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Abstract

Background: Uveal melanoma (UM) arises from malignant transformation of melanocytes in the uveal tract of the eye. This
rare tumor has a poor outcome with frequent chemo-resistant liver metastases. BAP1 is the only known predisposing gene
for UM. UMs are generally characterized by low tumor mutation burden, but some UMs display a high level of CpG>TpG
mutations associated with MBD4 inactivation. Here, we explored the incidence of germline MBD4 variants in a consecutive se-
ries of 1093 primary UM case patients and a series of 192 UM tumors with monosomy 3 (M3). Methods: We performed MBD4
targeted sequencing on pooled germline (n =1093) and tumor (n =192) DNA samples of UM patients. MBD4 variants (n = 28)
were validated by Sanger sequencing. We performed whole-exome sequencing on available tumor samples harboring MBD4
variants (n =9). Variants of unknown pathogenicity were further functionally assessed. Results: We identified 8 deleterious
MBD4 mutations in the consecutive UM series, a 9.15-fold (95% confidence interval = 4.24-fold to 19.73-fold) increased
incidence compared with the general population (Fisher exact test, P=2.00 x 10™, 2-sided), and 4 additional deleterious MBD4
mutations in the M3 cohort, including 3 germline and 1 somatic mutations. Tumors carrying deleterious MBD4 mutations
were all associated with high tumor mutation burden and a CpG>TpG hypermutator phenotype. Conclusions: We
demonstrate that MBD4 is a new predisposing gene for UM associated with hypermutated M3 tumors. The tumor spectrum of
this predisposing condition will likely expand with the addition of MBD4 to diagnostic panels. Tumors arising in such a
context should be recognized because they may respond to immunotherapy.

Uveal melanoma (UM) is the most frequent primary intraocular
tumor in adults with an overall mean incidence of 5.2 per mil-
lion per year in the United States (1). Metastases arise in more
than 30% of case patients, almost invariably in the liver, with a
dismal prognosis because of the absence of effective treatment
(median survival of 10 months) (2,3). UMs with high risk of de-
veloping metastases are characterized by loss of chromosome 3
and by BAP1 (encoded in 3p21) inactivation resulting from loss-
of-function (LoF) mutations and loss of the remaining wild-type
copy on chromosome 3 (4). Rare familial UMs are associated
with germline mutations of BAP1 (Mendelian Inheritance in
Man [MIM]: 614327) (5,6), which is the only known highly
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penetrant UM predisposition gene. UM mainly affects individu-
als of European ancestry and is associated with fair skin and
light iris color. However, the low tumor mutation burden (TMB)
and lack of an ultraviolet-associated mutational signature argue
against a role for ultraviolet radiation in UM oncogenesis (7).
Recently, the characterization of a metastatic UM patient
with an exceptional response to anti-Programmed cell death
protein 1 (anti-PD-1) therapy led us to identify a CpG>TpG
mutator phenotype linked to germline protein truncating var-
iants (PTV) in MBD4 (Methyl-CpG Binding Domain Protein 4) and
somatic loss of the wild-type allele in tumors in 2 patients with
UM and 1 with glioma (8). Another UM patient responding to
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immune checkpoint inhibitors was subsequently reported with
a germline MBD4 PTV (9). MBD4 encodes a glycosylase involved
in the base excision repair of DNA damage arising from sponta-
neous deamination of 5-methylcytosine to thymine (10,11),
which is consistent with the mCpG>TpG transitions [muta-
tional signature SBS1 (12)] observed in MBD4-inactivated tumors
(12). MBD4, located on chromosome 3, is thought to act as a tu-
mor suppressor gene, following Knudson’s 2-hit model with
loss of the wild-type allele by monosomy 3 (M3) in UMs (8).
Altogether, these germline deleterious MBD4 variants in UM
prompted us to investigate the role of MBD4 as a predisposing
gene for UM. Here, we performed MBD4 targeted-sequencing in
germline DNA of a large consecutive series of 1093 UM patients
and in tumor DNA of a second cohort of 192 UM patients with
M3 and investigated the TMB and mutational signature in
patients harboring MBD4 mutations.

