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Abstract

:

Uveal melanoma (UM) is an ocular tumor with a dismal prognosis. Despite the availability of precise molecular and cytogenetic techniques, clinicopathologic features with limited accuracy are widely used to predict metastatic potential. In 51 UM tissues, we assessed a correlation between the expression of nine proteins evaluated by immunohistochemistry (IHC) (Melan-A, S100, HMB45, Cyclin D1, Ki-67, p53, KIT, BCL2, and AIFM1) and the presence of UM-specific chromosomal rearrangements measured by multiplex ligation-dependent probe amplification (MLPA), to find IHC markers with increased prognostic information. Furthermore, mRNA expression and DNA methylation values were extracted from the whole-genome data, achieved by analyzing 22 fresh frozen UM tissues. KIT positivity was associated with monosomy 3, increasing the risk of poor prognosis more than 17-fold (95% CI 1.53–198.69, p = 0.021). A strong negative correlation was identified between mRNA expression and DNA methylation values for 12 of 20 analyzed positions, five located in regulatory regions of the KIT gene (r = −0.658, p = 0.001; r = −0.662, p = 0.001; r = −0.816; p < 0.001; r = −0.689, p = 0.001; r = −0.809, p < 0.001, respectively). DNA methylation β values were also inversely associated with KIT protein expression (p = 0.001; p = 0.001; p = 0.015; p = 0.025; p = 0.002). Our findings, showing epigenetic deregulation of KIT expression, may contribute to understanding the past failure to therapeutically target KIT in UM.
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1. Introduction


Uveal melanoma (UM), a rare form of melanoma, is the most common intraocular cancer in adults [1]. It arises from melanocytes along the uveal tract, including the iris, ciliary body, and most often the choroid [2]. Almost half of UM patients develop metastases, which may be caused by a virtually undetectable neoplasm already present at the time of the primary tumor diagnosis [3]. UM spreads through the blood, with the liver being the preferred metastatic site, followed by the lungs and bones [4]. Due to the lack of effective therapies, outcomes for patients with metastatic disease remain dismal [5]. Risk of metastatic spread can be predicted through assessment of specific chromosome copy number alterations [6], gene expression profiles [7], and the mutation status of known UM driver genes [8].



The correlation between UM prognosis and particular chromosomal rearrangements was noted long ago [9]. The most frequent UM-specific aberrations include monosomy of chromosome 3 (M3), a gain in the short arm of chromosome 6 (6p), or a gain in the long arm of chromosome 8 (8q). The combination of M3 and polysomy 8q poses a high metastatic risk and presents a poor prognosis, similarly to the loss of the short arm of chromosome 8 (8p), the long arm of chromosome 6 (6q), and the short arm of chromosome 1 (1p) [10,11,12]. Conversely, the presence of 6p amplification represents a protective factor due to its association with a good prognosis and lowered metastatic risk [13]. Another way to predict the risk of metastasis is via gene expression analysis. A prospectively validated, commercially available 15-gene expression panel developed by Castle Biosciences categorizes patients as Class 1 (low metastatic risk) or Class 2 transcriptional subtype (high metastatic risk) [7,14]. Four molecular subsets were proposed recently, based on more complex classification [15,16]. Besides chromosomal rearrangements, this also includes generally mutually exclusive secondary driver mutations with prognostic potential, occurring in the BAP1 (BRCA1-associated protein 1), EIF1AX (eukaryotic translation initiation factor 1A X-linked), or SF3B1 (splicing factor 3b subunit 1) genes [17].



High expression of several immunohistochemical (IHC) markers in UM tumors, such as S100 (S100 calcium binding protein), Melan-A (Melanoma antigen recognized by T-cells 1), HMB45 (Human Melanoma Black), and some others, are regarded as clinically relevant diagnostic tools [18,19]. Cyclin D1 (Cyclin-D1-binding protein 1), Ki-67 (Proliferation marker protein Ki-67), and p53 (Cellular tumor antigen p53) positivities were linked with an unfavorable outcome [20]. Likewise, the overexpression of transmembrane tyrosine kinase receptor KIT (Mast/stem cell growth factor receptor Kit, alternative name CD117) was associated with poor prognosis in choroidal and ciliary body UM [21,22]. We recently identified 5-fold upregulation of its mRNA in M3 tumors compared to those with two copies of chromosome 3 (disomy 3, D3) [23]. In contrast to the normal ocular structures, UMs have also been characterized by upregulation of the anti-apoptotic protein BCL2 (Apoptosis regulator Bcl-2) [24]. Furthermore, we have shown that expression of AIFM1 (Apoptosis-inducing factor 1, mitochondrial), a protein with pro-apoptotic function in the nucleus and redox activity in mitochondria, was correlated with shorter survival in UM patients [25].



Epigenetic regulation plays the central role in time- and tissue-specific regulation of gene expression [26]. Epigenetic abnormalities contribute significantly to the development and progression of human malignancies. Deregulation of DNA methylation is one of the critical factors in resistance to current antitumoral therapies [27]. In close cooperation with histone modifications and noncoding RNA networks, DNA methylation controls normal cell development, chromatin stability, suppression of repetitive elements, and retrotransposition. Global hypomethylation occurs early in carcinogenesis, responsible for chromosomal instability and loss of imprinting [28]. Hypermethylation, associated with epigenetic silencing, is observed at multiple CpG sites in the regulatory regions of the genes, including CpG islands, shores, and shelves present inside or upstream of protein-coding genes promoters. Given the reversible nature of epigenetic changes, DNA methylation-based biomarkers have the potential to transform cancer diagnostics and treatment [29].



