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Simple Summary: Uveal melanoma (UM) is a rare ocular malignancy that often gives rise to
metastases. Tumours with an inflammatory phenotype have an especially bad prognosis. As an
increased HLA expression and the presence of tumour-infiltrating lymphocytes and macrophages
may be regulated by miRNAs, we set out to investigate whether any miRNAs are associated with
inflammatory parameters in this malignancy. Some miRNAs were increased in UM with a high HLA
expression and high T cell numbers, while others were decreased, showing two opposing patterns;
however, both patterns were related to the tumour’s chromosome 3/BAP1 status. We conclude
that specific miRNAs are related to the inflammatory phenotype and that these are differentially
expressed between disomy 3/BAP1-positive versus monosomy 3/BAP1-negative UM.

Abstract: MicroRNAs are known to play a role in the regulation of inflammation. As a high HLA
Class I expression is associated with a bad prognosis in UM, we set out to determine whether any
miRNAs were related to a high HLA Class I expression and inflammation. We also determined
whether such miRNAs were related to the UM’s genetic status. The expression of 125 miRNAs was
determined in 64 primary UM from Leiden. Similarly, the mRNA expression of HLA-A, HLA-B,
TAP1, BAP1, and immune cell markers was obtained. Expression levels of 24 of the 125 miRNAs
correlated with expression of at least three out of four HLA Class I probes. Four miRNAs showed
a positive correlation with HLA expression and infiltration with leukocytes, 20 a negative pattern.
In the first group, high miRNA levels correlated with chromosome 3 loss/reduced BAP1 mRNA
expression, in the second group low miRNA levels. The positive associations between miRNA-
22 and miRNA-155 with HLA Class I were confirmed in the TCGA study and Rotterdam cohort,
and with TAP1 in the Rotterdam data set; the negative associations between miRNA-125b2 and
miRNA-211 and HLA-A, TAP1, and CD4 were confirmed in the Rotterdam set. We demonstrate two
patterns: miRNAs can either be related to a high or a low HLA Class I/TAP1 expression and the
presence of infiltrating lymphocytes and macrophages. However, both patterns were associated with
chromosome 3/BAP1 status, which suggests a role for BAP1 loss in the regulation of HLA expression
and inflammation in UM through miRNAs.

Keywords: eye disease; uveal melanoma; oncology; inflammation; miRNA; HLA; TAP1; mono-
somy 3; BAP1
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1. Introduction

Uveal melanoma (UM) is the most common type of primary intraocular malignancy
in adults and carries a high risk of metastases. Tumours with monosomy of chromosome
3 (M3), gain of 8q [1–4], a mutation in the BAP1 (BRCA1-associated protein-1) gene [5,6],
or a class 2 gene expression profile [7–9] are more prone to develop metastases. Tumours
that have these high-risk characteristics often show an inflammatory phenotype [10,11],
characterized by the presence of high numbers of tumour-infiltrating lymphocytes and
macrophages [12,13], and a high expression of the HLA Class I and II antigens [14–16].
HLA Class I molecules are essential for the presentation of processed tumour antigens to
cytotoxic T cells and are therefore important for immunotherapeutic approaches. However,
while a high HLA expression might theoretically make the tumour cells more susceptible
to killing by cytotoxic T cells, it may decrease their susceptibility to NK (natural killer)
cell-mediated lysis, which is probably especially relevant during hematogeneous tumour
cell migration from the eye to the liver [17,18].

Although there are effective treatments available for primary UM (radio-active plaque,
proton beam therapy, stereotactic irradiation), a treatment to cure metastases is still missing
and survival of high-risk cases has not improved during the last 50 years [19–22]; it is
therefore important to identify new potential therapies to treat metastases of this disease.
Targeting different types of RNA might be an approach.

MiRNAs are short noncoding RNAs, usually with a length of 17–22 base pairs. By
binding to 3′UTR regions of complimentary mRNAs, they either stimulate or delay trans-
lation of specific genes and thereby play an important role in gene regulation [23]. In
recent years, miRNAs have been identified as new players in tumorigenesis and metas-
tases formation, and they have been associated with angiogenesis [24,25], the induction
of epithelial-to-mesenchymal transition [26] and increased proliferation [27–29]. Several
miRNAs have been identified to play a role in tumorigenesis of UM [30], and differences in
miRNA expression occur between UM tumours with a low or high metastatic risk [31–34].
Smit reported that miRNAs were potential actors for the progression of metastasis in UM:
13 out of 423 mature miRNAs, which were expressed in UM samples, were differentially
expressed between low, intermediate, and high-risk UM [35]. MiRNAs may act as oncomirs
leading to cell growth and invasion [36,37], or as tumour suppressors, having anti-tumour
activity [38].

Inflammation is a bad prognostic sign in UM, but it is as yet unclear how this inflam-
mation is regulated. The presence of tumour-associated macrophages (TAMs) has been
associated with loss of one chromosome 3 (M3, monosomy 3) and gain of chromosome 8q,
while both TAMs as well as tumour-infiltrating lymphocytes (TILs) are increased in UM
with loss of chromosome 3/BAP1 [10,13,39].

As miRNAs may influence inflammation, we analysed 125 miRNAs in 64 UM samples
and determined any association with HLA Class I expression and the presence of an
infiltrate; we furthermore investigated whether the levels of inflammation-associated
miRNAs were related to the tumour genetic status. Outcomes were compared with data
from the Department of Ophthalmology, ErasmusMC, Rotterdam, The Netherlands [35],
and TCGA data [11] (See Schedule in Figure 1).
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2. Materials and Methods
2.1. Study Population Leiden Cohort

Tumour material was obtained from 64 eyes that underwent an enucleation for UM
between 1999 and 2008 at the Leiden University Medical Center (LUMC) in Leiden, The
Netherlands. Characteristics of the cohort have been added as Table S1. 51% of the patients
were male and 49% were female. The mean age at the time of enucleation was 61 years.
The mean follow-up time (defined as the time period between enucleation and either date
of last follow-up or death) was 83 months (range 2 to 229 months). Follow-up was updated
in 2020. At the end of follow up, 17 (27%) patients were alive, 37 (58%) patients had died
because of metastasis, four (6%) had died because of other causes and six (9%) had died
but the cause of death was unknown.

2.2. Chromosome Status

DNA isolation was performed on frozen tumour tissue using the QIAmp DNA Mini
kit for single nucleotide polymorphism (SNP) detection (Qiagen, Venlo, The Netherlands).
Chromosome 3 abnormality was detected by SNP microarray analysis using an Affymetrix
250K_NSP (Affymetrix, Santa Clara, CA, USA) array as described previously [4,13].

2.3. Gene Expression

RNA isolation was performed on frozen tumour tissue using the RNeasy mini kit
(Qiagen, Venlo, The Netherlands). Gene expression was determined with the Illumina
HT12v4 array (Illumina, Inc., San Diego, CA, USA) for 125 microRNA, HLA Class I (HLA-A,
HLA-B), HLA Class I Regulatory Factors and the Antigen-Loading Machinery (CIITA,
NLRC5, IRF1, IRF8 and TAP1), Immune markers (CD3, CD4, CD8, CD68, CD163), and
BAP1 as described previously [40].

2.4. Rotterdam Cohort

The 26 cases analysed from the ErasmusMC were described by Smit [35]. Both miRNA
and mRNA libraries were sequenced with the Ion Proton sequencer. Readtrimming us-
ing Cutadapt Version 3.4 [41] alignment to the hg19 reference genome using HISAT2
Version 2.1.0 [42]. Aligned reads were counted using htseq-count Version 0.9.1 [43] mirBa-
sev20, Homo_Sapiens.GRCh37.75) and normalized using DESeq2.

2.5. TCGA Data

MiRNA expression data of 80 UM samples were retrieved from the repository of the
Genomic Data Commons Data Portal (https://portal.gdc.cancer.gov) [11].