Methods

Study Patients

The 1099 individuals with UM were diagnosed at Institut Curie,
France, from 2013 to 2018. The sex proportion of female to male
was 52.2 to 47.8=3.0% (95% confidence interval [CI]) and the
median age at diagnosis was 64 years old (Q1-Q3 quartile inter-
val = 54-73). All patients provided written informed consent to
perform germline genetic analyses and somatic genetic analy-
ses of tumor samples. Six patients were subsequently removed
from the study: the UM diagnosis was not confirmed for 5
patients, and the sixth patient had undergone a bone marrow
transplantation and his blood sample corresponded to his
donor’s (Supplementary Figure 1A, available online). The study
was conducted in accordance with the declaration of Helsinki
and was approved by the ethical committee and institutional
review board of the Institut Curie. Germline DNA was extracted
from the blood of all patients (DNeasy Blood and Tissue kit,
Qiagen). When available, tumor genomic status as part of the
prognostication assessment was extracted from the medical re-
cord and classified as M3, including isodisomy 3) or disomy 3
(D3). Tumor samples were collected from primary eye tumors. A
second series of 192 UM tumor samples with M3 was also ac-
crued at Institut Curie, of which 120 patients were independent
from the consecutive germline cohort.

MBD4 Targeted Sequencing

Germline DNA of 1099 UM patients from the UM consecutive se-
ries (before removal of the 6 a forementioned patients) and DNA
of a series of 192 M3 UM tumors were screened for MBD4 var-
iants by pooled MBD4 targeted sequencing. Details on the se-
quencing strategy and bioinformatics pipeline are described in
the Supplementary Methods (available online). Deconvolution
of the identified pooled DNA samples with an MBD4 variant was
carried out by Sanger sequencing.

Identified MBD4 variants (Supplementary Table 1, available
online) were defined following the recommendations of the
Human Genome Variation Society (http://varnomen.hgvs.org/)
and numbered based on the MBD4 (MIM: 603574) cDNA and pro-
tein sequences (GenBank accession numbers NM_003925.2 and
NP_003916.1, respectively).

Glycosylase Activity Assay

Wild-type and mutant MBD4 were expressed to assess their en-
zymatic activity by in vitro MBD4 glycosylase assay as previ-
ously described (13,14) (Supplementary Methods, available
online).

Whole-Exome Sequencing (WES) and Mutation Calling

WES was performed on tumor samples from MBD4 variant car-
riers who consented to germline studies (Supplementary Table
2, available online). Variant calling and TMB analysis are de-
scribed in Supplementary Methods (available online).

Statistical Analysis

Statistical analysis was performed using R software v3.6. Fisher
exact test was used to calculate P values between our cohort
and the general population. Random subsampling 1 000 000
times of 2186 alleles from the GnomAD cohort was also used as
statistical “matching” strategy to calculate P values between our
cohort and the general population. A Mann-Whitney U test was
used to compare the median + median absolute deviation for
the mutation burden and CpG>TpG proportion between MBD4-
deficient (MBD44es) and MBD4-proficient patients. To compare
age of UM onset, a Wilcoxon Rank-Sum test was used. For sur-
vival analysis using Kaplan-Meier curves, statistical analysis
was carried out using the log-rank test. All statistical tests were
2-sided, except for 1-sided Wilcoxon Rank-Sum test for early
age of onset in MBD44,s patients. Confidence intervals were car-
ried out at 95% confidence level. Confidence intervals for rela-
tive risk (RR) measurement was calculated as previously
described (15). A Pvalue less than.05 was considered to be sta-
tistically significant.

Results

Mining MBD4 Germline Variants in Public UM Cohorts

To evaluate the potential predisposing role of MBD4 in UM, we
mined all available public UM cohorts for germline MBD4 var-
iants. We identified 1 case harboring the germline deleterious
MBD4 PTV c.1443delT (p.Leu482Trpfs*9) in a first cohort contain-
ing 37 UM patients (phs001421.v1.p1) (16). A second cohort of 98
UM patients (phs000823.v1.p1) included a second case with an
MBD4 c.1020delA (p.Asp341Thrfs*13) PTV. Collectively, 5 MBD4
germline deleterious variants were found in 268 analyzed UM
patients (1.9%) (8,9,16-18). In contrast, such variants are exceed-
ingly rare in an unselected population (88 of approximately
125000 individuals in GnomAD v2.1.1). Out of these 5 UM case
patients with germline MBD4 variants, 4 had available tumor
profiles that all showed M3 and somatic BAP1 inactivation
(8,9,16), presumably because of the localization of both MBD4
and BAP1 on chromosome 3.

