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Preface to ”"Genetics and Epigenetics in Complex
Diseases”

Many of the most common diseases are influenced by a combination of multiple factors, which
include environmental effectors as well as genetic and epigenetic variations. Therefore, these diseases
are grouped under the term “complex” diseases because, from the point of view of genetics, they
cannot be explained by simple Mendelian inheritance.

The aim of this compilation of articles was to identify genetic and epigenetic factors involved in
such diseases in order to improve not only the knowledge of risk factors for those diseases, which
could be of help for prevention, but also the understanding and characterization of each disease and

to optimize and personalize the treatment.

Elixabet Lopez-Lopez
Editor
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Many of the most common diseases are influenced by a combination of multiple
factors, which include environmental effectors, as well as genetic and epigenetic variations.
Therefore, these diseases are grouped under the term “complex” diseases because, from
the point of view of genetics, they cannot be explained by simple Mendelian inheritance.

The aim of this Special Issue was to identify genetic and epigenetic factors involved
in such diseases, in order to improve not only the knowledge of risk factors for those
diseases, which could be of help for prevention, but also to improve the understanding and
characterization of each disease, and to optimize and personalize their treatment.

On the one hand, seven research articles identified genetic and epigenetic variations
of relevance for pediatric and adult malignancies, coronary artery disease, body shape and
metabolic traits, and Alzheimer’s Disease.

In particular, two articles focused on pediatric malignancies. While Schedel et al.
identified a germline variant in RAD21 that can predispose to childhood lymphoblastic
leukemia or lymphoma without displaying a Cornelia-de-Lange syndrome phenotype [1],
Michler et al. identified a germline variant in POT1 in a child with acute myeloid leukemia
and showed a connection between this variant and POT expression and telomeric dysregu-
lation [2]. Regarding adult malignancies, Pacholewska et al. identified local decreases in
methylation levels in chronic lymphocytic leukemia patients harboring mutations at SF3B1,
mostly in proximity to telomeric regions, enriched in cancer-related signaling genes [3],
and Campos Gudifio et al. observed that SKP1, CUL1, and F-box protein complex member
genes were frequently altered at the genetic and epigenetic levels in many cancer types,
which might contribute to the development and progression of these malignancies [4].

Regarding other disease entities, Chou et al. proposed that combining resistin and
sST2 levels with weighted genetic risk scores of RETN and ILIRL1 could be helpful for
the prediction of outcome in coronary artery disease [5]. Moreover, Wu et al. showed
that genetic and epigenetic variations of KLF14 were associated with body shape indices,
metabolic traits, insulin resistance, and metabolically healthy status, effects that were medi-
ated by age, sex and obesity [6]. Finally, Tortora et al. hypothesized that a polymorphism
in CD33 could be a risk factor for Alzheimer’s disease, through the binding of sialic acid,
acting as an enhancer of the CD33 inhibitory effects on amyloid plaque degradation, based
on in silico analyses [7].

On the other hand, four articles reviewed the literature on the role of genetic variants
in vitamin D-binding protein-related diseases, psoriatic disease, vasovagal syncope, and
virus-induced epigenetic changes that lead to carcinogenesis.

First, Rozmus et al. reviewed the relationship between polymorphisms in the VDBP
gene which might lead to vitamin D deficiencies and diseases such as diabetes, polycystic
ovarian syndrome, metabolic syndrome, or Parkinson’s disease [8]. Secondly, Queiro et al.
discussed the association of genetic variants in the NF-xB pathway with the risk of suffering
psoriatic disease, as well as with the comorbidities that frequently accompany it, and their
relevance for improving treatment selection [9]. Then, Matveeva et al. summarized data
on the genetics of vasovagal syncope, describing the inheritance pattern of the disorder,
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candidate gene association studies and genome-wide studies [10]. Lastly, Pietropaolo et al.
reviewed the role of epigenetic changes that take place in the host cells in virus-induced
cancers [11].

As a whole, this Special Issue covers different aspects of genetic and epigenetic varia-
tion with a role in different complex diseases, sheds light on possible pathways that lead to
their involvement in these diseases, and suggests possible applications of such knowledge.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Somatic loss of function mutations in cohesin genes are frequently associated with various
cancer types, while cohesin disruption in the germline causes cohesinopathies such as Cornelia-de-
Lange syndrome (CdLS). Here, we present the discovery of a recurrent heterozygous RAD21 germline
aberration at amino acid position 298 (p.P298S/A) identified in three children with lymphoblastic
leukemia or lymphoma in a total dataset of 482 pediatric cancer patients. While RAD21 p.P298S/A
did not disrupt the formation of the cohesin complex, it altered RAD21 gene expression, DNA
damage response and primary patient fibroblasts showed increased G2/M arrest after irradiation
and Mitomycin-C treatment. Subsequent single-cell RNA-sequencing analysis of healthy human
bone marrow confirmed the upregulation of distinct cohesin gene patterns during hematopoiesis,
highlighting the importance of RAD21 expression within proliferating B- and T-cells. Our clinical
and functional data therefore suggest that RAD21 germline variants can predispose to childhood
lymphoblastic leukemia or lymphoma without displaying a CdLS phenotype.