2.6. Statistical Analysis

Data were analysed with SPSS software version 22.0 (SPSS, nc., Chicago, IL, USA).
Graphs were obtained using GraphPad Prism version 5.0 for windows (GraphPad Software,
La Jolla, CA, USA). Spearman correlation was performed in order to make correlations
between non-parametric data. The Mann-Whitney U test was used to compare non-normal
groups. Kaplan-Meier survival curves were made and the log rank test was used to
determine significance.

We used R-package heatmaply to produce the heatmaps. We use 1-cor(X, Y) to define
the distance between mRNA X and Y to be used for the hiarchical clustering. The linkage
function was average linkage. R version 3.6.1 was used.

2.7. Institutional Review Board Statement and Informed Consent

This project was approved by the METC of the LUMC (B14.003/SH/sh Approval
Biobank OOG-2 “Oogtumoren (of een verdenking hierop)”). The research adhered to Dutch
law and the tenets of the Declaration of Helsinki (World Medical Association of Declaration
2013; ethical principles for medical research involving human subjects). Informed consent
was obtained from all subjects involved in the study.

https://portal.gdc.cancer.gov
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3. Results
3.1. MiRNAs and HLA Class I

As HLA antigens are one of the characteristics of high-risk UM and may play an
important role in immunotherapy, it is important to know how their expression is regu-
lated. As a relation between miRNAs and HLA expression has been observed in other
malignancies, we determined whether we could identify miRNAs that were related to HLA
expression, one of the markers of the inflammatory phenotype of UM.

Using a set of 64 UM from the LUMC, we compared the expression levels of miRNAs
with expression of HLA Class I, using four HLA Class I probes (three for HLA-A, one for
HLA-B). Of the 125 studied miRNAs, 24 showed a correlation with at least three of the
four HLA probes (Table S2). Two different patterns were observed: four miRNAs (miR-155,
miR-22, miR-635 and miR-1276) showed positive correlations with at least three of the four
HLA Class I probes and 20 miRNAs showed negative correlations with at least three of
the four HLA Class I probes. For these 24 miRNAs, we compared the miRNA expression
levels not only with HLA-A and -B expression, but also with the expression of probes for
HLA regulators (TAP1, TAP2, IRF1, IRF8, CIITA, NLRC5) [40], and markers of infiltrating
T cells and macrophages (see Figure 2 and Figure S1 for TAP1). A clear pattern emerged,
with the same four miRNAs showing positive correlations with most markers, and the
other twenty mainly showing negative correlations.
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Figure 2. Heat map of the correlations between the expression levels of 24 miRNA expression with
the mRNA expression of three HLA-A probes (probes HLA-A pr1, HLA-A pr2 and HLA-A pr3)
and HLA-B, several regulators of HLA, members of the Antigen Loading Machinery, and T cell and
macrophage markers. An analysis of 64 Uveal Melanoma was used to obtain the correlations. Red
indicates a positive correlation and blue a negative correlation.

In order to validate our findings, we investigated the association between miRNAs,
HLA Class I and TAP1 expression in a cohort of 26 UM from the Rotterdam ErasmusMC
(Table S4). Of the 47 miRs, only eleven showed a high enough expression to be able to use
them in a comparison with HLA mRNA expression data from the same cohort. MiR-155
showed a positive correlation with TAP1 (R = 0.502, p = 0.02). MiR-211 showed a negative
correlation with HLA-A, and TAP1, and miR-125 with HLA-A, HLA-B and TAP1. MiR-635
and miR-1276 were not available in this set. Of the other miRs that were in both sets,
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miR-18B, miR-31, miR-98, miR-361, miR-454, and miR-507 did not show any significant
correlations with HLA-A, HLA-B, or TAP1 expression in the Rotterdam data.

We then screened the data of the TCGA, where only three of the 24 miRNA of
interest were identified: miR-155 and miR-22 were positively correlated with HLA-A
(R = 0.630, p < 0.001; R = 0.328, p = 0.003, respectively) and HLA-B (R = 0.694, p < 0.001;
R = 0.396, p < 0.001), while miR-98 did not show a significant association with HLA-A nor
HLA-B (R = 0.113, p = 0.32; R = 0.054, p = 0.63).

3.2. MiRNA Expression and Correlation with TILs and TAMs in Uveal Melanoma

As not only HLA expression but also the presence of an infiltrate is an important
characteristic of an inflammatory phenotype, we analyzed whether the association was
not only with HLA expression but also with the presence of TILs and TAMs. Out of the
101 miRNAs that were not associated with HLA expression, only three showed significant
correlations with the presence of TILs and TAMs, indicating that HLA expression and a
leukocyte infiltrate are strongly related (Table S3). We then focused on the 24 miRNAs
which were correlated with HLA Class I expression.

When looking at the correlation matrix, all four miRNAs (miR-22, miR-155, miR-635,
miR-1276) that had shown a positive correlation with at least three of the four HLA
probes, cluster together with the HLA probes, the T lymphocyte markers (CD3, CD4
or CD8) and the macrophage markers (CD68 and CD163), while this is not the case for
the negatively-associated miRs; they cluster in an opposite pattern (Figure 3). The two
opposing patterns are clearly visible in the correlation between the miRs with HLA-B
(Figure 4), and macrophage marker CD68 (Figure 5): MiR-22, miR-155, and miR-635 show
a positive correlation with HLA-B (p values ≤ 0.003) and MiR-22 and miR-155 with CD68
(both p values = 0.007), while miR-330, miR-599, and miR-1228 show negative correlations
with HLA-B and CD68 (all p values ≤ 0.001).
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Melanoma from Leiden. Positive and negative patterns are observed. p values were determined by Spearman correlation.
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Figure 5. The expression levels of six different miRNAs (A–F) were compared to the mRNA levels of CD68, a macrophage
marker, in 64 Uveal Melanoma from Leiden. p values were determined using Spearman correlation. p≤ 0.05 was considered
significant. (A) miR-22, (B) miR-155, (C) miR-635, (D) miR-330; (E) miR-599; (F) miR-1228 versus CD68 expression.

As a control, we looked at the association between miRs of the Rotterdam cohort of
26 UM and the mRNA levels of infiltrating cells: in agreement with the prior findings,
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miR-155 was positively correlated with CD4 (p = 0.02), while miR-211 was negatively
correlated with CD4 and CD8 and miR-125b2 with CD4 and CD163 (Table S4).

Of the four miRs in the Leiden cohort that had shown a positive correlation with HLA
Class I and infiltrating leukocytes, three were present in the TCGA cohort: miR-155 was
positively associated with CD4 (R = 0.336, p = 0.002), CD8 (R = 0.563, p < 0.001), CD68
(R = 0.277, p = 0.01) and CD163 (R = 0.365, p = 0.001); miR-22 was positively associated
with CD8 (R = 0.296, p = 0.01) and CD163 (R = 0.254, p = 0.02) and not with CD4 (R = 0.142,
p = 0.21) or CD68 (R = −0.105, p = 0.35), while miR-98 was only correlated with CD163
(R = 0.246, p = 0.03) and not with other markers: CD4 (R = 0.056, p = 0.62), CD8 (R = 0.162,
p = 0.15), CD68 (R = −0.103, p = 0.36).