Identification of MBD4 Germline Variants in the In-
House Consecutive UM Series

To assess the actual prevalence of MBD4 germline deleterious
variants in UM, we next explored an in-house cohort of 1093
(approximately one-half the annual incidence in United States)
consecutive patients diagnosed with UM at Institut Curie be-
tween 2013 and 2018. Targeted next-generation sequencing in
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pooled patient DNA followed by Sanger sequencing revealed
germline MBD4 PTVs in 7 patients (Table 1): 2 splice site variants
(c.1562-1G>T [p.Asp521Profs*4] in 2 patients and a ¢.335+ 1G>A
[p.Arg83Profs*5] variant), 2 frameshift deletion variants
(c.1443delT [p.Leu482Trpfs*9] and c.1384delG
[p-Ala462Leufs*29]), and 1 stop-gain near the end of the last
exon of MBD4 (c.1706G>A [p.Trp569*] in 2 patients).

We also identified and characterized 9 rare germline MBD4
variants (frequency <1% in the general population): 7 missense
variants in 13 patients and 2 intronic variants in 2 patients
(Figure 1A). Out of these, 3 were predicted with possible splicing
consequences: 2 missense variants (c.1652A>G [p.Asn551Ser]
and c.1400A>G [p.Asn467Ser]), and 1 intronic variant (c.1277-
18T>A) (Supplementary Table 1, available online).

Functional Assessment of MBD4 Variants

Exon-trapping assays performed on the 3 aforementioned var-
iants demonstrated the use of an alternative acceptor site with
c.1277-18T>A, albeit to a lesser extent than the canonical splice
site, whereas ¢.1652A>G and c.1400A>G did not show any mea-
surable effect (Supplementary Figure 2, available online).

All missense variants within the MBD4 glycosylase domain
[aa425-580] were assessed by in vitro glycosylase assay together
with p. Trp569* because of its localization near the end of the
protein (Figure 1; Table 1). The assay confirmed that p. Trp569*
results in a catalytically inactive protein and further demon-
strated p. Arg468Trp to be a LoF variant (Figure 1). Consistent
with this finding, the key role of Arg468 was previously estab-
lished in binding at the G/T mismatch site, maintaining the T
base in a position required for catalysis, and interacting with
the orphan G base through hydrogen bonding (22).

We next characterized by WES the 3 available tumors from
patients carrying germline MBD4 LoF variants (UM75: p. Trp569,
UMBG605: p. Ala462Leufs*29, and UM656: p. Leu482Trpfs*9) (8). We
confirmed that the 3 MBD4 germline LoF mutations were associ-
ated with somatic loss of the wild-type allele in the tumors by
either M3 (UM75 and UM605) or isodisomy 3 (UM656) (Figure 1GC;
Supplementary Table 1, available online), consistent with the
3g21.3 location of MBD4.