In this study, we assessed the association between the expression of nine proteins, Melan-A, S100, HMB45, Cyclin D1, Ki-67, p53, KIT, BCL2, AIFM1 and UM-specific chromosomal rearrangements in UM tissues, to increase prognostic accuracy of routinely investigated IHC markers. In addition, to better understand the molecular nature of their expression regulation, we also addressed DNA methylation in their regulatory and intragenic regions. A better understanding of epigenetic regulation might contribute to the development of effective therapy for poor prognosis UMs.




2. Results


2.1. Clinicopathologic Characteristics of the Patients


In the present study, 51 UM patients were enrolled between August 2018 and September 2020; nine (17.6%) had detectable metastases at the time of primary tumor diagnosis, one developed metastases eight months after surgery (Table 1). Only patients who underwent enucleation without prior treatment (70.6%) or enucleation after radiation therapy in the past (29.4%) were included. Their age ranged between 32 and 87 years, with a median of 65 years. The patient sex ratio was similar; male patients comprised 51.0%, female 49.0%. The right eyes were affected more often (56.9% right eye, 43.1% left eye). The majority of UMs (78.4%) arose from the choroid (C69.3), followed by the ciliary body (21.6%; C69.4). 51.0% of tumors were defined as spindle-cell, while 47.0% as epithelioid or mixed. A locally advanced disease, characterized by vascular cell invasion, was diagnosed in 17.6% cases, with lymphogenic invasion at 29.4%, perineural spread at 23.5%, and extrabulbar overgrowth detected in 15.7% of patients. No significant differences between studied clinicopathologic features in primary and metastatic patients were found except for extrabulbar overgrowth, more frequent in metastatic patients (40% vs. 9.8%) (Table 1).




2.2. Immunohistochemistry


We performed an IHC analysis of nine proteins in UM tissues assessed as part of a routine pathological examination (Figure 1).



Protein expression was categorized based on published cutoff values (see Section 4) into two categories, defined herein as positive or negative. The examined tumor tissues were characterized by a high frequency of positive Melan-A (96.0%), HMB45 (94.0%), and S100 (92.0%). Furthermore, a high expression level was found for AIFM1 (91.5%) and Cyclin D1 (84.0%) proteins. Conversely, the highest frequency of negative protein expression was detected for Ki-67 (74.0%) and p53 (70.0%). Differences in expression of these proteins between patients diagnosed with primary or metastatic disease were not significant (Table 2).




2.3. MLPA Analysis


Multiplex ligation-dependent probe amplification (MLPA) analysis was used to identify chromosomal rearrangements in UM samples. Only tumor tissues not treated by stereotactic radiosurgery in the past were analyzed. M3 was detected in 18 tumors (51.4%). MLPA identified 1p loss/partial loss in five patients (14.3%), 6q loss in four patients (11.4%), and 6q gain in three (8.6%) patients; 6p gain/partial gain, associated with a good prognosis, was found in 16 patients (45.7%). Chromosomal abnormalities were also found on chromosome 8, with 8p loss/partial loss in 12 cases (34.3%), 8p gain in one case (2.9%), and 8q gain/partial gain in 23 (65.7%) cases. UM-specific chromosomal changes were not found in one patient (2.9%) (Figure 2). As M3 strongly correlates with metastatic death, while chromosome 8 gains occur later in UM tumorigenesis, for further analysis, we categorized patients based on M3 presence into two categories, M3 vs. D3.



The clinicopathologic features of patients and their association with M3 status are shown in Table 3.



All D3 patients were diagnosed with a malignant tumor of the choroid, while ciliary body tumors occurred in 38.9% of M3 patients (p = 0.004). Spindle-cell-type tumors were identified in 70.6% of D3, but only in 33.3% of M3 tumors, where epithelioid and mixed cell type prevailed (p = 0.025). This group’s high frequency of IIIA–C TNM stages (88.9% vs. 47.1% in D3, p = 0.008) might be associated with the nature of this study, where only patients treated by surgery were enrolled while low-stage patients were preferentially treated by radiotherapy.



Furthermore, the prognostic potential of selected IHC markers was also investigated (Table 4).



Positive expression of two proteins, KIT and BCL2 was identified more frequently in poor-prognosis M3 tumors (72.2% vs. 18.8%, p = 0.002; 88.2% vs 50.0%, p = 0.017, respectively). Representative images of the tumors with negative/weak and positive expression of these two markers are shown in Figure 3.



The association between M3 and positive KIT expression was confirmed by a multivariate analysis (Table 5). KIT positivity increased the risk of unfavorable prognosis more than 17-fold (p = 0.021). The model successfully classified 75% of D3 and 100% of M3 patients, with an overall success rate of 88.2%. Among the other clinicopathologic parameters, epithelioid and mixed tumor types increased the risk of M3 18-fold (p = 0.029).



Receiver operating characteristic (ROC) curve analysis was performed to obtain diagnostic performance of KIT expression for M3. Area under the curve (AUC) was 0.767 (95% CI = 0.601–0.933; p = 0.008) (Figure 4). Using the 10% cutoff for KIT positivity, the sensitivity of this marker was 72%, while the specificity was 81%.