3.3. MiRNA Expression and HLA Class I Regulatory Factors and the Antigen-Loading Machinery

HLA expression is influenced by regulatory factors such as IRF1, IRF8, NLRC5, and
CIITA, but also through the Antigen-Loading Machinery (ALM). We investigated whether
there was an association between the miRNAs that were associated with HLA Class I and
these regulatory factors (Figure 6). Indeed, miR-22 and miR-155 were positively associated
to the ALM components TAP1 and TAP2, and the HLA regulatory factors CIITA, NLRC5,
IRF1, and IRF8, while the opposite was found for miR330, miR-599, and miR-1228.
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Figure 6. Correlation coefficients of the relation between several miRNAs and regulators of HLA expression and of
members of the Antigen-Loading Machinery in the Leiden cohort. The expression of three miRNAs (miR-22, 155, 635)
that are positively associated with HLA expression and of three (miR-330, 599, 1228) that are negatively associated with
HLA expression were compared to Class I Regulatory Factors and members of the Antigen-Loading Machinery. The
correlation coefficients based on Spearman correlations (n = 64) are shown. The intensity of colors indicates the strength of
the correlation, with red indicating positive and blue negative correlations.

3.4. MiRNA Expression and Chromosome 3 Status

As we and others [10–12] have shown that an inflammatory infiltrate is associated
with M3, we subsequently determined whether the differential expression of miRNAs
was related to the tumour chromosome 3 status. Of the four miRNAs which were high in
tumours with a high HLA expression and infiltrate, three (miR-22, miR-155, and miR-635)
were significantly higher in M3 tumours than D3 tumours (Figure 7A). Of the 20 miRs that
were negatively correlated to HLA Class I, ten showed a lower mean expression in M3
tumours than in D3 tumours (Figure 7B).
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Figure 7. The expression of miRNAs in D3 (n = 24) and M3 (n = 40) tumours was compared. MiRNAs that are positively (A)
or negatively (B) associated to HLA Class I are shown. Using a Mann-Whitney U test, p ≤ 0.05 was considered significant.
MiRNA name is indicated as numbers. Horizontal bars indicate mean expression.

3.5. MiRNA Expression and BAP1 Expression

In addition to loss of chromosome 3, loss of expression of BAP1 is associated with
increased inflammation in UM [13]. We compared mRNA expression levels of BAP1 with
HLA expression and the presence of TAMs; BAP1 expression was negatively correlated
with HLA-B (p < 0.001) and CD68 (p = 0.006) (see Figure 8). Moreover, BAP1 expression was
negatively correlated to the pro-inflammatory miR-22, miR-155, and miR-635 (p < 0.001,
p < 0.001, p = 0.01, respectively), and had a positive correlation with the anti-inflammatory
miR-330, miR-599, and miR-1228 (p = 0.05, p = 0.01, and p = 0.001, respectively).
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 Figure 8. Correlation between BAP1 mRNA expression and HLA-B (A), CD68 (B), and examples
of the two groups of miRNAs (C–F). p values were determined by Spearman correlation. p ≤ 0.05
was considered significant. (A) HLA-B, (B) CD68, (C) miR-22, (D) miR-635; (E) miR-330; (F) miR-599
versus BAP1 expression.

3.6. MiRNA Expression and Survival

As we found associations between miRNA expression and loss of chromosome
3/BAP1 mRNA expression, we checked whether the levels of miRNAs were related to
survival in UM patients (Figure 9).
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According to Kaplan-Meier survival curves, high levels of miR-22 (p = 0.02) and
miR-155 (p = 0.04) were related to decreased survival in UM patients while the opposite
was found for miR-330 (p = 0.04) and miR-599 (p = 0.009). Differences with regard to
miR-635 (p = 0.09) and miR-1228 (p = 0.08) did not reach statistical significance.

When we looked at the miRNA from the TCGA, we found that high levels of miR-22
(p = 0.003) and miR-155 (p = 0.004) were related to a decreased survival while this was not
the case for miR-98 (p = 0.26).

4. Discussion

UM are defined by mutations which carry different risks of metastases. Most UM
carry a mutation in the GNAQ or GNA11 gene, which do not contribute to prognostica-
tion [44–46]. EIF1AX and SF3B1 mutations occur especially in low-risk D3 tumours [47],
while BAP1 mutations are observed in most high-risk M3 UM [13]. The tumours with
M3/loss of BAP1 often show an inflammatory phenotype. However, despite all the differ-
ent investigations regarding inflammation as a contributor towards metastasis in UM, it is
still unclear how inflammation is regulated and how immune cells are recruited [39,48]. We
therefore set out to explore which miRNAs are associated with inflammation in UM and
whether their expression is related to chromosome 3/BAP1 loss. Robertson et al. previously
identified different miRNA clusters in UM which were associated with chromosome 3
status and also suggested that expression of some miRNAs might be related to the immune
environment [11]. Similar to previous studies [11,31–35], we observed a difference in miRs
between low and high-risk UM.

One of the problems when looking at miRs is that different studies identify different
miRs as being relevant: as stated in an extensive review by Aughton et al. [33], it should
be noted that many studies looked at miRNAs in UM and hardly ever were the same
miRNAs reported as significantly associated with an increased metastatic risk in UM. As
they stated, differences may be due to differences in tissue sampling, classifications or
miRNA detection systems.

As we were interested in relations between miRs and inflammation, we first tried
to identify patterns. HLA Class I expression is a key component in the development of
inflammation in the eye, an immune-privileged organ. In spite of this immune privilege,
inflammation occurs in many intraocular UM. A study from our laboratory in 1996 already
described positive correlations between HLA expression and the presence of infiltrating
leukocytes such as CD3 and CD4 lymphocytes, monocytes/macrophages and NK cells
in UM [49]. In addition, van Essen in 2016 found a positive association between HLA
Class I, members of the Antigen Processing Machinery, such as TAP1, and the amount of
lymphocyte and macrophage infiltration in UM [40]. He showed that mRNA expression
correlated with immune-histochemical staining for HLA Class I, and we therefore used
mRNA expression with four different HLA Class I probes to compare HLA expression
with miRNA levels in the same tumours.

Out of the 125 miRNAs for which we had information from the Leiden cohort, we
identified 24 that were associated with HLA Class I expression. Among these 24 miRNAs,
we identified two clusters, one with a positive association with HLA Class I and infiltrating
leukocytes, and the other cluster showing negative associations. Three of the four miRNAs
(miR-22, 155, 635, and 1276) that were associated with a high HLA expression, were also
related to high numbers of TILs and/or TAMs and were increased in tumours with M3.
Most of the 20 miRNAs that showed an inverse correlation with HLA Class I expression
also showed an inverse association with infiltrating leukocytes; ten of these miRNAs were
decreased in tumours with M3.

Several of the miRs have previously been associated with HLA expression or with
inflammation. Aughton et al. [33] compared the information from several papers on
miRNAs in uveal melanoma and only found a few that had been reported in multiple
papers. They described that miRNA that were associated with an increased metastatic
risk could either be upregulated or downregulated. Earlier, Worley et al. [31] had also
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shown that miRNA clustered into an upregulated and downregulated group, both related
to prognosis. One of the upregulated miRs was miR-155 [33].

This miR is not only upregulated in UM, it is also increased in plasma of UM patients
at the time of metastasis [50]. One possibility is that miR-155 functions as an immune stim-
ulator: Mir-155 is known as an important regulator of the NFkB pathway in macrophages
and thereby may modulate inflammatory responses [51]. We previously described that
NFkB activity, one of the most important signaling pathways in inflammation, is increased
in BAP1-negative UM [52]; here we show that miR-155 is elevated in M3 tumours which
we know are mostly BAP1-negative. Further studies are needed in order to determine
whether miR-155 plays a role in the regulation of NFkB in UM. Our data do not exclude
the possibility that we are looking at the presence of miR-155 containing macrophages,
as it is known that this miR is expressed in monocytes in peripheral blood and in CD68+
cells obtained from healthy brain tissue [53]. The association of miR-155 with TAM may
therefore be due to its presence within these cells, thereby explaining its high expression in
M3 UM, which are known to carry many macrophages [10]. The presence of infiltrating
cells may influence the tumour cells’ HLA expression, as we previously described [40]. In
a study involving epithelial ovarian cancer (another immune-privileged organ), miR-22
was similarly associated with the presence of an intra-tumoural immune infiltrate [54].