Keywords: acute lymphoblastic leukemia; trio sequencing; germline cancer predisposition; RAD21;
cohesin complex

1. Introduction

The cohesin complex is one of the most essential keepers of genome stability, ensuring
proper cell development and proliferation. Cohesin complex genes are ubiquitously ex-
pressed and are indispensable for cell survival [1]. Its central element is a highly conserved
protein complex, formed as a ring-like structure by the helical proteins SMC1 and SMC3,
which are in turn connected by RAD21 [2] and STAG 1/2 (also known as SA 1/2) [3,4]
(Figure 1A). The co-factor WAPL is important for the cleavage in early phases of mito-
sis [5-7] and PDS5B can act both as maintenance and as a cohesin releasing factor [8].
Cohesin genes are first and foremost known for their involvement in chromatid aggrega-
tion and organized segregation in anaphase [9-11] with RAD21 cleavage marking the onset
of anaphase [12]. Additionally, the complex participates in DNA double-strand break (DSB)
repair, by holding the chromatids together during homologous recombination [13,14]. More
recently, the cohesin complex has been implicated to govern the structure and function of
chromatin. In this regard, the complex is involved in gene transcription through chromatid
folding and RNA recruitment together with the CCCTC- binding factor (CTCF) [15,16],
and has been shown to take part in the formation of topologically associated domains
(TADs) [17].

RAD?21-inactivating heterozygous somatic mutations are a well-established correlate
of various human cancers, such as acute myeloid leukemia (AML) [18]. Furthermore,
two cases with somatic truncating mutations in RAD21 were recently identified in a study of
pediatric precursor B-cell ALL (BCP-ALL) with very early relapse [19] and somatic cohesin
mutations have been reported in pediatric high hyperdiploid leukemia [20]. Germline
aberrations in cohesin complex genes are rare, but if present, cause syndromal disorders
termed cohesinopathies. Cornelia-de-Lange syndrome (CdLS) is one of the best described
examples, which exerts a condition of variable penetrance and expressivity presenting with
neuro-developmental delays and abnormalities of the limbs [21]. While this syndrome is not
typically known to confer cancer predisposition, an index case of a child with simultaneous
occurrence of acute lymphoblastic leukemia (ALL) and CdLS caused by a NIPBL frameshift
mutation has recently been reported [22]. Nevertheless, a possible link between additional
germline cohesin complex gene mutations and childhood leukemia as well as cancer in
general is still lacking. We find this quite surprising, given the established role of cohesins
in various cancer types. Here, we describe a recurrent and functionally relevant mutated
position within RAD21 in three children with lymphatic malignancies originating from
three different independent cancer cohorts.
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Figure 1. (A): The cohesin complex is formed by the 4 main core units SMC1 and SMC3 connected by
RAD21 and STAGI1 or STAG2. WAPL and PDS5 as co-factors and NIPBL and MAU?2 as loaders are
depicted. (B): Two patient cohorts (TRIO-D: n = 158 and TRIO-DD # = 60) were analyzed for germline
variants within cohesin genes as depicted in Supplementary Table S1. Only non-synonymous variants
with a MAF < 0.1% (gnomAD non-cancer population) were included. (C): Tumor entities of patients
carrying a coding variant in one of the cohesin genes as shown in (B) (both cohorts combined, n = 13).
Hematological malignancies account for 84.6% of cancers in the patients with germline cohesin
variants. Further cohesin variants were identified in 2 patients with rhabdomyosarcoma. ALL:
Acute lymphoblastic leukemia, AML: Acute myeloid leukemia, MDS: Myelodysplastic syndrome,
ALCL: Anaplastic large-cell lymphoma, pB-LBL: precursor B-cell lymphoblastic lymphoma, HL:
Hodgkin lymphoma, RMS: Rhabdomyosarcoma. (D): Family pedigrees of patients carrying the
heterozygous germline RAD21 variant p.P298S/A. Index patients are marked with an arrow. Family
members affected by cancer are highlighted in grey. Variant carriers are marked with “+”. (E): Upper:
RAD21 protein structure displaying the interaction domains with SMC3 (1-103 amino acids (AA)),
WAPL and PDS5B (287-403AA), STAG1/STAG2 (362-403AA) and SMC1 (558-628 AA, available online:
http://genesdev.cshlp.org/content/23/18/2224.long accessed on 10 April 2022). Lollipops below
depict the positions of variants known in Cornelia de Lange (CdL) syndrome patients, adapted from
Krab et al. 2020, with light gray representing missense variants and in-frame deletions and darker
gray representing protein truncations. Lower: Distribution of variant frequencies along RAD21,
based on two databases: The top shows the adjusted MAF (%) of RAD21 germline variants in the
gnomAD non-cancer database, while the bottom shows the adjusted frequency of variants in the
COSMIC (somatic cancer mutations) database.

2. Results
2.1. Identification of a Recurrent RAD21 Germline Alteration (p.P298S/A)

To add a novel piece to the understanding of cohesins in cancer predisposition, we
analyzed whole exome sequencing data of an unselected German parent-child cohort
of children with cancer (n = 60, TRIO-DD), as well as a recently published parent—child
pediatric cancer cohort (1 = 158, TRIO-D) [23] for germline variants in cohesin complex
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genes (Supplementary Table S1). Overall, in both childhood cancer cohorts, 13 variants
(Minor allele frequency (MAF) < 0.1%; gnomAD non-cancer database) in seven different co-
hesin genes were identified (Figure 1B). All were transmitted from one of the parents, were
mutually exclusive and significantly enriched in leukemia (lymphoid origin = 6, myeloid
origin = 2) and lymphoma (n = 3) patients as compared to patients with solid tumors
within the cohorts (Fisher’s exact test; p = 0.0081) (Figure 1C and Figure S1). Thereof, CdLS
phenotypes were observed in one AML patient carrying NIPBL p.(G998E) (Case-92) and
in one BCP-ALL patient harboring MAU?2 p.(N410S) (Case-74) (Supplementary Table S2).
Nonetheless, none of the two patients presented with a definitive diagnosis of CdLS.

