallis) and the Dunnâ€™s post hoc test that demonstrated significant differences between Î´-isoforms compared with Î±, Î³ and isoform 5. Similar results were observed for Î²-isoform. (b) Cufflinks FPKM values were used to cluster TETs with their gene expression data. The clusters trend to segregate TETs according to their histotype. CGH cluster (CGH1 in pink and CGH2 in light blue) and GTF2I mutation status (MUT: Mutant in green and WT: wild type in yellow) also parallel the expression clusters. The two different platforms used to define the profile of gene expression (Genome Analyzer-II (GA-II) and HiSeq2000 (HiSeq) provided equal distribution among expression clusters.

                          Source data
                        


Supplementary Figure 12 Soft agar assay.
(a) Average number of colonies of NIH-3T3 cells transfected with negative control (mock-construct), positive control (HRASV12G), TFII-I Î²-isoform WT and mutated (p.Leu404His) and Î´-isoform of TFII-I WT and mutated (p.Leu383His). For positive and negative controls, results are the average of three experiments. For Î²- and Î´-isoforms, results are the average of three experiments derived from 4 different pool transfectants. Vertical bars represent the standard deviation of triplicate experiments. (b) Pictures of soft agar colonies (5x magnification).

                          Source data
                        


Supplementary Figure 13 FOS expression, TFII-I protein stability and its expression in type A thymomas.
(a) Protein synthesis was inhibited using cycloheximide and cells were harvested at the indicated time points. Proteins were extracted and the amount of TFII-I evaluated by western blot. HELA cells transfected with mutated Î²-isoform had a more stable TFII-I than those transfected with the WT Î²-isoform. Similar results were observed with mutated and WT Î´-isoforms. (b) Representative TFII-I immunohistochemistry images. Immunohistochemistry performed using anti-TFII-I antibody (not specific for Î²- or Î´- isoform) demonstrated a higher expression in mutated type A thymomas (n = 11) than WTs (n = 4). The pattern of expression was predominantly nuclear.

                          Source data
                        


Supplementary Figure 14 Summary of fusion genes identified by transcriptome sequencing and confirmed by RT-PCR.
The detected fusion genes were reported using Circos. Different colors indicate fusion genes of different TET patients. Details of the identified fusions are reported in Supplementary Table 13.
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