When we analysed which miRNAs were correlated with HLA expression, several
strong positive correlations were observed, but, in addition, many other miRs showed
a negative correlation. This group of miR also showed a negative correlation with the
presence of TILs and TAMs, and with members of the Antigen Processing Machinery,
such as TAP1. One of the downregulated miRNAs in high-risk M3 UM was miR-599.
One study induced inflammation in endothelial cells by lipopolysaccharide (LPS) and
found downregulation of mir-599 in endothelial cell injury, with upregulation of TNF,
IL-6, ICAM-1, and VCAM-1 [55]. Overexpression of miR-599 led to the suppression of
the inflammatory factors and downregulation of the JAK-STAT pathway known to be
important in migration, proliferation, and inflammation by targeting ROCK1, a suppressor
of inflammatory processes. Another miR with potential immunosuppressive capacity was
miR-1228. In gastric cancer, miR-1228 was decreased in cell lines, and its induction led to a
decrease of mesenchymal markers and invasiveness [56]. This decrease of miR-1228 was
held responsible for NFkB upregulation.

That miR expression may play a role in HLA expression was demonstrated by the
group of Seliger, which observed that in renal cell carcinoma, overexpression of spe-
cific miRNAs led to a reduction of HLA-G, enhancing NK-cell mediated cytotoxicity
in vitro. Tumours expressing HLA-G had a significantly higher frequency of CD3+ and
CD8+ T cells [57]. In cutaneous melanoma, TAP1 was the target of regulation by miRs.
MiR-200a-5p was found to bind to the 3′untranslated region (UTR) of TAP1, and overex-
pression in a cell line was accompanied by a decrease in HLA-Class I surface expression,
more so of HLA-B/C than HLA-A [58]. High levels of miR-200a-5p were associated with a
shorter overall survival of the cutaneous melanoma patients. Mari et al. (2018) observed
that in esophageal adenocarcinoma, miRs were able to regulate expression of TAP1 and
HLA-Class I [59]. It looks as if a similar mechanism may play a role in a range of malignan-
cies, including UM, but every malignancy may involve different miRs, and that some may
be immune-suppressive, while others may have the opposite effect. We not only observed
strong positive correlations between several miRNA and TAP1 (with miR-22, miR-155,
and miR-635), but also identified many negative correlations, such as, e.g., with miR-330,
miR-599, and miR-1228 (Table 1, Figure S1).

In UM, the group of three miRs were not only positively related to HLA Class I
and TAP1 expression, but also with the HLA-transcription factors CIITA, NLRC5, IRF1,
and IRF8. We suggest that a group of miRs suppress HLA expression and that during
tumour progression (associated with addition of copies of chromosome 8q and loss of one
chromosome 3 and loss of BAP1 expression) the HLA-suppressive miRNAs are lost and
the stimulatory ones get expressed.
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Table 1. Overview of correlations between different miRNAs and HLA-A, HLA-B and TAP1 in the Leiden cohort (n = 64),
TCGA cohort (n = 80) and the Rotterdam cohort (n = 26). r = two-tailed Spearman correlation coefficient. p≤ 0.05 considered
significant. Significant correlations are indicated as bold. Negative associations are underlined.

miRNA
HLA-A HLA-B TAP1

Leiden
(n = 64)

TCGA
(n = 80)

Rotterdam
(n = 26)

Leiden
(n = 64)

TCGA
(n = 80)

Rotterdam
(n = 26)

Leiden
(n = 64)

TCGA
(n = 80)

Rotterdam
(n = 26)

miRNA-22 <0.001 0.003 0.17 <0.001 <0.001 0.24 0.06 0.002 0.74
miRNA-155 <0.001 <0.001 0.08 <0.001 <0.001 0.07 <0.001 <0.001 0.02

miRNA-125-B2 0.04 0.007 0.02 0.05 0.15 0.004
miRNA-211 0.004 0.05 0.04 0.11 0.002 0.005

While affecting HLA expression, miRNAs may also function as oncogenes, affecting
proliferation, and as regulators of inflammation, influencing the influx of inflammatory
cells during tumour progression. Such a function has been attributed to e.g., miR-330,
which has a tumour suppressive role in ovarian cancer, being able to downregulate MAPK
signaling and ERK proteins [60], but also influencing inflammation: a forced expression of
miR-330 led to the inhibition of oxidative stress and inflammation in macrophages [61].

Overall, we report two patterns for the expression of miRNA in UM, both related to the
tumour chromosome/BAP1 expression status: one showing a relation between an increase
in specific miRNAs and infiltrate, the other an opposite relationship. When looking at the
miRNAs that are increased in UM that display inflammation, two options appear: as both
miRNAs as well as leukocytes are present in a higher concentration in M3 tumours, it may
be that we are looking at expression of miRNAs in infiltrating leukocytes. Another option
is that loss of chromosome 3/BAP1 led to an upregulation of certain miRNAs in the UM
cells themselves, which subsequently influenced the influx of inflammatory cells and led to
upregulation of HLA antigens. It is clear that the genetic make-up of the tumour greatly
influences miR expression and may thereby regulate HLA expression and inflammation.

Using the TCGA gene expression data, Sharma et al. [62] observed that a cluster of
miRNAs was embedded in the 3′UTR region of the BAP1 gene. They analysed which
miRNAs would best bind to BAP1 and its mutations. These BAP1-associated miRNAs
affected at least 69 target genes. Among them were e.g., histone deacetylases (HDAC1,
HDAC2, HDAC3 and HDAC4), and immune regulators such as TGFbeta1, TNF, and
NFkB1, RELA and RELB. We have described associations between upregulation of the
NFkB pathway and these molecules in UM with BAP1 loss [52]. Their miRNAs differed
from the ones we identified.

The loss of one chromosome 3 has for a long time been associated with a worse prog-
nosis in UM [1]. It has been shown that a mutation in BAP1 on chromosome 3 is similarly
associated with a bad prognosis, leading to loss of BAP1 expression. We previously de-
scribed an association between chromosome 3/BAP1 loss and inflammatory phenotype
in UM [10,12,13], which has been confirmed by others [11,63,64]. We therefore propose
that BAP1 loss may influence the presence of miRs, which may regulate inflammation. We
propose a functional network of miRs, some of which have a pro-inflammatory role, as
seen for miRs miR-22, miR-155, and miR-635, and some which have an anti-inflammatory
function, or are just bystanders. However, both groups seem to be regulated by BAP1. It
may be interesting to use the identified infiltrate-associated miRNAs to reduce local inflam-
mation and decrease the level of cytokine production at the tumour site. Furthermore, it is
important to look at other types of RNA: in addition to coding genes which may contribute
to the development of UM, and miRNAs, non-coding genes that express non-translating
RNAs such as lncRNA’s have also been shown to be involved in the pathogenesis of this
disease. The long non-coding RNA LINC00518, controlled by MITF, has been shown to be
involved in the progression of UM [65] while RHPN1-AS1 was an inducer of migratory
characteristics [66].
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5. Conclusions

We have identified two patterns of miRNAs: a set of miRNAs are either related to
an up- or to a downregulation of HLA Class I expression, TAP1, and an inflammatory
infiltrate in UM, while both show a relation to chromosome 3 status and BAP1 expression.
Specific miRNAs may therefore be regarded as immune-stimulatory miRNAs, while others
act as immune-suppressants. The upregulated miRNAs may serve as therapeutic targets,
while the downregulated miRs could be investigated for their potential to inhibit inflam-
mation. Taken together, our study provides the basis to consider the miRNAs as important
regulators of inflammation in UM, under the regulation of BAP1.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cancers13164020/s1, Figure S1: The expression levels of six different miRNAs were compared
to the mRNA levels of TAP1 in 64 Uveal Mela-noma in the Leiden cohort, Table S1: Characteristics of
patients and tumours in the Leiden cohort of 64 uveal melanoma used in the miRNA study. Table S2:
Correlation between different miRNAs and HLA Class I in UM (n = 64). r = two-tailed Spearman
correlation coefficient. p ≤ 0.05 considered significant. Shaded in blue: negative association; shaded
in red: positive association. Only miRNAs were selected for further analysis that had significant
associations with at least three of the four HLA probes. Table S3: Correlation between the miRNAs
(which are not associated with HLA Class I) with TIL and TAM markers in UM (n = 64). r = two-tailed
Spearman correlation coefficient. p ≤ 0.05 considered significant. Table S4: Correlation between
miRNA gene expression and HLA Class I and infiltrate markers in a cohort of 26 UM tumours from
Rotterdam; Spearman correlation, p ≤ 0.05 considered significant.