Interestingly, among all cohesin complex variants, one recurrently mutated nucleotide
leading to an amino acid (AA) exchange at position 298 of RAD21 (rs148308569) was
identified in two families (one per cohort), in the absence of otherwise known-pathogenic
variants (ClinVar) (Figures S2 and S3, Supplementary Tables S3 and S4). While the affected
pediatric cancer patients carrying the recurrent RAD21 variation did not show signs of
CdLS, both three-generation pedigrees displayed a remarkable family history of early-in-
life cancer (Figure 1D). In family I (Case-18), the heterozygous RAD21 p.P298S (c.892C>T)
variant was identified in a 13-year-old boy with T-ALL. His father, who transmitted RAD21
p-P298S to his son, had died from breast cancer at the age of 41. Family II (TRIO-DD_017)
displayed an alternative AA substitution at the same protein position (RAD21 p.P298A;
¢.892C>G), which was detected in a 2-year-old patient with precursor B-cell lymphoblastic
lymphoma (pB-LBL). Here, the variant was inherited from the healthy father, whose brother
had died during childhood from cancer of unknown subtype (8y).

RAD?21 p.P298 is evolutionarily conserved across species (GERP-score 5.61, phastCons = 1),
located within the WAPL/PDS5B binding domain, and has not yet been reported in
individuals with CdLS [24] (Figure 1E, Supplementary Table S5). While a low MAF at
RAD?21 p.P298 and its surrounding AA indicates that these positions are rarely mutated in
the germline of the non-cancer population (gnomAD database n = 118,479; MAF RAD?21
p-P298S < 10~¢ and p.P298A < 10~°), high somatic variation frequencies (COSMIC database
n = 37,221) are observed at the end of the SMC3 interaction domain and the start of the
WAPL/PDS5B interacting domain, where the variants are located (Figure 1E). Furthermore,
the CADD scores indicate potential deleterious effects with values of 22.3 and 22.5 for
RAD21 p.P298S and RAD21 p.P298A, respectively. To assess the structural impact of RAD21
p-P298S/ A, we aimed to generate a computational model of the 50 adjacent residues on
each side. However, several approaches failed to generate a secondary structure for this
region, reflecting the substitution site as part of a very flexible and intrinsically disordered
region (predicted disorder content of RAD21: 51.7%) (Figure S4).

2.2. RAD21 p.P298S/A Alters Cell Cycle and DNA Damage Responses

Given that RAD21 p.P298S/A is located in a hyper-flexible domain, we next aimed to
investigate its interaction with cohesin complex partners. Therefore, the identified RAD21
variants were cloned and transfected into HEK293T cells (R32-hRAD21). In analogy to
RAD21 WT, neither protein expression nor nuclear localization were affected by the variants
RAD21 p.P298S/ A (Figure S5). Immunoprecipitation assays of the nuclear fraction showed
binding of RAD21 with WAPL and PDS5B for the WT, as well as for both mutant proteins
RAD21 p.298S/ A, respectively (Figure 2A). Furthermore, the interaction of RAD21 WT
and RAD21 p.P298S/A to SMC1 and STAG2 were comparable (Figure S6), suggesting that
RAD21 p.P2985/ A does not perturb the formation of the cohesin complex.
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Figure 2. (A): Inmunoprecipitation was performed on HEK293T cells overexpressing cMyc-tagged
RAD21 WT, RAD21 p.P298S or RAD21 p.P298A. Cells were FCS-deprived and after 24 h arrested
with colchicine (0.5 ug/mL) for 2 h, and the nuclear fraction was used for immunoprecipitation with
the cMyc-tag. While the upper and lower panel represent one immunoprecipitation assay, they were
run on two independent immunoblots and therefore presented as two panels. (B): Volcano plot of
average gene expression based on microarray data. Fold-change and adjusted p-values are calculated
by comparing RAD21 p.P298S to WT (orange, top panel) and RAD21 p.P298A to WT (blue, bottom
panel). Probes with > 50% up- or downregulation and an adjusted p-value < 0.05 are considered as
differentially expressed (DE) and highlighted in dark orange (RAD21 p.P298S, top panel) or dark
blue (RAD21 p. P298A, bottom panel). DE genes are compared between RAD21 p.P298S vs. WT and
RAD?21 p.P298A vs. WT and show an overlap >20%. GO-term analysis of shared DE genes from the
previous analysis identified enriched GO-terms. All GO-terms that exceed the significance (Benjamini—
Hochberg FDR < 0.05) are represented. (C): Left: representative images of YH2AX (green) and 53BP1
(red) foci. DAPI (blue) was used for DNA labelling. Scale bar: 10 pm. Right: quantification of YH2AX
foci per cell in HEK293T RAD21 WT, p.P298A and p.P298S cells. Experiments were performed as
3 independent replicates. Values are expressed in boxplots with whiskers from percentile 10-90.
For the statistical analysis, Student’s t-test was performed (** = p < 0.01). (D): X107 (healthy control,
RAD21 WT), Case-18 (RAD21 p.P298S), and TRIO-DD_017 (RAD21 p.P298A) primary fibroblasts
were subjected to irradiation with 6 Gy (n = 4) and the cell cycle analyzed using propidium iodide
staining. For indicated p-values, Student’s {-testing was performed (* = p < 0.05; ** = p < 0.01).
Case-18 and TRIO-DD_017 were adjusted to X107 as a baseline response.