MBD4 Mutations in the M3 Tumor Series and Tumor
Signature

To further evaluate the incidence of MBD4 alterations in UM,
and assuming that MBD44.f UMs are associated with M3, we ac-
crued a series of 192 UM tumor samples with M3 (of which 120
case patients were independent from the present consecutive
UM series) and screened for MBD4 mutations using the afore-
mentioned strategy (Supplementary Figure 1B, available online).
We identified 6 additional MBD4 variants, including 4 LoF muta-
tions (UMT62: c.1688T>A [p.Leu563*], UMT45: c.1562-1G>T
[p.Asp521Profs*4], UMT61: c.1002delTTTG [p.Lys335Phefs*18],
UMT162: c.541C>T [p.Argl81*]) and 2 missense variants (UMT88:
€.1402C>T [p.Arg468Trp] and UMT105: c.1073T>C [p.Ile358Thr])
(Table 1; Figure 1; Supplementary Table 1, available online). Of
these, 4 patients (UMT45, UMT61, UMT162, and UMT88) had
available germline DNA and all consented to germline studies.
Characterization by WES of their tumor samples showed that
the 3 tested LoF mutations were germline variants, the mis-
sense p. Arg468Trp was somatic, and all were associated with
Loss Of Heterozygosity (LOH) of the wild-type allele in tumors
(Figure 1, A and B; Supplementary Table 1, available online).
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MBD4 inactivation has been associated with a high TMB and
a CpG>TpG mutational pattern (8). We confirmed the high TMB
in all 3 available MBD44.f UMs from the germline consecutive
cohort with 275, 122, and 181 variants per exome in UM7S5,
UM605, and UM656, respectively, compared with 16 = 4.0 (me-
dian = median absolute deviation) variants in MBD4-proficient
UMs (18) (Figure 1C; Supplementary Table 2, available online).
CpG>TpG transitions represented 96.4%, 85.7%, and 92.8% of all
single nucleotide variants (SNVs), respectively, compared with
243 +7.6% in MBD4-proficient UMs (18) (Figure 1, C and D;
Supplementary Table 2, available online). In line with the glyco-
sylase assay, TMB results and somatic chromosome 3 LOH fur-
ther confirmed the deleterious effect of p. Trp569* in UM75
(Figure 1). Similarly, within the M3 UM tumor series, the 3 avail-
able UMs carrying a germline LoF MBD4 variant exhibited a high
TMB (269, 288, and 86 variants per exome in UMT162, UMT45,
and UMT61, respectively) and a predominance of CpG>TpG
transitions (85.6%, 94.4%, and 63.9%, respectively) among all
SNVs (Figure 1, C and D; Supplementary Table 2, available on-
line). The tumor sample of patient UMT88, carrying a somatic p.
Arg468Trp variant identical to that found as a germline variant
in UM293, also carried a high TMB (243 variants) and the
CpG>TpG mutational pattern (92.5%) (Figure 1, C and D;
Supplementary Table 2, available online), thereby confirming
the deleterious effect of this missense variant previously dem-
onstrated in the glycosylase assay (Figure 1). Taken together,
these 7 patients with MBD4 deleterious mutations had a 15-fold
increase in number of variants per exome (MBD4gqes: 243 *+ 66.7
variants vs MBD4y,.: 16 + 4.0, Mann-Whitney P=8.72 x 10™°) and
a statistically significantly higher CpG>TpG median proportion
among SNVs (MBD4ger: 92.5*5.7% vs MBD4p,: 24.3+7.5%,
P=9.82 x 1077) (18).

In addition, we characterized the available tumor samples
from 2 patients harboring missense variants that were not pre-
dicted to be deleterious (UM102: c.139G>A [p.Gly47Arg] and
UM350: c.1652A>G [p.Asn551Ser]; Figure 1; Supplementary
Table 1; Supplementary Figure 2, available online). The low TMB
(33 and 40 variants per exome, respectively) and absence of
CpG>TpG  signature confirmed their neutral effect
(Supplementary Table 2; Supplementary Figure 3, available
online).