2.4. Gene Expression and DNA Methylation of KIT Gene


Gene expression and DNA methylation data for KIT gene were extracted from the genome-wide transcriptomic and DNA methylation analysis, investigating 22 fresh frozen UM tumor samples from the same set (Supplementary Materials Table S1). Absolute signal intensity was used to compare gene expression and IHC data. Significantly higher KIT mRNA expression was found in tumors with positive protein expression (p = 0.002) (Figure 5A) and in M3 tumors (p = 1.9 × 10−4) (Figure 5B).



The Infinium MethylationEPIC BeadChip array containing 20 probes for the KIT gene was used to analyze DNA methylation across different regions of the KIT gene. Probes were localized in N shore (n = 2), CpG island (n = 8), S shore (n = 1), S shelf (n = 2) and inside the gene (n = 7) (Figure 6). Individual methylation values (β value) were evaluated for each CpG site, ranging from 0 for unmethylated to 1 for fully methylated.



Methylation β values differed significantly in 12 positions between D3 and M3 tumors and between those with negative and positive protein expression (Table 6). In addition, a strong negative correlation between mRNA expression and DNA methylation; correlation coefficients (r) ranging between −0.425 and −0.809 were found in these positions.



A heatmap was constructed based on normalized absolute signal intensity of mRNA expression and methylation β values for five CpGs located in regulatory regions (island, shores, shelves) (Figure 7). Samples were separated into two main clusters based on MLPA status and IHC categories.



Notably, DNA methylation of the KIT gene in studied genomic locations was inversely associated with protein expression (Figure 8).





3. Discussion


Accurate estimation of prognosis for patients with UM can be achieved by detecting genetic alterations or gene expression profiling in the tumor tissues. However, these opportunities are not always available, and clinicopathologic characteristics are frequently used in the clinic instead. Identifying novel markers with prognostic potential can thus help refine the prognosis of UM patients when the cytogenetic or molecular analysis is not accessible.



UM-specific chromosomal abnormalities are pretty common in UM tissues. Besides 1p loss, 3 loss, and 8q gain, which correlate with the metastatic risk, they also include 6p gain, associated with good prognosis [30]. Metastatic risk for patients with D3, disomy 6, and disomy 8 tumors was estimated to be 4%, increasing to 39% in those with M3 and 8q gain [31]. Chromosome 3 loss is associated with a 50% reduction in five-year survival [32]. Both M3 and 8q gain are related to other poor prognostic factors such as ciliary body involvement, epithelioid cells, large tumor basal diameter, high mitotic count, and closed connective tissue loops [33]. Given the high degree of correlation between M3 and Class 2 expression profile, M3 is a reliable prognostic marker [7,14,23].



MLPA, considered the gold standard method for the molecular analysis of copy number variations, was used to evaluate the association between M3 and protein expression of nine IHC markers, aiming to find those with increased prognostic information. KIT was the only protein independently associated with M3 in UM tumors after adjustment for clinical confounders. KIT is a transmembrane protein from the family of receptor tyrosine kinases, which, upon binding to its ligand SCF (stem cell factor), plays an essential role in regulating apoptosis, cell differentiation, proliferation, migration, and cell adhesion [34,35]. They are both essential for the proliferation and survival of normal melanocytes, with aberrant KIT signaling leading to melanoma [36]. One of KIT downstream targets is the melanocyte master regulator MITF (microphthalmia-associated transcription factor). Germline mutations in these three genes are associated with various pigmentation disorders [37].



Several studies explored the KIT expression and its prognostic significance in UM [21,22,38,39,40]. KIT positivity, detected in 20 of 48 (41.7%) samples analyzed in our study, agrees to 54% positivity reported by Lukenda et al., using the identical >10% cutoff [21]. However, with a 50% cutoff, Lüke et al. found high KIT expression in 63% of UM patients [39]. Different methodologies, antibody selection and specificity, arbitrary cutoff values, and antigen retrieval techniques can influence the interpretation of IHC analysis and thus be responsible for the inconsistent results reported to date [41].



Lukenda et al. demonstrated that KIT-positive patients (cutoff >10%, using 3-amino-9-ethylcarbazole chromogen) had a 4.13-fold higher risk (p = 0.017, 95% CI 1.289 to 13.223) of lethal outcome and shorter overall (p = 0.005) and disease-free survival (p = 0.009) in comparison with KIT-negative cases [21]. Accordingly, we found KIT among the top-ranked genes upregulated in M3 samples [23]. Recently, liquid biopsy proteomics data were published, revealing the biomarkers associated with metastatic risk. SCFR/c-Kit was among the top three proteins found to be upregulated in vitreous biopsies of UM patients compared to controls [42].



KIT overexpression was associated with cancer stem cell-like subpopulations, driving progression and therapeutic resistance in several cancer types [43,44]. To date, a substantial effort has been focused on targeting KIT by small molecule inhibitor imatinib, having dramatic activity against chemoresistant sarcoma and gastrointestinal stromal tumors, in which the clinical response correlates with the type of KIT mutations [45]. However, despite the relatively high KIT expression, zero response was found for metastatic UM in a clinical trial with imatinib [46]. Mutation analysis of UM tissues showed a lack of the mutations typical of gastrointestinal tumors, which led to the hypothesis that targeted therapies correlate with gene mutations and not with protein expression. It was later proven that KIT mutations occur in ocular melanomas at a frequency of 11%, with a limited correlation of KIT-positivity with mutational status [47]. Furthermore, in contrast with previous findings, the KIT protein was overexpressed in non-metastatic tumors, yet its expression was significantly reduced after metastasis.



