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The germline genetics of mild-to-moderate ™

penetrance: An intriguing role of PRAME in

multiple carcinogenesis

Germline genetics of high penetrance such as BRCA genes,
mutations might be sufficient for carcinogenesis, but this only
explains fewer than 10% of cancers. We assume that most
cancers are the result of germline mutations of low to mod-
erate penetrance, combined with acquired mutations due to
external carcinogenic stressors. With their accumulation
over time, aging is associated with an increased risk of mul-
tiple cancer development in a given individual. For decades,
germline genetics have been based on familial linkage studies
enabling most high-penetrance genes to be identified. More
recently, population-wide studies have led to the identifi-
cation of considerable numbers of polymorphisms associated
with cancer risk. However, most of them are of unknown
functional value, thus limiting their translational application.

Recently, we achieved proof of concept in an individual
approach: in a young woman with a history of breast can-
cer, myeloproliferative disorder, and rheumatoid arthritis
not arising from a known genetic syndrome, we identified a
germline MET mutation of unknown functional significance.
The transgenic mouse model that we obtained for this MET
mutation reproduced the patient’s diseases and for the first
time established a genetic link between auto-immune dis-
eases and malignancies.” This success led us to apply the
same individual approach to a 70-year-old woman with a
history of multiple cancers over 30 years.

In a single-center database of 447 cancer patients, 70 pa-
tients (15.6%) had at least two different cancers, most of them
with no predisposing genetic syndrome (Table S1). In partic-
ular, Ms. X had an intriguing personal history of 6 different
cancers diagnosed between the ages of 39 and 70 years.
Despite a familial cancer history over three generations,
including breast, ovarian, colon, and thyroid cancers (Fig. 1A),
no syndrome predisposing to cancer was identified, including
BRCA1/2, Li-Fraumeni, Cowden, or HNPCC syndromes. A total
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of 6 tumor samples were available, including three formalin-
fixed samples for the breast, thyroid, and kidney tumors, and
three frozen samples for the three breast cancers. In all cases,
tumor cells were selected by laser-microdissection for further
DNA extraction. With the patient’s consent, we also obtained
her germline DNA from peripheral blood mononuclear cells.
Two complementary whole-genome analysis methods were
used: i) next-generation sequencing (NGS) for the three
frozen samples and germline DNA, and ii) OncoScan™ gene
hybridization for the three formalin-fixed samples (supple-
mentary methods; Fig. S1).

Using OncoScan™ technology, we did not find any hot-
spot mutation among the 9 genes analyzed (BRAF, KRAS,
EGFR, IDH1, IDH2, PTEN, PIK3CA, NRAS, and TP53). For copy
number alterations, we identified two loss-of-heterozy-
gosity regions (LOH) common to the three tumor samples,
and thus considered them to be germline abnormalities, in
cytobands 4p21.3 — q22.1 and 22q11.1 — q11.23 (Fig. 1B;
Fig. S2 and Table S2). Whereas the second LOH includes the
region implicated in 22q11.2 deletion syndrome, our pa-
tient did not have any typical symptoms of 22q11.2 dele-
tion/Di-Georges syndrome. This region comprises 416
genes, including several genes with carcinogenic potential,
such as BID, BCR, or PRAME.

Using NGS, we first analyzed the mutational profiles of the 3
breast tumor samples. We found a low tumor mutational
burden of 2.13 mutations per Mega base. For each of the three
samples, we identified a different pathogenic mutation of
PIK3CA (Fig. S3 and Table S3—7). We then analyzed the
constitutional DNA and found five successive regions of LOH on
chromosome 22 (calculated copy number < 2) with a total
length of more than 8 Mb (15 528 649—21 213 133), and cor-
responding more or less to the LOH identified using OncoScan™
(16 054 713—24 341 388). Otherwise, we did not find any mu-
tation in genes involved in known syndromes predisposing to
cancer (Table S8). For variant analysis (Table S9), we used a
frequency threshold of 0.1% or less in the 1000 Genomes,
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Figure 1 PRAME at the cornerstone of a case with multiple carcinogenesis. (A) Genealogic tree. (B) Region of LOH on chro-
mosome 22 in breast, thyroid, and oncocytoma tumor samples using OnscoScan™, with corresponding genes and their functional
classification. (C) Structure of the PRAME protein. The arrow shows the protein modification linked to the c.70 C>G p.Arg24Gly
PRAME mutation. (D) Immunostaining for PRAME and PS100 in the breast and thyroid cancers of our patient. A melanoma lymph
node metastasis is used as a positive control. Bar scale = 20 pm. (E) RTgPCR on laser-microdissected cells shows almost no mRNA
expression of PRAME in the breast and thyroid cancer cells of our patient, compared with melanoma cells (error bars with a
standard deviation of 5%). *P < 0.01.
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GenomeAD, and Kaviar databases to eliminate poly-
morphisms. We identified two potential mutations in genes
located in the 22q11.1 — q11.23 region: i) NM_001122731.2:
€.1450-22T>G of MICAL3 (Microtubule Associated Mono-
oxygenase, Calponin And LIM domain Containing 3), ii)
NM_006115.4: c.70C>G of PRAME (PReferentially expressed
Antigen in MElanoma). Since the MICAL3 variant was intronic,
we chose to focus on the PRAME gene mutation. NGS analysis
included 11 transcripts of PRAME: NM_006115.4,
NM_001291716.1, NM_206953.2, NM_206954.2, NM_00129-
1717.1, NM_206955.2, NM_206956.2, NM_001291719.1,
NM_001318126.1, NM_001291715.1, NM_001318127.1.