Since one additional function of the complex is the control of transcriptional reg-
ulation through genome-wide chromatin organization [25,26], we next tested the effect
of RAD21 p.P2985/ A on gene expression by microarray analysis in the cell line system
described above. Hierarchical clustering of differentially expressed genes (lfcl > 1.5,
adj. p-value < 0.05) showed a clear clustering of replicates and a separation of each con-
dition (Figure S7). In total, 308 and 391 genes were differentially regulated (lfcl > 1.5,
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adj. p-value < 0.05) in cells carrying the RAD21 variants p.P2985/ A, respectively. A to-
tal of 83 genes were significantly up-/down-regulated in both RAD21 cell line models
(Figures 2B and S8, Supplementary Table 56). GO term analysis of these genes identified
“p53 signaling pathway” as the most prominent among enriched deregulated signaling
pathways (Figure 2B). In line with these observations, HEK293T cells carrying RAD21
p-P298S/A showed an increased number of YH2AX and 53BP1 co-localized foci indicat-
ing the extent of DNA double-strand breaks resulting from the mutated RAD21 protein
compared to the WT (** = p < 0.01; Student’s t-test) (Figure 2C).

Based on these results, we questioned whether patients carrying RAD21 p.P298S/A
would also display DNA damage signaling abnormalities during normal and cellular stress
conditions. Therefore, primary patient fibroblasts carrying the respective RAD21 p.P298S/A
variants in comparison to RAD21 WT control fibroblasts were challenged through irradia-
tion to induce DNA damage and their response assessed via cell-cycle analysis. Both fibrob-
lastic cell lines carrying RAD21 p.P298A and RAD21 p.P298S displayed a significant G2/M
cell-cycle arrest compared to a WT control after ionizing irradiation (Figures 2D and S9).
Likewise, upon treatment with the DNA cross-linking agent Mitomycin-C (MMC), RAD21
p-P298S fibroblasts arrested more cells at the S/G2/M cell-cycle stage (p = 0.0033; Student’s
t-test) (Figure S10). Therefore, the observed G2/M cell cycle arrest is a potential phenotype
of the increased DNA damage occurring in cells carrying RAD21 p.P298S/ A upon exposure
to stress conditions and further underlines the increased risk of malignant transformation
for predisposed patients.

2.3. Amino Acid Replacements (S/A) at Position 298 of RAD21 Lead to Altered RAD21
Expression Levels

To elucidate the molecular mechanism of RAD21 dysregulation mediated through
both variants, we employed an additional variant specific model by generating a HEK293T
cell line with doxycycline-inducible expression of siRNA targeting the endogenous RAD21
and concomitant expression of EGFP-tagged pRTS-1-RAD21 WT, p.P298A or p.P298S [27].
Three days after doxycycline induction, cells of each condition were EGFP-sorted and
subjected to RNA-Sequencing (Figure S11A). In parallel, endogenous RAD21 downreg-
ulation and its replacement by EGFP-tagged RAD21 was verified by Western Blot analy-
sis (Figure S11B), while the presence of the respective RAD21 variants was additionally
validated by Sanger Sequencing (Figure S11C). In total, the RNA-Sequencing yielded
only 50 commonly deregulated genes between both variants and RAD21 WT (Figure 512,
Supplementary Table S7) (adj. p-value < 0.05). These results are in line with published data
confirming only modest gene expression changes with mostly weak effects observed imme-
diately upon cohesin loss [28]. Nevertheless, RAD21 itself ranked as the top downregulated
gene for both, the RAD21 p.P298A and the RAD21 p.P298S variant conditions, compared to
the WT RAD?21 cells (Figure 3A,B). Therefore, these data provide evidence that the here
identified amino acid replacements at position 298 of RAD21 confer a functional effect in
hampering proper RAD21 transcription levels.

Thus, to identify vulnerable populations during hematopoietic differentiation, which
are dependent on high RAD21 expression and would be potentially susceptible to RAD21
p-P298S/ A, single-cell RNA-Sequencing (scRNA-Seq) data of healthy human bone marrow
from the Human Cell Atlas were analyzed for cohesin complex gene expression. In line
with its essential role in mitosis, RAD21 expression was primarily up-regulated in actively
dividing cells within the G2/M or S-phase compared to cells in G1 (p < 2.2 x 1071,
Wilcoxon test) (Figures 3C and S13). Particularly high RAD21 transcript levels clustered
with SMC3 and PTTGI transcripts and were detected in cycling pre- and pro-B-cells,
while RAD21 expression in common lymphoid progenitors (CLPs) and hematopoietic stem
and progenitor cells (HS/PCs) was significantly lower (p < 2.2 x 1071¢, Wilcoxon test)
(Figures 3D and S14). These data are in line with the expression pattern of RAD21 in human
leukemias, as observed in gene and protein expression data across various hematological
malignancies (Figure S15).
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Figure 3. (A): Volcano plot of average gene expression based on bulk RNA-Sequencing data. Fold-
change and adjusted p-values are calculated by comparing RAD21 p.P298S to WT (orange, left
panel) and RAD21 p.P298A to WT (blue, right panel). Genes with an adjusted p-value < 0.05 are
considered as differentially expressed and highlighted in dark orange (RAD21 p.P298S, left panel) or
dark blue (RAD21 p.P298A, right panel). (B): Expression of RAD21, as the top down-regulated gene
in both RAD?21 variants, is separately indicated for RAD21 WT, p.P298S and p.P298A (three biological
replicates each, bulk RNA-Sequencing). (C): Left: UMAP-visualization of the healthy human bone
marrow scRNA-seq data. Right: Cell cycle stages colored on the UMAP-visualization (upper) and
RAD?21 gene expression colored on the UMAP-visualization (lower). (D): Heat map indicating the
cohesin complex genes’ expression levels in cells of the different stages of B-cell differentiation.