Recently, epigenetic silencing of KIT gene by DNA methylation has been shown in cutaneous melanoma (CM) [36]. Surprisingly, the authors identified hypermethylation in 3/12 primary and 11/29 metastatic CMs. They concluded that loss of KIT by promoter hypermethylation suggests that distinct KIT signaling pathways play opposing roles in the pathogenesis of CM subtypes. DNA methylation-mediated loss of KIT expression during malignant transformation was also reported in breast cancer [48]. This methylation/expression paradox in mutation-free cancers was interpreted as a consequence of hypermethylation that might interfere with CTCF (CCCTC-binding factor) transcription repressor binding [49].



In our study, KIT overexpression was associated with poor prognosis of M3 UMs. Furthermore, a strong negative correlation was identified between KIT expression and DNA methylation. Evidence from epigenome-wide methylation studies suggests a higher correlation of DNA methylation with gene expression in shores than GpG islands [50]. DNA methylation within the gene body was not associated with gene expression changes consistently. In agreement with these reports, we found the strongest correlations between methylation β values and mRNA expression in S shore, S shelf, and gene body, rather than in CpG island. Interestingly, all studied CpGs located within the gene body were differentially methylated between M3 and D3 tumors and depending on the protein expression. Our data unambiguously support the role of DNA methylation in the regulation of KIT expression. However, given the differences between individual loci in terms of their potency in this regulatory function, the CpG region selection for association studies has to be done with care. Our findings can significantly impact the understanding of KIT overexpression in UM pathogenesis and lead to the discovery of new therapeutic approaches.



Several microRNAs (miRNAs), miR-193a, -193b, -221, -222, and -494, were demonstrated to repress KIT by directly targeting its mRNA. In addition, the miR-34 family was found to mediate KIT repression in a p53-dependent manner, reducing chemoresistance, migration, and stemness of cancer cells. Therefore, miR-34 mimics represent promising candidates for clinical applications [51]. Recently, enhancer domains of the KIT gene have been shown to be targetable by BET bromodomain inhibition in gastrointestinal stromal tumors, thus defining therapeutic vulnerability and the clinical strategy for targeting oncogenic kinases by the new generation of epigenetic drugs. The BET family of proteins regulates the chromatin state and transcription via binding acetylated proteins such as histones [52].



Furthermore, DNA methylation or histone modifications can be restored using nuclease-deficient Cas9 (dCas9) protein fused or noncovalently bound to epigenetic effectors. Epigenetic editing by CRISPR/dCas9 allows for locus-specific control of epigenetically regulated gene expression and provides a more specific alternative to epigenetic drugs [53]. Epigenetic therapy has taken a long time to be accepted for the treatment of solid tumors. Although more specific mechanisms need to be investigated, epigenome-targeted therapy seems to be a promising strategy for cancer treatment, including UM.




4. Materials and Methods


4.1. Patients


Between August 2018 and September 2020, 51 UM patients, treated by surgery (enucleation, exenteration) at the Department of Ophthalmology, Faculty of Medicine, Comenius University in Bratislava (University Hospital Bratislava in Slovakia), were enrolled. Among them, nine were diagnosed at stage IV, with metastases already present. One of the patients developed metastases eight months after primary UM treatment. Metastases were located in the liver (n = 3), lungs (n = 3), skin (n = 2), spine (n = 1), and pelvis (n = 1). The patient’s clinicopathologic characteristics are described in Table 1. The study was approved by the Ruzinov Hospital Bratislava Ethics Committee on December 12th, 2018 (number EK/250/2018). All subjects provided written informed consent. Only UM patients who underwent enucleation (n = 36) or enucleation after stereotactic radiosurgery in the past (n = 15) were included.




4.2. Immunohistochemistry


The formalin-fixed, paraffin-embedded tumors (FFPE) were stained with hematoxylin and eosin (HE) for routine histological examination and IHC stains at the Department of Pathology, Faculty of Medicine, Comenius University, Bratislava. Samples were evaluated by pathologists according to the WHO classification criteria [54]. The expression of nine proteins, Melan-A, S100, HMB45, Cyclin D1, Ki-67, p53, KIT, BCL2, and AIFM1, was evaluated by immunoperoxidase technique with the application of a FLEX EnVision Kit (Agilent Technologies, Santa Clara, CA, USA) in a DAKO Autostainer (Dako, Glostrup, Denmark).



Based on previously published cutoffs, protein expression was categorized into two groups, termed negative and positive (for cutoff values, see Table 2 and Table 4).



Positive expression for Melan-A, S100, and HMB45 antigens required ≥25% of melanoma cells displaying immunoreactivity [55]. Cyclin D1 and p53 expression were defined as positive when distinct nuclear staining was identified with >15% of positive tumor cells [20]. KIT expression was classified as positive if >10% of tumor cells displayed a distinct immunostaining pattern, irrespective of the staining intensity [21]. Cases with >15% positive nuclei were categorized as positive Ki-67 expression [56]. The slides stained for BCL2 were graded as negative (0), weakly positive (+), moderately positive (++), or strongly positive (+++) based on staining intensity rather than the number of cells stained [57]. Categories 0 and + were categorized as negative, while ++ and +++ as positive in our study. AIFM1 granular cytoplasmic positivity was evaluated as a quick score (QS) of staining intensity (negative, 0; weak, 1; moderate, 2; strong, 3) multiplied by density (<5%, 1; 6–20%, 2; 21–40%, 3; 41–60%, 4; 61–80%, 5; >81%, 6) [25].