Incidence of Germline MBD4 Deleterious Mutations in
UM

Taken together, we thus identified 8 LoF germline variants in
MBD4 among the 1093 consecutive UM case patients, including
p. Arg468Trp with deleterious effect on MBD4 glycosylase activ-
ity (Table 1). These account for a statistically significant 9.15-
fold increase in deleterious variant frequency compared with
the general population, even when restricting ourselves to trun-
cating and splicing MBD4 LoFs as defined by GnomAD (7 LoFs of
2186 observed alleles in UM, representing a variant allele fre-
quency [VAF] of 0.0032 vs 88 LoFs out of a median of
251 450 alleles in the GnomAD v2.1 general population; VAF =
3.50 x 107% Fisher exact test P=2.00 x 10~). To circumvent the
imbalanced dataset, a “matching” subsampling approach was
used, giving a similar P value (1.60 x 10™°). Therefore, we demon-
strate that the prevalence of MBD4 germline deleterious var-
iants in UM is approximately 0.7%, close to that of BAP1
germline mutation in UM (1.6%) (23), and that MBD4 mutations
strongly predispose to UM with an RR of 9.15 (95% CI = 4.24 to
19.73). A comparison between MBD4 germline LoF frequency in
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Figure 1. Functional consequences and phenotype associated with germline and somatic MBD4 deleterious variants. A) Schematic representation of MBD4 cDNA (top)
and protein (bottom) sequences. Functional methyl-binding domain (MBD) and glycosylase domain are indicated. The position of all MBD4 variants identified in the 2
uveal melanoma (UM) series (consecutive germline UM series and tumor monosomy 3 [M3] series) is highlighted, with germline and somatic variants above and below
the cDNA sequence, respectively, and the 2 variants from the tumor M3 cohort with unknown somatic or germline origin circled in green. These MBD4 variants include
loss-of-function (LoF, in red), missense (either benign, in blue-filled circles, or of unknown biological significance [VUS] in gray-filled circles) and intronic (gray trian-
gles) variants. Each circle represents 1 patient harboring the variant. Other MBD4 germline deleterious variants mined on public data are also shown (empty red circles).
B) Top: Glycosylase activity assay of recombinant wild-type MBD4 (MBD4"") and mutant proteins resulting from missense variants and 1 stop gain variant (purple star
in 1A) residing in the MBD4 glycosylase domain. Substrate = S; cleaved product = P. Bottom: loading blot for MBD4 wild-type and mutant recombinant proteins corre-
sponding to the glycosylase assay. C) Tumor characteristics of MBD4-deficient (MBD4q4.¢) patients compared with that of MBD4-proficient UM patients (MBD4y,,) (18).
MBD4,.f patients include UM75, UM605, and UM656 from the consecutive germline series and UMT45, UMT61, UMT162, and UMT88 from the M3 UM tumor series. All
patients harbor germline MBD4 variants, except for UMT88 with a somatic MBD4 variant. Top: tumor mutation burden estimated by number of variants (single nucleo-
tide variants [SNVs] in dark gray, and insertions-deletions [INDELs] in light gray) in the exome; middle: proportion of CpG>TpG transitions (red) relative to all SNVs
(gray); bottom: copy number alterations in chromosomes 3 and 8q, and mutational status of MBD4, GNAQ, GNA11, BAP1, SF3B1, and EIF1AX, represented as percentage
for the MBD4,,, series (18). The clonality or subclonality of these key mutational events is indicated by their cancer cell fraction in black-gray gradation, taking into ac-
count the variant allele frequency (VAF), copy number change, and cellularity. A plot of the VAF distribution of all variants in the 7 exomes is available in
Supplementary Figure 4 (available online). For each exome in the MBD44.¢ group, tumor cellularity is indicated by black-gray shading (and quantified in Supplementary
Table 2, available online). D) Mutational patterns of the MBD4qcr (top) and MBD4,,,, (bottom) groups based on the relative proportion (y-axis) of each of the 96 types of
trinucleotide substitution (x-axis). Dark or bright colors correspond to sense or antisense strands. Individual mutational pattern for all tumor exomes assessed are
available in Supplementary Figure 3 (available online).

this UM consecutive series and in different subsets of the
GnomAD population (in the general and European populations)
is further presented in Table 2.

Defining the MBD4 Predisposition Syndrome

To further characterize this new cancer predisposition, we inves-

Within the UM tumor cohort with M3, we identified a total of
5 MBD4 LoF variants, including at least 3 of germline origin and
1 somatic, out of 192 UM patients. These 3 germline LoF variants
by themselves account for a VAF of 0.016, more than twice that
found in the germline consecutive UM cohort. This was
expected given the recurrence of approximately 50% of chromo-
some 3 loss event among all UM patients (24). This finding con-
firms that MBD4 deficiency in UM is mainly associated with M3
and that MBD4 germline mutations specifically predispose to
hypermutated high-risk M3 UMs.

tigated the medical records of MBD4 mutation carriers. In contrast
with the high RR of 9.15 (and therefore an approximately 9-fold
higher risk of developing a UM) conferred by MBD4 LoF germline
mutations, none of these individuals had familial or bilateral UM.
With a lifetime risk of UM estimated at 7.69 x 107 in the general
population (25), an RR of 9 would result in a lifetime risk of UM of
6.92 x 107%. Such incidence is still too low to observe familial ag-
gregation, which is consistent with our finding. Assuming that all
MBD44.f UM are associated with M3, we compared their medical
records with patients from this cohort with available tumor
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Table 2. Frequency of MBD4 germline deleterious variants in the UM series compared with various populations of the GnomAD database?®