2.4. RAD21 p.P298S/A Is Recurrently Found in Pediatric Lymphoblastic Leukemia/Lymphoma

To confirm a correlation between germline RAD21 p.P2985/ A and pediatric leukemia,
we analyzed an additional unpublished pediatric cancer cohort of 150 children with re-
lapsed ALL (Italian IntReALL standard risk study; R-ALL) for RAD21 p.P298S/A. Here,
we identified a third case with RAD21 p.P298A in a boy who was diagnosed with B-cell
precursor ALL (BCP-ALL) at 12 years old and had a combined bone marrow/CNS relapse
5 years later (Table 1). In a fourth cohort including 114 children and adolescents with
therapy refractory leukemia and lymphoma (INFORM), no germline indels or missense
variants affecting RAD21 were identified, suggesting no enrichment in the relapsed or
therapy refractory patients. To further cross-validate RAD21 p.P298S/A in a non-pediatric
cancer setting, a cohort of 2300 young adults (<51 years) with cancer was mined (MAS-
TER program). In this extensive sample collection, only one patient harboring RAD21
p-P298A with a solid tumor was identified (Table 1). Therefore, amongst all cohorts, RAD21
p-P298S/A was found to be enriched in pediatric vs. adult cancers (3/482 vs. 1/2300;
Fisher’s exact test; p = 0.018). Overall, we did not observe an enrichment in the relapsed
or therapy refractory patient cohorts suggesting that RAD21 p.P298S/ A predisposes to
lymphoid precursor malignancies with no influence on therapy response.
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3. Discussion

The cohesin complex is a cogwheel of ordered chromosome alignment and segregation
during cell division, homologous-recombination-driven DNA repair and regulation of gene
expression [5,29,30]. RAD21 is essential for this machinery as it connects the SMC1 and
SMC3 cohesin subunits and thereby generates the functional ring-like structure of cohesin

Overall, within all analyzed datasets, comprising in total 482 pediatric cancer pa-
tients and 2300 adult cancers as controls, we present three children with lymphoblastic
leukemia/lymphoma all carrying a recurrent RAD21 germline variation at position 298.
None of the patients displayed a CdLS phenotype, which is in line with previous reports,
showing that RAD21 variants are known to display reduced CdLS phenotype expressiv-
ity [24]. Furthermore, as with other RAD21 missense variants in cancer [31], the here
identified RAD21 p.P298S/ A alterations are heterozygous and mutually exclusive to other
variants in cohesin complex genes.

The observed familial cancer history in two of the patients demonstrates an increased
cancer risk across generations. Nevertheless, due to the incomplete penetrance and the
tumor variance, additional factors such as synergizing germline mutations or environmen-
tal influences to drive tumor evolution need to be taken into account. Interestingly, in
two patients carrying RAD21 p.P2985/ A we identified a known pathogenic KRAS hot-spot
mutation as a common somatic denominator in the respective tumors, which is in line with
a recently published association between cohesin complex mutations and RAS signaling in
cancer progression [32].

Functionally, the described alterations at position 298 did not disturb the formation
of the cohesin complex, which is also rarely seen in variants without detrimental gene
disruption [33]. Mechanistically, we could show that the described variants caused deregu-
lations of proper RAD21 transcript levels, which in the long-term affected p53 signaling.
By applying irradiation and MMC as external stressors this effect was further enhanced as
seen by increased cell cycle arrest in primary patient cells carrying RAD21 p.P2985/A. Like-
wise, RAD21 variants have been previously described in radiosensitive cancer patients [34]
and CdLS patients displaying increased DNA damage sensitivity [35,36]. Furthermore,
embryonic stem cells of RAD21 heterozygous mice show significantly reduced survival
after treatment with MMC [30]. Thus, the increased G2/M arrest in germline cells carrying
RAD21 p.P2985/ A emphasizes the crucial role of properly functioning cohesins to avoid
chromosomal instabilities during the repair of both interstrand MMC-DNA cross-links [37]
and irradiation-induced DNA DSB [14,38].

Although cohesin complex genes are supposed to be ubiquitously expressed owing to
their inevitability for basic cellular processes, we utilized scRNA-Seq to newly demonstrate
that cohesin complex partners are differentially regulated during B-cell lineage specification
in human bone marrow. Even though HS/PCs require cohesin, Rad21 haploinsufficiency
in mice was postulated to display distinct hematopoietic phenotypes in comparison to
other cohesin subunit knockout models [39], further supporting the here described cohesin
gene specific expression patterns during early B-cell differentiation. Interestingly, high
expression of WAPL was identified particularly in HS/PCs, pointing towards a so far
unrecognized role of WAPL within the stem cell compartment. STAG2, RAD21, SMC3
and SMCT1 loss of function is known to induce stemness potential such as enhanced self-
renewal and differentiation arrest in human and mouse HS/PCs [33,40]. Along these lines,
it was also shown that cohesin facilitates V(D)] recombination in pro-B cells [41] and T-cell
receptor « locus rearrangement [42].