4.3. MLPA Analysis


DNA from snap-frozen tumor tissues was isolated using a Gentra Puregene Tissue Kit (Qiagen, Hilden, Germany). Before extraction, tissue was mechanically disrupted on liquid nitrogen using a mortar and pestle. MLPA analysis was performed as described previously [23]. Briefly, a total of 100 ng of DNA extracted from frozen specimens was used to identify chromosomal aberrations in tumors by SALSA MLPA Probemix P027 Uveal melanoma (MRC Holland, Amsterdam, Netherlands). The kit contains probes located on chromosomes 1, 3, 6, and 8 (seven probes for 1p, 19 probes for chromosome 3, six probes for chromosome 6, and six probes for chromosome 8) and 12 control probes. Capillary electrophoresis was performed on a Genetic Analyzer 3130XL (Applied Biosystems, Foster City, CA, USA). Data were analyzed by Coffalyser software (MRC Holland, Amsterdam, Netherlands).




4.4. Microarray Analysis


According to the manufacturer’s instructions, RNA isolation was performed using approximately 34 mg of fresh frozen tumor tissue with the RNeasy Mini Kit (Qiagen, Venlo, Netherlands). An Agilent RNA 6000 Nano Kit was used for the analysis of the quality of isolated RNA. Only total RNA samples where RIN numbers were above 7.5 were used for microarray analysis, performed on 23 UM tissues as described previously [23]. Briefly, 100 ng of each sample was labeled using the Quick Amp Labeling kit (Agilent Technologies, Santa Clara, CA, USA), purified using the GeneJETTM RNA Purification Kit (Thermo Fisher Scientific, Waltham, MA, USA), and subsequently hybridized using Gene Expression Hybridization Kit (Agilent Technologies, Santa Clara, CA, USA) onto SurePrint G3 Human Gene Expression 8 × 60K v2 Microarray Slide (Agilent Technologies, Santa Clara, CA, USA). After hybridization, slides were washed and scanned using a SureScan Microarray Scanner (Agilent Technologies, Santa Clara, CA, USA). Feature Extraction Software 12.0.3.2 (Agilent Technologies, Santa Clara, CA, USA) was used for TIFF image converting and processing, and gene expression analysis was performed in GeneSpring 14.9 GX software (Agilent Technologies, Santa Clara, CA, USA). The differences in gene expression were assessed by comparing analyzed conditions (e.g., M3 vs. D3 or protein expression) using a moderate T-test and fold change analysis (FC), considered significant when p < 0.05 and FC > 2.




4.5. Methylation Analysis


The Infinium MethylationEPIC BeadChip array (Illumina, Inc., San Diego, CA, USA) was used to assess the methylation status of the CpG sites. Across each array, M3 and D3 samples were randomly distributed. This high-throughput platform evaluated individual methylation levels (β values) for each CpG site, ranging from 0 for unmethylated to 1 for complete methylation. Data were analyzed using GenomeStudio v2011 (Illumina, Inc., San Diego, CA, USA). Significantly different methylations were obtained by using an unpaired Student’s t-test with p < 0.05 and the delta beta (Δβ) value ≥ 0.13.




4.6. Statistical Analysis


We used the following formula by Gass, TV = π/6 × (largest basal diameter × width × prominence), to calculate tumor volume [58]. Data were analyzed using IBM SPSS statistics software, version 23.0 software for Windows (IBM Corp., Armonk, NY, USA). Normality of distribution was tested by the Shapiro–Wilk test. Differences between studied groups were assessed using Pearson’s chi-square test, Fisher’s exact test for categorical variables, and the t-test or Mann–Whitney U test for continuous parameters. The Spearman correlation coefficient was calculated for correlation between non-normally distributed absolute signal intensity (mRNA) and methylation β values. The binary logistic regression was used to analyze the association between M3, clinicopathologic characteristics, and IHC markers. This determination included the computation of the risk estimates (odds ratio and 95% CI for the OR). The ROC analysis was applied to evaluate the diagnostic and predictive accuracy of KIT protein expression for M3, and AUC was computed as an effective measure of accuracy. All statistical tests were two-sided, and p < 0.05 was considered to be statistically significant.





5. Conclusions


The association found between KIT overexpression and poor prognosis M3 led to a new refinement of the prognostic significance of the KIT protein in UM. This can offer benefits for the clinical management of patients in situations where a molecular or cytogenetic analysis is not available. Learning more about KIT epigenetic regulation might contribute to a better understanding of past therapeutic failures and expand the treatment options for poor-prognosis UMs.
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Abbreviations