Overall, considering the low tumor mutational burden,
the 22q11.1 — q11.23 LOH region which comprises the
PRAME gene, and the single PRAME germline variant, we
hypothesized that this variant was pathogenic and that this
equivalence of PRAME homozygous deletion and loss of
function at protein level was implicated in the multiple
carcinogenesis of our patient. The association between
PRAME mRNA expression and its carcinogenic role is
controversial. PRAME overexpression seems to be associ-
ated with a metastatic phenotype and advanced stages of
cancers.” This c.70C>G p.Arg24Gly PRAME mutation is of
unknown functional significance. It is located on the N-
terminal side, outside the epitope signature tag (Fig. 1C),
and leads to the replacement of the arginine in position 24
with a glycine. The first is an amphipathic polar amino acid
frequent in active or binding sites, while the second is a
smaller nonpolar amino acid capable of binding phosphates
in ATP. In addition, glycine to arginine changes, especially
in transmembrane regions of membrane-bound proteins,
can modify protein folding and can be associated with
diseases.>

We then assessed the protein expression level of PRAME
in two cancer samples from our patient using immunohis-
tochemistry and an anti-PRAME antibody that recognizes an
epitope including this mutated form of PRAME protein
(supplementary methods). Compared with a melanoma
lymph node metastasis used as a positive control, we did not
find any PRAME protein expression in the thyroid and breast
cancers of our patient (Fig. 1D). Using digital droplet PCR on
laser-microdissected tumor cells, we also found very low
PRAME mRNA expression in the breast and thyroid cancer
cells compared with melanoma cells (Fig. 1E). Altogether,
these results showed that this c.70C>G p.Arg24Gly variant
could be a loss-of-function mutation leading to an unde-
tectable level of mRNA and protein expression.

To address the early carcinogenic potential of this mu-
tation, we developed two knockout (KO) clones of a
nonmalignant human mammary epithelium using CRISPR-
Cas9 technology. The 2 clones exhibited undetectable
PRAME expression, with significantly increased prolifera-
tion, invasion, and migration potential compared with the
native cell line (supplementary methods; Fig. S4). We
assessed the mRNA expression of several markers linked to
cell cycle, apoptosis, and epithelial-to-mesenchymal tran-
sition. As for P16/CDKN2A, P21/CDKN1A, TP53, BAX, and
BCL2, we did not see any difference between the native cell
line and the PRAME KO clone. In contrast, CDH1 (epithelial
marker) significantly decreased, while ZEB71 (transition

marker) and VMN (mesenchymal marker) significantly
increased (Fig. S5, 6). After orthotropic grafting in 5 nude
mice (a total of 10 nipples), and after 6 months of follow-up,
we did not observe any tumor grafting.

Unlike what is observed in advanced stages, PRAME
expression might not always be increased in the earlier
stages of carcinogenesis. It could act as a driver or pas-
senger gene depending on the carcinogenesis stage.
Although we could not demonstrate the tumorigenic po-
tential of our KO cell lines, they displayed more aggres-
sive features than the native benign cell line, and thus
the hypothesis is that completely turning-off PRAME gene
expression initiates carcinogenesis, even in normal tis-
sues where PRAME is usually expressed at very low
levels.* In addition, PRAME being implicated in the
recognition of pathogen-associated molecular patterns
during an anti-microbial immune response, its loss of
function could participate in evading immune destruction
during early carcinogenesis. Then, PRAME is turned on
again possibly in relation to the cancer inflammatory
environment,’ contributing to transforming a slowly-
proliferating tumor into a more aggressive one with
metastatic potential. In our patient, the constitutional
PRAME loss might explain that none of the six cancers
had metastatic evolution.

With this in-depth investigation, we highlight the success
of our individual approach in the genetics of low pene-
trance to identify new genes of interest and potential tar-
gets. However, this approach also casts light on the
limitations of demonstrating the functional value of the
abnormality identified, particularly to address the question
of polygenics in carcinogenesis.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gendis.2023.04.034.
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