Study population No. of LoF variants Allele count® Frequency RRY(95% CI°) Fisher test (P value)
UM consecutive series 7t 2186 0.00320 — —
GnomAD v2.1.1 NFEP 47 113736 0.00041  7.75(3.51t0 17.12) 6.86 x 107>
Population® 88 251450 0.00035  9.15 (4.24 to 19.73) 2.00 x 107>
GnomAD v2.1.1 (controls only) ~ NFE 13 42768 0.00030  10.53 (4.20 to 26.38) 2.82x10°°
General population 33 109 404 0.00030  10.62 (4.70 to 23.97) 116 x 10~°
GnomAD v2.1.1 (noncancer only) NFE 41 102730 0.00040  8.02 (3.60 to 17.86) 5.89 x 107°
General population 82 236912 0.00035  9.25 (4.28 to 19.99) 1.90 x 107°
GnomAD v3 NFE 20 64571 0.00031  10.34 (4.38 to 24.42) 2.00 x 107>
General population 39 143286 0.00027  11.76 (5.27 to 26.27) 5.50 x 107°
2CI = confidence interval; LoF = loss-of-function (deleterious) variants; NFE = non-Finnish European; RR = relative risk; UM = uveal melanoma; — = no value given

here because the relative risk, confidence interval, and statistic tests are presented between the UM consecutive series and each GnomAD subpopulation in the rows

below.
PNFE population subset of the Genome Aggregation Database (GnomAD v2.1.1).

For all GnomAD populations described, refers to the median number of allele count.

9IRR here is calculated by dividing the LoF frequency in the UM consecutive series by the LoF frequency in the corresponding GnomAD population subset.

€Confidence interval of the relative risk is calculated as previously described (15).

fSeven LoF variants correspond to the 8 deleterious MBD4 variants identified in this study, with removal of the missense deleterious variant p. Arg468Trp so as to re-

strict the analysis to LoF variants as defined by GnomAD for accurate comparison.
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Figure 2. Uveal melanoma (UM) clinical characteristics in an MBD4-deficient (MBD44.f) context. A) Age of UM onset of MBD44.r patients (n=8) in the germline consecutive
UM series compared with disomy 3 (D3, n=117) and monosomy 3 (M3, n = 198) MBD4-proficient (MBD4,,,) UMs. Wilcoxon test, 1-sided (testing early UM onset in MBD44er
patients): MBD4ger Vs M3: P=.22, MBD4q4cr vs D3: P=.42; no age difference found between D3 and M3 groups, Wilcoxon test, 2-sided P=.087; - not shown). B and C)
Metastasis-free survival (MFS, B) and overall survival (OS, C) of MBD44.s UM patients (n = 8) and MBD4,,,, UM patients with M3 or D3. Time zero refers to time at primary UM
diagnosis. MFS was defined as the interval between the date of primary UM diagnosis and the date of distant metastasis (first imaging) or death from any cause. The num-
ber of patients in each group at each time point (year) is indicated. Survival distributions were estimated by the Kaplan-Meier method and compared using the log-rank
test: log-rank test, 2-sided, M3 vs D3: P=1.98 x 107 (OS), P = 1.11 x 107%® (MFS); M3 vs MBD4ges: P = .11 (0S), P = .06 (MFS); D3 vs MBD4e¢: P = .62 (OS), P = .10 (MFS).

genomic status, that is, 198 MBD4 wild-type M3 and 117 MBD
wild-type D3 UMs. Surprisingly, no early-onset UM was found in
MBD4 carriers compared with noncarriers regardless of their
chromosome 3 status (MBD4g4er median age and Q1-Q3 quartile
interval = 55.5, 95% CI = 48.4 to 72.8, N=8; D3: 61.3, 95% CI = 49.8
to 70.3, N=117; M3: 63.4, 95% CI = 56.6 to 71.4, N =198; Wilcoxon
test, 1-sided: MBD4ger Vs M3: P =.22, MBD44¢f Vs D3: P =.42; no age
difference found between D3 and M3 groups, Wilcoxon test, 2-
sided P =.087; Figure 2A). Although the size of the MBD4q4ef Series
prevents any definitive conclusion, we observed no difference in
metastatic-free survival or overall survival between MBD44.f and
M3 UM patients in contrast with the better outcome in D3 com-
pared with M3 UMs (Figure 2, B and C). Only 1 MBD4 carrier
(UM49) had another cancer, a thyroid papillary carcinoma unre-
lated to MBD4 (low TMB without CpG>TpG signature; data not
shown).