	AIFM1
	Apoptosis-inducing factor 1: mitochondrial



	AUC
	Area under curve



	BAP1
	BRCA1 associated protein 1



	BCL2
	Apoptosis regulator Bcl-2



	CI
	Confidence interval



	CM
	Cutaneous melanoma



	CpG
	Cytosines followed by guanine residues



	CTCF
	Transcription repressor



	Cyclin D1
	Cyclin-D1-binding protein 1



	D3
	Disomy 3



	EIF1AX
	Eukaryotic translation initiation factor 1A X-linked



	FC
	Fold change analysis



	FFPE
	Formalin-fixed, paraffin-embedded tumors



	HE
	Hematoxylin and eosin



	HMB45
	Human melanoma black



	IHC
	Immunohistochemistry



	IQR
	Interquartile range



	KIT
	Mast/stem cell growth factor receptor Kit, alternative name CD117



	Ki-67
	Proliferation marker protein Ki-67



	Melan A
	Melanoma antigen recognized by T-cells 1



	MITF
	Melanocyte-inducing transcription factor



	MLPA
	Multiplex ligation-dependent probe amplification



	M3
	Monosomy of chromosome 3



	OR
	Odds ratio



	p53
	Cellular tumor antigen p53



	r
	Correlation coefficient



	ROC
	Receiver operating characteristic



	SCF
	Stem cell factor



	SF3B1
	Splicing factor 3b subunit 1



	SRS
	Stereotactic radiosurgery



	S100
	S100 calcium binding protein



	TNM
	Classification of malignant tumors, T—site and size of primary tumor, N—regional lymph nodes involvement, M—presence of distant metastasis



	QS
	Quick score



	UM
	Uveal melanoma



	1p
	Short arm of chromosome 1



	6p
	Short arm of chromosome 6



	6q
	Long arm of chromosome 6



	8p
	Short arm of chromosome 8



	8q
	Long arm of chromosome 8
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Figure 1. Immunohistochemical detection of various marker proteins’ expression in UM. In basic histological staining with hematoxylin and eosin (HE), the tumor cells showed a variable level of melanin content (arrows). In most cases, the tumors expressed melanoma markers like Melan-A, S100, and HMB45; variable amounts of prognostic markers as anti-apoptotic protein BCL2, Cyclin D1, tumor-suppressor protein p53, AIFM1, KIT protein, and proliferation rate protein Ki-67. Immunoperoxidase technique, diaminobenzidine, 200×. 
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Figure 2. Presence of UM-specific chromosomal rearrangements detected by MLPA analysis. * partial loss/gain. 
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Figure 3. Immunohistochemical staining of KIT (A) and BCL2 (B) proteins in UM tumors. Negative/weak expression is shown on the left and positive on the right. Immunoperoxidase, diaminobenzidine, 200×. 
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Figure 4. Receiver operator characteristic curve for KIT protein expression. AUC, area under the curve. 
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Figure 5. Differences in KIT mRNA absolute signal intensity between UM tumors with negative and positive protein expression (A) and D3 and M3 tumors (B). A horizontal line depicts the median. The boxes represent the interquartile range (IQR—values between the 75th and 25th percentiles). Values more than three IQRs are labeled as extremes (*), those between 1.5 IQRs and 3 IQRs as outliers (O). 
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Figure 6. Location of studied CpG sites within KIT gene. Methylation β values in positions highlighted in red differed significantly between D3 and M3 tumors and between those with negative and positive protein expression. 
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Figure 7. Heatmap showing the correlation between mRNA expression and DNA methylation. Only five representative probes located in regulatory regions of the KIT gene are shown. The red color in the histogram represents high signal intensity and methylation β value for individual positions, while the blue color represents a low signal intensity and methylation β value. 
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Figure 8. Methylation β values for five regulatory genomic regions of KIT negative and positive UM tumors. A horizontal line depicts the median. The boxes represent the interquartile range (IQR—values between the 75th and 25th percentiles). Values more than three IQRs are labeled as extremes (*), those between 1.5 IQRs and 3 IQRs as outliers (O). 
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Table 1. Clinicopathologic characteristics of the enrolled patients.
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	Clinicopathologic

Characteristics
	All

n (%)
	Primary UM

n (%)
	Metastatic UM

n (%)
	p-Value





	Gender
	
	
	
	



	Male
	26 (51.0)
	23 (56.1)
	3 (30.0)
	0.139



	Female
	25 (49.0)
	18 (43.9)
	7 (70.0)
	



	Eye
	
	
	
	



	Right
	29 (56.9)
	25 (61.0)
	4 (40.0)
	0.230



	Left
	22 (43.1)
	16 (39.0)
	6 (60.0)
	



	Median age (range)
	65.0 years

(32–87)
	66.5 years

(35–80)
	63.0 years

(32–87)
	0.658



	Median tumor volume (range)
	1.3 cm3 (0.3–2.6)
	1.3 cm3 (0.3–2.6)
	1.45 cm3 (0.3–2.6)
	0.694



	<1.55 cm3
	34 (66.7)
	27 (65.9)
	7 (70.0)
	0.803



	≥1.55 cm3
	17 (33.3)
	14 (34.1)
	3 (30.0)
	



	Diagnosis
	
	
	
	



	C69.3
	40 (78.4)
	34 (82.9)
	6 (60.0)
	0.114



	C69.4
	11 (21.6)
	7 (17.1)
	4 (40.0)
	



	Cell type *
	
	
	
	



	Spindle
	26 (51.0)
	22 (53.7)
	4 (40.0)
	0.612



	Epitheloid and Mixed
	24 (47.0)
	18 (43.9)
	6 (60.0)
	



	Therapy
	
	
	
	



	Enucleation
	36 (70.6)
	27 (65.9)
	9 (90.0)
	0.133



	Enucleation after SRS 1
	15 (29.4)
	14 (34.1)
	1 (10.0)
	



	Vascular invasion
	
	
	
	



	Present
	9 (17.6)
	6 (14.6)
	3 (30.0)
	0.253



	Absent
	42 (82.4)
	35 (85.4)
	7 (70.0)
	



	Lymphogenic invasion
	
	
	
	