Author Contributions: Conceptualization, Z.S. and M.J.J.; Data curation, A.P.A.W., E.K. and E.B.;
Formal analysis, Z.S.; Funding acquisition, P.A.v.d.V. and M.J.J.; Methodology, Z.S., W.G.M.K. and
R.M.V.; Software, S.B.; Supervision, M.J.J.; Writing—original draft, Z.S. and M.J.J.; Writing—review &
editing, A.P.A.W., E.K., E.B., S.B., W.G.M.K., R.M.V., P.A.v.d.V., G.P.M.L., M.J.J. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by a grant to Z.S. from The Iranian Ministry of Science Re-
search and Technology, Grant UL 2011-4991 from the Dutch Cancer Society (KWF), Stichting Leids
Oogheelkundig Ondersteunings Fonds, the Nelly Reef Fund, Family G., Ms. Brouwer and a Horizon
2020 grant from the European Community, CURE UM, nr. 667787.

Institutional Review Board Statement: The METC of the LUMC declared no objection to this study
(19/10/2016, code G16.076/NV/gk). The research adhered to Dutch law (‘Code for Proper Secondary
Use of Human Tissue’) and the tenets of the Declaration of Helsinki (World Medical Association of
Declaration 2013; ethical principles for medical research involving human subjects).

Informed Consent Statement: The METC waved the need for Informed consent for this study.

Data Availability Statement: Data from the Leiden cohort are accessible through GEO Series acces-
sion number GSE84976 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE84976). For the
TCGA data see [11]. For the Rotterdam data see [35].

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Prescher, G.; Bornfeld, N.; Becher, R. Nonrandom chromosomal abnormalities in primary uveal melanoma. J. Natl. Cancer Inst.

1990, 82, 1765–1769. [CrossRef]
2. Horsthemke, B.; Prescher, G.; Becher, R.; Bornfeld, N. Loss of chromosome 3 alleles and multiplication of chromosome 8 alleles in

uveal melanoma. Genes Chrom. Cancer 1992, 4, 217–221. [CrossRef] [PubMed]
3. Singh, A.D.; Tubbs, R.; Biscotti, C.; Schoenfield, L.; Triozzi, P. Chromosomal 3 and 8 status within hepatic metastasis of uveal

melanoma. Arch. Pathol. Lab. Med. 2009, 133, 1223–1227. [CrossRef] [PubMed]
4. Versluis, M.; de Lange, M.J.; van Pelt, S.I.; Ruivenkamp, C.A.; Kroes, W.G.; Cao, J.; Jager, M.J.; Luyten, G.P.; van der Velden, P.A.

Digital PCR validates 8q dosage as prognostic tool in uveal melanoma. PLoS ONE 2015, 10, e0116371. [CrossRef] [PubMed]
5. Harbour, J.W.; Onken, M.D.; Roberson, E.D.; Duan, S.; Cao, L.; Worley, L.A.; Council, M.L.; Matatall, K.A.; Helms, C.; Bowcock,

A.M. Frequent mutation of BAP1 in metastasizing uveal melanomas. Science 2010, 330, 1410–1413. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/cancers13164020/s1
https://www.mdpi.com/article/10.3390/cancers13164020/s1
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE84976
http://doi.org/10.1093/jnci/82.22.1765
http://doi.org/10.1002/gcc.2870040305
http://www.ncbi.nlm.nih.gov/pubmed/1382562
http://doi.org/10.5858/133.8.1223
http://www.ncbi.nlm.nih.gov/pubmed/19653714
http://doi.org/10.1371/journal.pone.0116371
http://www.ncbi.nlm.nih.gov/pubmed/25764247
http://doi.org/10.1126/science.1194472
http://www.ncbi.nlm.nih.gov/pubmed/21051595


Cancers 2021, 13, 4020 15 of 17

6. Koopmans, A.E.; Verdijk, R.M.; Brouwer, R.W.; Van den Bosch, T.P.; Van den Berg, M.M.; Vaarwater, J.; Kockx, C.E.M.; Paridaens,
D.; Naus, N.C.; Nellist, M.; et al. Clinical significance of immunohistochemistry for detection of BAP1 mutations in uveal
melanoma. Mod. Pathol. 2014, 27, 1321–1330. [CrossRef]

7. Tschentscher, F.; Hüsing, J.; Hölter, T.; Kruse, E.; Dresen, I.G.; Jöckel, K.H.; Anastassiou, G.; Schilling, H.; Bornfeld, N.; Horsthemke,
B.; et al. Tumor classification based on gene expression profiling shows that uveal melanomas with and without monosomy 3
represent two distinct entities. Cancer Res. 2003, 63, 2578–2584. [PubMed]

8. Onken, M.D.; Worley, L.A.; Ehlers, J.P.; Harbour, J.W. Gene expression profiling in uveal melanoma reveals two molecular classes
and predicts metastatic death. Cancer Res. 2004, 64, 7205–7509. [CrossRef] [PubMed]

9. Van Gils, W.; Lodder, E.M.; Mensink, H.W.; Kiliç, E.; Naus, N.C.; Bruggenwirth, H.T.; van IJcken, W.; Paridaens, D.; Luyten, G.P.;
de Klein, A. Gene expression profiling in uveal melanoma: Two regions on 3p related to prognosis. Investig. Ophthalmol. Vis. Sci.
2008, 49, 4254–4262. [CrossRef]

10. Maat, W.; Ly, L.V.; Jordanova, E.S.; de Wolff-Rouendaal, D.; Schalij-Delfos, N.E.; Jager, M.J. Monosomy of chromosome 3 and an
inflammatory phenotype occur together in uveal melanoma. Investig. Ophthalmol. Vis. Sci. 2008, 49, 505–510. [CrossRef]

11. Robertson, A.G.; Shih, J.; Yau, C.; Gibb, E.A.; Oba, J.; Mungall, K.L.; Hess, J.M.; Uzunangelov, V.; Walter, V.; Danilova, L.; et al.
Integrative analysis identifies four molecular and clinical subsets in uveal melanoma. Cancer Cell 2017, 32, 204–220. [CrossRef]

12. Bronkhorst, I.H.; Vu, T.K.; Jordanova, E.S.; Luyten, G.P.; van der Burg, S.H.; Jager, M.J. Different subsets of tumor-infiltrating
lymphocytes correlate with macrophage influx and monosomy 3 in uveal melanoma. Investig. Ophthal. Vis. Sci. 2012, 53,
5370–5378. [CrossRef] [PubMed]

13. Gezgin, G.; Dogrusöz, M.; van Essen, T.H.; Kroes, W.G.; Luyten, G.P.; van der Velden, P.A.; Walter, V.; Verdijk, R.M.; van Hall, T.;
van der Burg, S.H.; et al. Genetic evolution of uveal melanoma guides the development of an inflammatory microenvironment.
Cancer Immunol. Immunother. 2017, 66, 903–912. [CrossRef]

14. Blom, D.J.; Luyten, G.P.; Mooy, C.; Kerkvliet, S.; Zwinderman, A.H.; Jager, M.J. Human leukocyte antigen class I expression.
Marker of poor prognosis in uveal melanoma. Investig. Ophthal. Vis. Sci. 1997, 38, 1865–1872.