Moreover, cohesins and their associated proteins are being recognized to act as master
transcriptional regulators of hematopoietic genes [43]. Therefore, their deregulation can
be regarded as a critical first step in the evolution of hematopoietic malignancies [40,44].
Intriguingly, the here identified patients harboring RAD21 p.P298S/A all suffered from
precursor lymphoblastic malignancies, which suggests either stem and progenitor cells or
early lymphoid precursors as the origins of the disease.
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Taken together, in addition to RAD21 germline and somatic loss-of-function variants
that result in cohesinopathies and predominantly myeloid cancers, respectively, our data
propose a third category of RAD21 variants that mediate germline predisposition to lym-
phoblastic malignancies in childhood. Understanding the influence of RAD21 germline
variants may offer new treatment options such as their potential sensitivity to PARPP in-
hibitors which are already included in clinical trials in leukemias with somatically mutated
cohesin [45].

4. Materials and Methods
4.1. Patients

Patients < 19 years of age were unselectively recruited at the Pediatric Oncology
Department, Dresden (years 2019-2020), or as previously described [23,46,47]. Consent
of the families was obtained according to the Ethical Vote EK 181042019 (Dresden) and in
line with the Declaration of Helsinki. For the IntReALL cohort, patients” parents or their
legal guardians gave informed consent to genetic analyses in the context of add-on studies
linked to the clinical protocol to which patients were enrolled.

4.2. Whole Exome Sequencing (WES)

Germline DNA was extracted from the patient’s fibroblasts using AllPrep DNA/RNA
Mini Kit (Qiagen, Venlo, Netherlands) and from PBMCs of the parents and the remaining
patient’s using the QIAamp DNA Blood Mini Kit (Qiagen). Sequenceable next-generation
libraries for WES were generated with the SureSelect Human All Exon V7 kit (Agilent
Technologies, Santa Clara, California, USA). The libraries were sequenced on a NovaSeq
6000 platform (Illumina, San Diego, CA, USA) in paired-end mode (2 x 150bp) and with
final on-target coverage of >100x. Processing of the WES data was performed as previously
described [23].

4.3. Cell Culture

Primary fibroblasts were initially cultivated in BIO-AMF™-2 Medium (Biological-
Industries, Kibbutz Beit Haemek, Israel) up to a passage of 5. For experimental analysis,
fibroblasts were cultured in Dulbecco’s Modified Eagle Medium (DMEM; GIBCO/Thermo
Fisher Scientific, Waltham, Massachusetts, USA) with 20% fetal calf serum (FCS; GIBCO),
1% Penicillin/Streptomycin (P/S; 10,000 units/mL; GIBCO) and 1% MEM Non-essential
Amino Acids (NEAA; GIBCO) up to a passage of 13.

HEK?293T cells transfected with R32-hRAD21 were cultured in DMEM with 10% FCS,
1% P/S and 1% NEAA. All cells were kept at 37 °C and 5% COs.

4.4. Cloning

The inducible RAD21 system (pRTS-1-RAD21) was gifted from Kerstin Wendt and
Olaf Stemman [27]. Mutated cDNAs for RAD21 p.P298A and p.P298S were created by
site directed mutagenesis by PCR and cloned into the pMC3.Hygro (=R32-hRAD21) and
the pRTS-1 (=pRTS-1-RAD21) plasmid via Mlul/Spel and Swal/Xhol restriction sites,
respectively, utilizing the following primer pairs (Table 2):

Table 2. Primer sequences for cloning.

Name Sequence (5' — 3')
hRad21_MIul_F GGCGCacgcgtgccacc ATGTTCTACGCACATTTTGTTCTC
hRad21_Spel_R CCTCGactagtTATAATATGGAACCTTGGTCCAGGTGTTGC
hRad21_Swal_F GGCGCATTTAAATCATGTTCTACGCAC
hRad21_XhoI_R CCTCGCTCGAGTCCATATAATATGGAACC
hRad21_P298S_F GATCAAACAACACTTGTTtCAAATGAGGAAGAAGCATTTGC
hRad21_P298S_R GCAAATGCTTCTTCCTCATTTGaAACAAGTGTTGTTTGATC
hRad21_P298A_F GATCAAACAACACTTGTTgCAAATGAGGAAGAAGCATTTGC
hRad21_P298A_R GCAAATGCTTCTTCCTCATTTGcAACAAGTGTTGTTTGATC
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4.5. HEK293T Cell Transfection

R32-hRAD21

HEK293T cells were seeded at a density of 4x10° cells and stably transfected with
4 ug of Vector [48] (R32-hRAD21 or R32-hRAD21 p.P298S or R32-hRAD21 p.P298A using
Lipofectamine2000 (Invitrogen) and selected with Hygromycin (Invitrogen/Thermo Fisher
Scientific, Waltham, MA, USA) at a concentration of 200 ng/mL for 7 days. Continuous
culturing was performed with Hygromycin concentration altering between 100 pg/mL
and 200 pg/mL, put freshly 3 times a week.

pRTS-1-RAD21

HEK293T cells were seeded at a density of 5x10° cells and stably transfected with 4 pg
of Vector [27] (pRTS-1-RAD21, pRTS-1-RAD21 p.P298S or pRTS-1-RAD21 p.P298A using
Lipofectamine2000 (Invitrogen) and selected with Hygromycin (Invitrogen) at a concentra-
tion of 400 pg/mL for 7 days. Continuous culturing was performed with Hygromycin at
concentrations altering between 200 ug/mL and 400 pg/mL, put freshly 3 times a week.