	Present
	15 (29.4)
	10 (24.4)
	5 (50.0)
	0.111



	Absent
	36 (70.6)
	31 (75.6)
	5 (50.0)
	



	Perineural invasion
	
	
	
	



	Present
	12 (23.5)
	9 (22.0)
	3 (30.0)
	0.591



	Absent
	39 (76.5)
	32 (78.0)
	7 (70.0)
	



	Extrabulbar overgrowth
	
	
	
	



	Present
	8 (15.7)
	4 (9.8)
	4 (40.0)
	0.018



	Absent
	43 (84.3)
	37 (90.2)
	6 (60.0)
	



	TNM staging
	
	
	
	



	I–IIB
	23 (45.1)
	20 (48.8)
	3 (30.0)
	0.285



	IIIA–C
	28 (54.9)
	21 (51.2)
	7 (70.0)
	







1 Stereotactic radiosurgery in the past; * cell type was not determined in one sample due to a high degree of cell dedifferentiation and necrosis.
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Table 2. Protein expression of studied IHC markers.
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	IHC Markers
	All

n (%)
	Primary UM

n (%)
	Metastatic UM

n (%)
	p-Value





	Melan-A
	
	
	
	



	Positive, ≥25%
	48 (96.0)
	38 (95.0)
	10 (100.0)
	0.470



	Negative
	2 (4.0)
	2 (5.0)
	0 (0.0)
	



	S100
	
	
	
	



	Positive, ≥25%
	46 (92.0)
	37 (92.5)
	9 (90.0)
	0.794



	Negative
	4 (8.0)
	3 (7.5)
	1 (10.0)
	



	HMB45
	
	
	
	



	Positive, ≥25%
	47 (94.0)
	38 (95.0)
	9 (90.0)
	0.552



	Negative
	3 (6.0)
	2 (5.0)
	1 (10.0)
	



	Cyclin D1
	
	
	
	



	Positive, >15%
	42 (84.0)
	34 (85.0)
	8 (80.0)
	0.700



	Negative
	8 (16.0)
	6 (15.0)
	2 (20.0)
	



	Ki-67
	
	
	
	



	Positive, >15%
	13 (26.0)
	9 (22.5)
	4 (40.0)
	0.259



	Negative
	37 (74.0)
	31 (77.5)
	6 (60.0)
	



	p53
	
	
	
	



	Positive, >15%
	15 (30.0)
	12 (30.0)
	3 (30.0)
	1.000



	Negative
	35 (70.0)
	28 (70.0)
	7 (70.0)
	



	KIT
	
	
	
	



	Positive, >10%
	20 (41.7)
	15 (39.5)
	5 (50)
	0.548



	Negative
	28 (58.3)
	23 (60.5)
	5 (50)
	



	BCL2
	
	
	
	



	Positive, ≥ ++
	32 (68.1)
	25 (67.6)
	7 (70.0)
	0.884



	Negative
	15 (31.9)
	12 (32.4)
	3 (30.0)
	



	AIFM1
	
	
	
	



	Positive, QS 1 > 4
	43 (91.5)
	33 (89.2)
	10 (100.0)
	0.277



	Negative
	4 (8.5)
	4 (10.8)
	0 (0.0)
	







1 Quick score.













[image: Table] 





Table 3. Association between diverse clinicopathologic characteristics and Monosomy 3 presence.
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	Clinicopathologic Characteristics
	Disomy 3

n (%)
	Monosomy 3

n (%)
	p-Value





	Gender 1
	
	
	



	Male
	11 (64.7)
	10 (55.6)
	0.581



	Female
	6 (35.3)
	8 (44.4)
	



	Eye
	
	
	



	Right
	11 (64.7)
	8 (44.4)
	0.229



	Left
	6 (35.3)
	10 (55.6)
	



	Median age (range)
	69 years (35–87)
	61 (32–81)
	0.189



	Median tumor volume (range)
	1.4 cm3 (0.3–2.6)
	1.5 cm3 (0.4–2.4)
	0.681



	<1.55 cm3
	9 (52.9)
	10 (55.6)
	0.877



	≥1.55 cm3
	8 (47.1)
	8 (44.4)
	



	Diagnosis
	
	
	



	C69.3
	17 (100.0)
	11 (61.1)
	0.004



	C69.4
	0 (0.0)
	7 (38.9)
	



	Cell type
	
	
	



	Spindle
	12 (70.6)
	6 (33.3)
	0.025



	Epitheloid and Mixed
	5 (29.4)
	12 (66.7)
	



	Vascular invasion
	
	
	



	Present
	4 (23.5)
	2 (11.1)
	0.330



	Absent
	13 (76.5)
	16 (88.9)
	



	Lymphogenic invasion
	
	
	



	Present
	4 (23.5)
	6 (33.3)
	0.521



	Absent
	13 (76.5)
	12 (66.7)
	



	Perineural invasion
	
	
	



	Present
	5 (29.4)
	5 (27.8)
	0.915



	Absent
	12 (70.6)
	13 (72.2)
	



	Extrabulbar overgrowth
	
	
	



	Present
	1 (5.6)
	5 (25.0)
	0.101



	Absent
	17 (94.4)
	15 (75.0)
	



	TNM staging
	
	
	



	I–IIB
	9 (52.9)
	2 (11.1)
	0.008



	IIIA–C
	8 (47.1)
	16 (88.9)
	



	Metastasis
	
	
	



	Present
	3 (17.6)
	6 (33.3)
	0.289



	Absent
	14 (82.4)
	12 (66.7)
	