15. Ericsson, C.; Seregard, S.; Bartolazzi, A.; Levitskaya, E.; Ferrone, S.; Kiessling, R.; Larsson, O. Association of HLA class I and class
II antigen expression and mortality in uveal melanoma. Investig. Ophthal. Vis. Sci. 2001, 42, 2153–2156.

16. Dithmar, S.; Crowder, J.; Jager, M.J.; Vigniswaran, N.; Grossniklaus, H.E. HLA class I antigen expression correlates with
histological cell type in uveal melanoma. Ophthalmologe 2002, 99, 625–628. [CrossRef]

17. Niederkorn, J.Y. Immune escape mechanisms of intraocular tumors. Prog. Retin. Eye Res. 2009, 28, 329–347. [CrossRef]
18. Jager, M.J.; Hurks, H.M.H.; Levitskaya, J.; Kiessling, R. HLA expression in uveal melanoma: There is no rule without some

exception. Hum. Immunol. 2002, 63, 444–451. [CrossRef]
19. Singh, A.D.; Turell, M.E.; Topham, A.K. Uveal melanoma: Trends in incidence, treatment, and survival. Ophthalmology 2011, 118,

1881–1885. [CrossRef]
20. Kaliki, S.; Shields, C.L. Uveal melanoma: Relatively rare but deadly cancer. Eye 2017, 31, 241–257. [CrossRef]
21. Jager, M.J.; Shields, C.L.; Cebulla, C.M.; Abdel-Rahman, M.H.; Grossniklaus, H.E.; Stern, M.H.; Carvajal, R.D.; Belfort, R.N.; Jia,

R.; Shields, J.A.; et al. Uveal melanoma. Nat. Rev. Dis. Primers 2020, 6, 1–25. [CrossRef]
22. Roelofsen, C.D.; Wierenga, A.P.; van Duinen, S.; Verdijk, R.M.; Bleeker, J.; Marinkovic, M.; Luyten, G.P.; Jager, M.J. Five decades of

enucleations for uveal melanoma in one center: More tumors with high risk factors, no improvement in survival over time. Ocul.
Oncol. Pathol. 2021, 7, 133–141. [CrossRef]

23. Wahid, F.; Shehzad, A.; Khan, T.; Kim, Y.Y. MicroRNAs: Synthesis, mechanism, function, and recent clinical trials. Biochim.
Biophys. Acta Mol. Cell Res. 2010, 1803, 1231–1243. [CrossRef]

24. Dews, M.; Homayouni, A.; Yu, D.; Murphy, D.; Sevignani, C.; Wentzel, E.; Furth, E.E.; Lee, W.M.; Enders, G.H.; Mendell, J.T.; et al.
Augmentation of tumor angiogenesis by a Myc-activated microRNA cluster. Nat. Genet. 2006, 38, 1060. [CrossRef]

25. Kosaka, N.; Iguchi, H.; Hagiwara, K.; Yoshioka, Y.; Takeshita, F.; Ochiya, T. Neutral sphingomyelinase 2 (nSMase2)-dependent
exosomal transfer of angiogenic microRNAs regulate cancer cell metastasis. J. Biol. Chem. 2013, 288, 10849–10859. [CrossRef]

26. Ma, L.; Young, J.; Prabhala, H.; Pan, E.; Mestdagh, P.; Muth, D.; Teruya-Feldstein, J.; Reinhardt, F.; Onder, T.T.; Valastyan, S.;
et al. MiR-9, a MYC/MYCN-activated microRNA, regulates E-cadherin and cancer metastasis. Nat. Cell. Biol. 2010, 12, 247–256.
[CrossRef] [PubMed]

27. Hayashita, Y.; Osada, H.; Tatematsu, Y.; Yamada, H.; Yanagisawa, K.; Tomida, S.; Yatabe, Y.; Kawahara, K.; Sekido, Y.; Takahashi,
T. A polycistronic microRNA cluster, miR-17-92, is overexpressed in human lung cancers and enhances cell proliferation. Cancer
Res. 2005, 65, 9628–9632. [CrossRef] [PubMed]

28. Chun-Zhi, Z.; Lei, H.; An-Ling, Z.; Yan-Chao, F.; Xiao, Y.; Guang-Xiu, W.; Zhi-Fan, J.; Pei-Yu, P.; Qing-Yu, Z.; Chun-Sheng, K.
MicroRNA-221 and microRNA-222 regulate gastric carcinoma cell proliferation and radioresistance by targeting PTEN. BMC
Cancer 2010, 10, 367. [CrossRef] [PubMed]

29. Shi, W.; Gerster, K.; Alajez, N.M.; Tsang, J.; Waldron, L.; Pintilie, M.; Hui, A.B.; Sykes, J.; P’ng, C.; Miller, N.; et al. MicroRNA-301
mediates proliferation and invasion in human breast cancer. Cancer Res. 2011, 71, 2926–2937. [CrossRef] [PubMed]

30. Falzone, L.; Romano, G.L.; Salemi, R.; Bucolo, C.; Tomasello, B.; Lupo, G.; Anfuso, C.D.; Spandidos, D.A.; Libra, M.; Candido, S.
Prognostic significance of deregulated microRNAs in uveal melanomas. Mol. Med. Rep. 2019, 19, 2599–2610. [CrossRef] [PubMed]

31. Worley, L.A.; Long, M.D.; Onken, M.D.; Harbour, J.W. Micro-RNAs associated with metastasis in uveal melanoma identified by
multiplexed microarray profiling. Melanoma Res. 2008, 18, 184–190. [CrossRef]

http://doi.org/10.1038/modpathol.2014.43
http://www.ncbi.nlm.nih.gov/pubmed/12750282
http://doi.org/10.1158/0008-5472.CAN-04-1750
http://www.ncbi.nlm.nih.gov/pubmed/15492234
http://doi.org/10.1167/iovs.08-2033
http://doi.org/10.1167/iovs.07-0786
http://doi.org/10.1016/j.ccell.2017.07.003
http://doi.org/10.1167/iovs.11-9280
http://www.ncbi.nlm.nih.gov/pubmed/22743317
http://doi.org/10.1007/s00262-017-1991-1
http://doi.org/10.1007/s00347-001-0596-3
http://doi.org/10.1016/j.preteyeres.2009.06.002
http://doi.org/10.1016/S0198-8859(02)00389-0
http://doi.org/10.1016/j.ophtha.2011.01.040
http://doi.org/10.1038/eye.2016.275
http://doi.org/10.1038/s41572-020-0158-0
http://doi.org/10.1159/000509918
http://doi.org/10.1016/j.bbamcr.2010.06.013
http://doi.org/10.1038/ng1855
http://doi.org/10.1074/jbc.M112.446831
http://doi.org/10.1038/ncb2024
http://www.ncbi.nlm.nih.gov/pubmed/20173740
http://doi.org/10.1158/0008-5472.CAN-05-2352
http://www.ncbi.nlm.nih.gov/pubmed/16266980
http://doi.org/10.1186/1471-2407-10-367
http://www.ncbi.nlm.nih.gov/pubmed/20618998
http://doi.org/10.1158/0008-5472.CAN-10-3369
http://www.ncbi.nlm.nih.gov/pubmed/21393507
http://doi.org/10.3892/mmr.2019.9949
http://www.ncbi.nlm.nih.gov/pubmed/30816460
http://doi.org/10.1097/CMR.0b013e3282feeac6


Cancers 2021, 13, 4020 16 of 17

32. Yang, C.; Wei, W. The miRNA expression profile of the uveal melanoma. Sci. China Life Sci. 2011, 54, 351–358. [CrossRef]
[PubMed]