4.6. Microarray (R32-hRAD21)

Stably transfected HEK293T cells overexpressing R32-hRAD21 with either WT, p.P298S
or p.P298A conditions were seeded onto 10 cm plates in a density of 2 x 10° cells in
quadruplicates. After 48 h, control cells were harvested and 6 x 10° cells were pelleted
and stored at —80 °C for later RNA extraction. RNA was extracted using the RNeasy Mini
Kit (Qiagen #74106) with 350 puL of RLT Buffer+ BME using QIAshredder (#79656) and
RNAse-Free DNase Set (Qiagen #79254). RNA was stored at —80 °C.

RNA samples were sent to Macrogen Europe B.V. (Amsterdam, Netherlands) for gene
expression analysis using the SurePrint G3 Human Gene Expression 8 x 60K v3 microar-
ray (Agilent, Inc., Santa Clara, CA, USA). Put briefly, Cy3-labeled cRNA was prepared
from 1~5 pg total RNA (Quick Amp Labeling Kit, Agilent), subsequently fragmented
and (1.65 ug) hybridized to the microarray. Scanning was performed by the SureScan
Microarray Scanner System G4900DA (Agilent).

For analysis, raw data were extracted using the software provided by Agilent Fea-
ture Extraction Software (v11.0.1.1). The raw data for the same probe was summarized
automatically in the Agilent feature extraction protocol to provide expression data for
each gene probed on the array. Flag A-tagged probes were filtered out and the remaining
gProcessedSignal values were log transformed and quantile normalized.

Furthermore, all technical replicates (1 = 4) of one sample were combined and samples
were compared pairwise by fold-change values: RAD21 p.P298A vs. WT, RAD21 p.P298S
vs. WT and RAD21 p.P298A vs. RAD21 p.P298S. The p-value calculated with an indepen-
dent Student’s t-test was corrected for multiple testing and used to define the significance
of these pairwise comparisons. Genes with an absolute fold-change of 1.5 or more and
an adjusted p-value below 0.05 were considered as significantly up- or down-regulated.
These data (1 = 995 probes) were used to perform a two-dimensional hierarchical clustering
using Euclidean distance and complete linkage. Results were represented as heat map
(seaborn.clustermap v.0.10.1 with prior optimal leaf ordering, Python v.3.6). The same anal-
ysis was performed for a smaller set (1 = 83 probes), which were differentially expressed in
both mutants RAD21 p.P298A and p.P298S vs. WT was similarly analyzed and represented.

4.7. Quantitative Real-Time (qRT)-PCR Analysis

RNA was extracted from primary fibroblasts (TRIO_DD_018; TRIO_DD_025;
2.0-3.0 x 10° cells) using the RNaeasy Mini Kit (Qiagen #74106) with 350 uL of RLT Buffer+
beta-ME using QIAshredder (#79656) and RNAse-Free DNase Set (Qiagen #79254). A
total of 3 independent RNA extractions were performed, and 1 pug of RNA was reverse
transcribed into cDNA using the QuantiTect Reverse Transcription Kit (Quiagen #205311)
following manufacturer’s instructions. The qRT-PCR was performed using TagMan Univer-
sal Master Mix II following manufacturer’s instructions (Thermo Fisher Scientific, Waltham,
MA, USA, #PN4428173) for 20 puL reaction with 1.5 pL of cDNA. The following TagMan as-
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says were used: TBP (Hs00427620_m1), HPRT1 (Hs02800695) and POT1 (Hs00209984_m1).
Expression of mRNA was analysed by the comparative AA-Ct method and plotted in
relation to the control sample.

4.8. GO-Term Analysis

Gene Ontology (GO) term analysis was performed using the web server EnrichR (https:
//maayanlab.cloud/Enrichr/; accessed on 13 April 2021) [49]. GO terms of the categories
“Molecular Function”, “Biological Pathway”, “Cellular Component” and “KEGG” were
analyzed and results with an adjusted p-value < 0.05 are represented.

4.9. Cell Sorting and RNA-Sequencing (pRTS-1-RAD21)

HEK293T pRTS-1-RAD21 cells stably selected with Hygromycin, were induced with
Doxycycline at a concentration of 2 pg/mL for 72 h. All cells were trypsinized, and washed
with cold PBS. Cells were diluted in cold FACS Buffer (PBS + 2 uM EDTA) and kept on ice
until sorting. Cell sort for high EGFP was performed on an FACSAria II (BD).

RNA Extraction was performed using the RNA Micro Kit (Qiagen) following manu-
facturer’s instruction. RNA quality analysis was performed on an Agilent 2100 bioanalyzer,
with all samples showing RIN values of 10. RNA libraries were prepared by mRNA en-
richment by poly-dT pull down using the NEBNext Poly(A) kit based on manufacturer’s
recommendations (New England Biologies, Ipswitch, MA, USA). Sequencing was carried
out as 2 x 50 bp reads and read depths of 30-50 million on an Illumina NovaSeq 6000.