1 Only tumor tissues of the patients not treated by stereotactic radiosurgery in the past were analyzed (n = 36); of them, one sample was not available for MLPA analysis; therefore, only 35 samples were included in the analysis.
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Table 4. Association between expression of studied proteins and Monosomy 3.
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	IHC Markers 1
	Disomy 3

n (%)
	Monosomy 3

n (%)
	p-Value





	Melan-A
	
	
	



	Positive, ≥25%
	16 (94.1)
	17 (94.4)
	0.967



	Negative
	1 (5.9)
	1 (5.6)
	



	S100
	
	
	



	Positive, ≥25%
	16 (94.1)
	15 (83.3)
	0.316



	Negative
	1 (5.9)
	3 (16.7)
	



	HMB45
	
	
	



	Positive, ≥25%
	15 (88.2)
	17 (94.4)
	0.512



	Negative
	2 (11.8)
	1 (5.6)
	



	Cyclin D1
	
	
	



	Positive, >15%
	15 (88.2)
	16 (88.9)
	0.952



	Negative
	2 (11.8)
	2 (11.1)
	



	Ki-67
	
	
	



	Positive, >15%
	3 (17.6)
	8 (44.4)
	0.088



	Negative
	14 (82.4)
	10 (55.6)
	



	p53
	
	
	



	Positive, >15%
	5 (29.4)
	7 (38.9)
	0.555



	Negative
	12 (70.6)
	11 (61.1)
	



	KIT
	
	
	



	Positive, >10%
	3 (18.8)
	13 (72.2)
	0.002



	Negative
	13 (81.2)
	5 (27.8)
	



	BCL2
	
	
	



	Positive, ≥ ++
	8 (50.0)
	15 (88.2)
	0.017



	Negative
	8 (50.0)
	2 (11.8)
	



	AIFM1
	
	
	



	Positive, QS 2 > 4
	14 (93.3)
	17 (100.0)
	0.279



	Negative
	1 (6.7)
	0 (0.0)
	







1 Only tumor tissues of the patients not treated by stereotactic radiosurgery in the past were analyzed (n = 36); of them, one sample was not available for MLPA analysis; therefore, only 35 samples were included in the analysis; 2 Quick score.
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Table 5. Binary logistic regression for the relationship between M3, clinicopathologic characteristics, and selected IHC markers (significance in univariate analysis p < 0.1).
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	Variable
	OR
	95% CI
	p-Value





	KIT positivity
	17.41
	1.53–198.69
	0.021



	Epithelioid and Mixed cell type
	18.04
	1.34–243.48
	0.029



	T stage IIIA–C
	11.28
	0.68–188.46
	0.092



	Constant
	
	
	0.010







Variables entered in step 1: age, cell type, TNM staging, IHC markers with p value < 0.1 in univariate analysis (KIT, BCL2, Ki-67); −2 Log likelihood = 22.982; R2 (Cox and Snell) = 0.485; R2 (Nagelkerke) = 0.648.
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Table 6. Association between KIT expression and DNA methylation evaluated for 20 distinct genomic positions of KIT gene.
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	Probe
	UCSC Refgene Group
	Feature
	M3 vs. D3

p-Value £
	IHC *

p-Value
	Correlation Coefficient #

r (p-Value)





	cg16928454
	TSS1500
	N Shore
	NS
	NS
	NS



	cg06483432
	TSS1500
	N Shore
	NS
	NS
	NS



	cg26635759
	TSS1500
	Island
	NS
	NS
	NS



	cg27154163
	TSS1500
	Island
	5.146 × 10−4
	0.001
	−0.658 (0.001)



	cg23370536
	TSS1500
	Island
	6.015 × 10−4
	0.001
	−0.662 (0.001)



	cg11935854
	5’UTR; 1st Exon
	Island
	NS
	NS
	NS



	cg10087973
	1st Exon
	Island
	NS
	NS
	NS



	cg18836493
	Body
	Island
	NS
	NS
	NS



	cg17891820
	Body
	Island
	NS
	NS
	NS



	cg05786661
	Body
	Island
	NS
	NS
	NS



	cg19041419
	Body
	S Shore
	3.866 × 10−4
	0.015
	−0.816 (<0.001)



	cg01819568
	Body
	S Shelf
	0.019
	0.025
	−0.689 (0.001)



	cg06581979
	Body
	S Shelf
	1.072 × 10−6
	0.002
	−0.809 (<0.000)



	cg24867302
	Body
	
	0.015
	0.011
	−0.643 (0.002)



	cg02883198
	Body
	
	0.005
	0.028
	−0.591 (0.005)



	cg19823803
	Body
	
	0.006
	0.044
	−0.425 (0.055)



	cg23487812
	Body
	
	1.685 × 10−4
	0.002
	−0.616 (0.003)



	cg17854066
	Body
	
	2.281 × 10−6
	0.001
	−0.681 (0.001)



	cg21813871
	Body
	
	2.908 × 10−5
	0.001
	−0.727 (<0.000)



	cg07156814
	Body
	
	0.046
	0.034
	−0.532 (0.013)







£ Difference between M3 and D3 gene expression data; * difference in methylation β values between KIT negative and positive tumors according to t-Test or Mann–Whitney U-test, respectively; # correlation between absolute signal intensity mRNA and methylation β values in individual positions. For each probe, the CpG feature and probe ID are listed; differentially methylated probes are in bold.
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