33. Aughton, K.; Kalirai, H.; Coupland, S.E. MicroRNAs and Uveal Melanoma: Understanding the diverse role of these small
molecular regulators. Int. J. Mol. Sci. 2020, 16, 5648. [CrossRef]

34. Wróblewska, J.P.; Lach, M.S.; Ustaszewski, A.; Kulcenty, K.; Ibbs, M.; Jagiełło, I.; Suchorska, W.M.; Marszałek, A. The potential
role of selected miRNA in Uveal Melanoma primary tumors as early biomarkers of disease progression. Genes 2020, 11, 271.
[CrossRef]

35. Smit, K.N.; Chang, J.; Derks, K.; Vaarwater, J.; Brands, T.; Verdijk, R.M.; Wiemer, E.A.; Mensink, H.W.; Pothof, J.; de Klein, A.; et al.
Aberrant MicroRNA expression and its implications for uveal melanoma metastasis. Cancers 2019, 11, 815. [CrossRef] [PubMed]

36. Yang, L.; Qiming, H.; Xuehui, S.; Xiang, J.; Li, S.; Xiaolin, X.; Wenbin, W. MicroRNA 145 may play an important role in uveal
melanoma cell growth by potentially targeting insulin receptor substrate-1. Chin. Med. J. 2014, 127, 1410–1416.

37. Ling, J.W.; Lu, P.R.; Zhang, Y.B.; Jiang, S.; Zhang, Z.C. MiR-367 promotes uveal melanoma cell proliferation and migration by
regulating PTEN. Genet. Mol. Res. 2017, 16. [CrossRef]

38. Chen, X.; He, D.; Da Dong, X.; Dong, F.; Wang, J.; Wang, L.; Wang, L.; Tang, J.; Hu, D.N.; Yan, D.; et al. MicroRNA-124a is
epigenetically regulated and acts as a tumor suppressor by controlling multiple targets in uveal melanoma. Investig. Ophthalmol.
Vis. Sci. 2013, 54, 2248–2256. [CrossRef] [PubMed]

39. Bronkhorst, I.H.; Ly, L.V.; Jordanova, E.S.; Vrolijk, J.; Versluis, M.; Luyten, G.P.; Jager, M.J. Detection of M2-macrophages in uveal
melanoma and relation with survival. Investig. Ophthalmol. Vis. Sci. 2011, 52, 643–650. [CrossRef] [PubMed]

40. Van Essen, T.H.; van Pelt, S.I.; Bronkhorst, I.H.; Versluis, M.; Nemati, F.; Laurent, C.; Luyten, G.P.; van Hall, T.; van den Elsen, P.J.;
van der Velden, P.A. Upregulation of HLA expression in primary uveal melanoma by infiltrating leukocytes. PLoS ONE 2016, 11,
e0164292. [CrossRef] [PubMed]

41. Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMB Net J. 2011, 17, 10–12. [CrossRef]
42. Kim, D.; Langmead, B.; Salzberg, S.L. HISAT: A fast spliced aligner with low memory requirements. Nat. Methods 2015, 12,

357–360. [CrossRef]
43. Anders, S.; Pyl, P.T.; Huber, W. HTSeq–A Python framework to work with high-throughput sequencing data. Bioinformatics 2015,

31, 166–169. [CrossRef]
44. Van Raamsdonk, C.D.; Bezrookove, V.; Green, G.; Bauer, J.; Gaugler, L.; O’Brien, J.M.; Simpson, E.M.; Barsh, G.S.; Bastian, B.C.

Frequent somatic mutations of GNAQ in uveal melanoma and blue naevi. Nature 2009, 457, 599–602. [CrossRef] [PubMed]
45. Van Raamsdonk, C.D.; Griewank, K.G.; Crosby, M.B.; Garrido, M.C.; Vemula, S.; Wiesner, T.; Obenauf, A.C.; Wackernagel, W.;

Green, G.; Bouvier, N.; et al. Mutations in GNA11 in uveal melanoma. N. Engl. J. Med. 2010, 363, 2191–2199. [CrossRef] [PubMed]
46. Koopmans, A.E.; Vaarwater, J.; Paridaens, D.; Naus, N.C.; Kilic, E.; de Klein, A.; Rotterdam Ocular Melanoma Study Group.

Patient survival in uveal melanoma is not affected by oncogenic mutations in GNAQ and GNA11. Br. J. Cancer 2013, 109, 493–496.
[CrossRef] [PubMed]

47. Martin, M.; Maßhöfer, L.; Temming, P.; Rahmann, S.; Metz, C.; Bornfeld, N.; van de Nes, J.; Klein-Hitpass, L.; Hinnebusch, A.G.;
Horsthemke, B.; et al. Exome sequencing identifies recurrent somatic mutations in EIF1AX and SF3B1 in uveal melanoma with
disomy 3. Nat. Genet. 2013, 45, 933–936. [CrossRef]

48. Brouwer, N.J.; Gezgin, G.; Wierenga, A.; Bronkhorst, I.H.; Marinkovic, M.; Luyten, G.P.; Versluis, M.; Kroes, W.G.; van der Velden,
P.A.; Verdijk, R.M.; et al. Tumour angiogenesis in uveal melanoma is related to genetic evolution. Cancers 2019, 11, 979. [CrossRef]

49. De Waard-Siebinga, I.; Hilders, C.G.; Hansen, B.E.; van Delft, J.L.; Jager, M.J. HLA expression and tumor-infiltrating immune cells
in uveal melanoma. Graefe’s Archi. Clin. Exp. Ophthalmol. 1996, 234, 34–42. [CrossRef]

50. Achberger, S.; Aldrich, W.; Tubbs, R.; Crabb, J.W.; Singh, A.D.; Triozzi, P.L. Circulating immune cell and microRNA in patients
with uveal melanoma developing metastatic disease. Mol. Immunol. 2014, 58, 182–186. [CrossRef]

51. Mann, M.; Mehta, A.; Zhao, J.L.; Lee, K.; Marinov, G.K.; Garcia-Flores, Y.; Lu, L.F.; Rudensky, A.Y.; Baltimore, D. An NF-κB-
microRNA regulatory network tunes macrophage inflammatory responses. Nat. Commun. 2017, 8, 851. [CrossRef] [PubMed]

52. Souri, Z.; Wierenga, A.; van Weeghel, C.; van der Velden, P.A.; Kroes, W.G.; Luyten, G.P.; van der Burg, S.H.; Jochemsen, A.G.;
Jager, M.J. Loss of BAP1 Is associated with upregulation of the NFkB pathway and increased HLA Class I expression in Uveal
Melanoma. Cancers 2019, 11, 1102. [CrossRef]

53. Moore, C.S.; Rao, V.T.; Durafourt, B.A.; Bedell, B.J.; Ludwin, S.K.; Bar-Or, A.; Antel, J.P. MiR-155 as a multiple sclerosis–relevant
regulator of myeloid cell polarization. Ann. Neurol. 2013, 74, 709–720. [CrossRef]

54. Korsunsky, I.; Parameswaran, J.; Shapira, I.; Lovecchio, J.; Menzin, A.; Whyte, J.; Dos Santos, L.; Liang, S.; Bhuiya, T.; Keogh, M.
Two microRNA signatures for malignancy and immune infiltration predict overall survival in advanced epithelial ovarian cancer.
J. Investig. Med. 2017, 65, 1068–1076. [CrossRef] [PubMed]

55. Wang, J.; Du, A.; Wang, H.; Li, Y. MiR-599 regulates LPS-mediated apoptosis and inflammatory responses through the
JAK2/STAT3 signalling pathway via targeting ROCK1 in human umbilical vein endothelial cells. Clin. Exp. Pharmacol. Physiol.
2020, 47, 1420–1428. [CrossRef]