Discussion

This study demonstrates that MBD4 is a predisposing gene for
UM, conferring an RR of 9.15 for this dismal disease. We further

demonstrated that MBD4 deficiency specifically predisposes to
high-risk M3 UM. One surprising observation for this new
cancer-predisposing condition is the absence of early-onset UM.
Interestingly, the same is observed in germline BAP1-mutant
carriers, even with the high penetrance in that context (6,23). A
potential explanation for this paradox is that neither MBD4 nor
BAP1 predisposing genes can act before a first step in the malig-
nant transformation. This first step, presumably the Gxg-initiat-
ing event consisting of mutually exclusive activating mutations
in GNAQ, GNA11, PLCB4, or CYSLTR2 (26-29), would be the main
determinant of age of onset (Figure 3). The second step in the
malignant transformation, composed of mutations in BAPI,
SF3B1, or EIF1AX (“BSE” events), leads to a punctuated evolution
of UM (16), which would marginally influence age of onset
(Figure 3). Whether MBD4 deficiency favors malignant transfor-
mation by increasing driver mutations by modifying the meth-
ylation landscape or a distinct mechanism has yet to be
determined.

Importantly, germline MBD4 mutations were recently
reported in other types of malignancy, including a polyposis-
associated colorectal adenocarcinoma (20), a spiradenocarcinoma
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Figure 3. Working model for uveal melanoma (UM) malignant transformation process throughout time in different genetic backgrounds. Germline MBD4™"/BAP1™"":
population with MBD4/BAP1 germline mutation. Following the G,q activating mutation, secondary mutational events in each genetic background are indicated, along
with their association with either disomy 3 (D3) or monosomy 3 (M3). SE = SF3B1 or EIF1AX mutation. Relative lifetime risk of UM is represented by the expansion size
and color from normal melanocytes to UM. Dashed and full red arrows indicate the rate of accumulation of somatic mutations throughout time (low and high,

respectively).

(19), a glioblastoma (8), a pilocytic astrocytoma, a gastric adeno-
carcinoma, a pancreatic adenocarcinoma, and a pancreatic endo-
crine tumor (21) (Table 1). Furthermore, although the above case
patients were all heterozygous in the germline, biallelic germline
deleterious MBD4 mutations were reported in 3 individuals who
developed acute myeloid leukemias, 2 of which had additional
colonic polyposis (13). It is therefore likely that the tumor spec-
trum associated with MBD4 germline mutations will expand
when this gene becomes more systematically explored in clinical
diagnosis. It is already clear that this spectrum mostly includes
relatively rare tumors and some biological tumor features may
underlie their association with MBD4. To be noticed, both leuke-
mias and UMs associated with MBD4 inactivation share a consis-
tent inactivation of the BAP1-ASXL complex (8,13).

It should be noticed that we found no other MBD4-related
tumors in our UM series. However, the follow-up and cohort
size of this prospective series are limited, and future studies
will better characterize the medical history of MBD4 carriers.
Larger cohorts will also more precisely define MBD4 mutation
frequency in UM patients and the RR conferred by these muta-
tions. Another limitation to the study is the bias for a European
population in our cohort, which reflects the higher incidence of
the disease in this population (30).

Interestingly, 5 recurrent MBD4 germline deleterious muta-
tions were identified when taking together the LoF variants
from our UM cohort and those found in public databases and
reports of other cancer types: c.1706G>A [p.Trp5697] (2 patients),
c.1562G>T  [p.Asp521Profs*4] (4 patients), c.1443delT
[p.Leu482Trpfs*9] (3 patients), c.335+ 1G>A [p.Arg83Profs*5] (2
patients), and c.939insA [p.Glu314Argfs*13] (2 patients) (Table 1),

suggesting founder mutations. Furthermore, the observation of
different tumor types associated with the same MBD4 germline
mutation suggests a more global role of MBD4 in cancer predis-
position. The peculiar UM proneness in MBD4-mutant carriers
(13 out of 23 carriers; Table 1) remains unexplained, but the fact
that the frequent M3 in UM inactivates wild-type copies of both
BAP1 and MBD4 suppressor genes may at least in part explain
the frequent inactivation of MBD4 in UM.

In summary, we described here a novel autosomal-
dominant syndrome that is caused by germline mutations of
MBD4, characterized by a high RR of developing hypermutated
UM and possibly other malignancies. Tumors arising in such a
context are associated with a CpG>TpG mutator phenotype and
have clinical relevance because they may respond to immune-
checkpoint inhibitors.
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