56. Jia, L.; Wu, J.; Zhang, L.; Chen, J.; Zhong, D.; Xu, S.; Xie, C.; Cai, J. Restoration of miR-1228* expression suppresses epithelial-
mesenchymal transition in gastric cancer. PLoS ONE 2013, 8, e58637. [CrossRef] [PubMed]

http://doi.org/10.1007/s11427-011-4149-y
http://www.ncbi.nlm.nih.gov/pubmed/21509659
http://doi.org/10.3390/ijms21165648
http://doi.org/10.3390/genes11030271
http://doi.org/10.3390/cancers11060815
http://www.ncbi.nlm.nih.gov/pubmed/31212861
http://doi.org/10.4238/gmr16039067
http://doi.org/10.1167/iovs.12-10977
http://www.ncbi.nlm.nih.gov/pubmed/23404119
http://doi.org/10.1167/iovs.10-5979
http://www.ncbi.nlm.nih.gov/pubmed/20811059
http://doi.org/10.1371/journal.pone.0164292
http://www.ncbi.nlm.nih.gov/pubmed/27764126
http://doi.org/10.14806/ej.17.1.200
http://doi.org/10.1038/nmeth.3317
http://doi.org/10.1093/bioinformatics/btu638
http://doi.org/10.1038/nature07586
http://www.ncbi.nlm.nih.gov/pubmed/19078957
http://doi.org/10.1056/NEJMoa1000584
http://www.ncbi.nlm.nih.gov/pubmed/21083380
http://doi.org/10.1038/bjc.2013.299
http://www.ncbi.nlm.nih.gov/pubmed/23778528
http://doi.org/10.1038/ng.2674
http://doi.org/10.3390/cancers11070979
http://doi.org/10.1007/BF00186516
http://doi.org/10.1016/j.molimm.2013.11.018
http://doi.org/10.1038/s41467-017-00972-z
http://www.ncbi.nlm.nih.gov/pubmed/29021573
http://doi.org/10.3390/cancers11081102
http://doi.org/10.1002/ana.23967
http://doi.org/10.1136/jim-2017-000457
http://www.ncbi.nlm.nih.gov/pubmed/28716985
http://doi.org/10.1111/1440-1681.13316
http://doi.org/10.1371/journal.pone.0058637
http://www.ncbi.nlm.nih.gov/pubmed/23554909


Cancers 2021, 13, 4020 17 of 17

57. Jasinski-Bergner, S.; Stoehr, C.; Bukur, J.; Massa, C.; Braun, J.; Hüttelmaier, S.; Spath, V.; Wartenberg, R.; Legal, W.; Taubert, H.;
et al. Clinical relevance of miR-mediated HLA-G regulation and the associated immune cell infiltration in renal cell carcinoma.
Oncoimmunology 2015, 4, e1008805. [CrossRef] [PubMed]

58. Lazaridou, M.F.; Massa, C.; Handke, D.; Mueller, A.; Friedrich, M.; Subbarayan, K.; Tretbar, S.; Dummer, R.; Koelblinger, P.;
Seliger, B. Identification of microRNAs Targeting the Transporter Associated with Antigen Processing TAP1 in Melanoma. J. Clin.
Med. 2020, 9, 2690. [CrossRef]

59. Mari, L.; Hoefnagel, S.J.; Zito, D.; van de Meent, M.; van Endert, P.; Calpe, S.; Serra, M.D.; Heemskerk, M.H.; van Laarhoven,
H.W.; Hulshof, M.C.; et al. MicroRNA 125a regulates MHC-I expression on esophageal adenocarcinoma cells, associated with
suppression of antitumor immune response and poor outcomes of patients. Gastroenterology 2018, 155, 784–798. [CrossRef]
[PubMed]

60. Lin, M.; Xia, B.; Qin, L.; Chen, H.; Lou, G. S100A7 regulates ovarian cancer cell metastasis and chemoresistance through MAPK
signaling and is targeted by miR-330-5p. DNA Cell Biol. 2018, 37, 491–500. [CrossRef] [PubMed]

61. Liu, J.; Huang, G.Q.; Ke, Z.P. Silence of long intergenic noncoding RNA HOTAIR ameliorates oxidative stress and inflammation
response in ox-LDL-treated human macrophages by upregulating miR-330-5p. J. Cell. Physiol. 2019, 234, 5134–5142. [CrossRef]
[PubMed]

62. Sharma, A.; Biswas, A.; Liu, H.; Sen, S.; Paruchuri, A.; Katsonis, P.; Lichtarge, O.; Chand Dakal, T.; Maulik, U.; Gromiha, M.M.
Mutational landscape of the BAP1 locus reveals an intrinsic control to regulate the miRNA network and the binding of protein
complexes in uveal melanoma. Cancers 2019, 11, 1600. [CrossRef]

63. Figueiredo, C.R.; Kalirai, H.; Sacco, J.J.; Azevedo, R.A.; Duckworth, A.; Slupsky, J.R.; Coulson, J.M.; Coupland, S.E. Loss
of BAP1 expression is associated with an immunosuppressive microenvironment in uveal melanoma, with implications for
immunotherapy development. J. Pathol. 2020, 250, 420–439. [CrossRef] [PubMed]

64. Durante, M.A.; Rodriguez, D.A.; Kurtenbach, S.; Kuznetsov, J.N.; Sanchez, M.I.; Decatur, C.L.; Snyder, H.; Feun, L.G.; Livingstone,
A.S.; Harbour, J.W. Single-cell analysis reveals new evolutionary complexity in uveal melanoma. Nat. Commun. 2020, 11, 496.
[CrossRef] [PubMed]

65. Barbagallo, C.; Caltabiano, R.; Broggi, G.; Russo, A.; Puzzo, L.; Avitabile, T.; Longo, A.; Reibaldi, M.; Barbagallo, D.; di Pietro, C.;
et al. LncRNA LINC00518 acts as an oncogene in uveal melanoma by regulating an RNA-based network. Cancers 2020, 12, 3867.
[CrossRef]

66. Lu, L.; Yu, X.; Zhang, L.; Ding, X.; Pan, H.; Wen, X.; Xu, S.; Xing, Y.; Fan, J.; Ge, S.; et al. The Long Non-Coding RNA RHPN1-AS1
Promotes Uveal Melanoma Progression. Int. J. Mol. Sci. 2017, 18, 226. [CrossRef] [PubMed]

http://doi.org/10.1080/2162402X.2015.1008805
http://www.ncbi.nlm.nih.gov/pubmed/26155421
http://doi.org/10.3390/jcm9092690
http://doi.org/10.1053/j.gastro.2018.06.030
http://www.ncbi.nlm.nih.gov/pubmed/29885883
http://doi.org/10.1089/dna.2017.3953
http://www.ncbi.nlm.nih.gov/pubmed/29485916
http://doi.org/10.1002/jcp.27317
http://www.ncbi.nlm.nih.gov/pubmed/30187491
http://doi.org/10.3390/cancers11101600
http://doi.org/10.1002/path.5384
http://www.ncbi.nlm.nih.gov/pubmed/31960425
http://doi.org/10.1038/s41467-019-14256-1
http://www.ncbi.nlm.nih.gov/pubmed/31980621
http://doi.org/10.3390/cancers12123867
http://doi.org/10.3390/ijms18010226
http://www.ncbi.nlm.nih.gov/pubmed/28124977

	Introduction 
	Materials and Methods 
	Study Population Leiden Cohort 
	Chromosome Status 
	Gene Expression 
	Rotterdam Cohort 
	TCGA Data 
	Statistical Analysis 
	Institutional Review Board Statement and Informed Consent 

	Results 
	MiRNAs and HLA Class I 
	MiRNA Expression and Correlation with TILs and TAMs in Uveal Melanoma 
	MiRNA Expression and HLA Class I Regulatory Factors and the Antigen-Loading Machinery 
	MiRNA Expression and Chromosome 3 Status 
	MiRNA Expression and BAP1 Expression 
	MiRNA Expression and Survival 

	Discussion 
	Conclusions 
	References