FastQC (v.0.11.9; http:/ /www.bioinformatics.babraham.ac.uk/, accessed on 10 April
2022) was used to perform a basic quality control of the resulting sequencing data. Frag-
ments were aligned to the human reference genome hg38 with support of the Ensembl
104 splice sites using the aligner gsnap (v2020-12-16) [50]. Counts per gene and sample
were obtained based on the overlap of the uniquely mapped fragments with the same
Ensembl annotation using featureCounts (v2.0.1) [51]. The normalization of raw fragments
based on library size and testing for differential expression between the different cell
types/treatments was performed with the DESeq R package (v1.30.1) [52]. Sample to sam-
ple Euclidean distance, Pearson and Spearman correlation coefficients (r) and PCA based
upon the top 500 genes showing highest variance were computed to explore correlation be-
tween biological replicates and different libraries. To identify differentially expressed genes,
counts were fitted to the negative binomial distribution and genes were tested between
conditions using the Wald test of DESeq2. Resulting p-values were corrected for multiple
testing with the Independent Hypothesis Weighting package (IHW 1.12.0) [53]. Genes
with a maximum of 5% false discovery rate (padj < 0.05) were considered as significantly
differentially expressed.

4.10. Statistical Analyses

For statistical analysis, the two-tailed Student’s unpaired t-test was performed. Dif-
ferences with a p value < 0.05 were considered to be significant, ns = p > 0.05, * =p < 0.05,
*=p <0.01,** =p < 0.001, *** = p < 0.0001.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10.3
390/1jms23095174/s1.
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Abstract: While the shelterin complex guards and coordinates the mechanism of telomere regulation,
deregulation of this process is tightly linked to malignant transformation and cancer. Here, we present
the novel finding of a germline stop-gain variant (p.Q199%) in the shelterin complex gene POT1,
which was identified in a child with acute myeloid leukemia. We show that the cells overexpressing
the mutated POT1 display increased DNA damage and chromosomal instabilities compared to
the wildtype counterpart. Protein and mRNA expression analyses in the primary patient cells
further confirm that, physiologically, the variant leads to a nonfunctional POT1 allele in the patient.
Subsequent telomere length measurements in the primary cells carrying heterozygous POT1 p.Q199*
as well as POT1 knockdown AML cells revealed telomeric elongation as the main functional effect.
These results show a connection between POT1 p.Q199* and telomeric dysregulation and highlight
POT1 germline deficiency as a predisposition to myeloid malignancies in childhood.

Keywords: acute myeloid leukemia; pediatric; trio sequencing; germline cancer predisposition;
POT1; shelterin complex
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1. Introduction

Telomeres play an essential role in preserving our genetic material by protecting
chromosomal ends from degradation, while at the same time avoiding unwanted DNA
damage responses [1]. The shelterin complex, which consists of six different protein
subunits—TRF1, TRF2, RAP1, TIN2, TPP1 and POT1 (Figure 1A)—is responsible for
safeguarding and properly maintaining telomeric DNA [2]. Shelterin deregulation leads
to uncapped telomeres, which subsequently risks irreversible cellular changes, including

genome instabilities, cellular aging or senescence and malignant transformation [3].
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Figure 1. (A) Schematic drawing of the shelterin complex. POT1 (orange) is associated with the core complex via TPP1.
(B) Two pediatric patient cohorts (TRIO-D, n = 158; TRIO-DD, n = 111) were analysed for germline variants within the
shelterin complex genes. Only protein-altering variants with a MAF < 0.2% (healthy population) were included. (C) Tumor
entities of the patients harboring the shelterin complex variants identified in (B). (D) Distribution of the protein-altering
variants from (B) among the patients. (E) Family pedigree of the patient carrying the heterozygous germline POT1 variant
p-Q199*. The index patient is marked with an arrow. Variant carrier is marked with “+”. Half-siblings were not included.

Protection of telomeres 1 (POT1), located on chromosome 7q, is an indispensable part
of the shelterin complex [4,5]. In humans, POT1 uniquely recognises and binds telomeric
single-stranded (ss) DNA via its N-terminal oligonucleotide/oligosaccharide-binding (OB)
domains (OB1 and OB2) [6]. C-terminally, POT1 connects to the other shelterin complex
proteins by interacting with TPP1 [7-9]. While POT1 exerts a multitude of functions, the
most prominent comprise regulation of the telomerase-dependent telomere length [5,6], as
well as repression of ATR-mediated DNA damage responses [10,11]. Therefore, it is not
surprising that POT1 malfunction has been linked to the development of various types
of human cancer [12]. While somatic POT1 mutations are most prevalent in angiosar-
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coma [13], monoallelic POT1 germline mutations are associated with a wide range of
cancers, including familial melanoma, chronic lymphocytic leukemia, angiosarcoma and
glioma [12,14]. Recently, germline POT1 variants were found to predispose to myeloid
and lymphoid neoplasms in adults [15]. Nevertheless, whether POT1 germline aberrations
can likewise confer susceptibilities to childhood cancer is unclear. Here, we present a
novel loss of function stop-gain mutation in POT1 (p.Q199*) in a boy with acute myeloid
leukemia (AML). We further show how the resulting POT1 haploinsufficiency confers
telomere elongation and genomic instability, thereby generating a susceptible environment
for malignant transformation.

2. Results
2.1. Identification of a Novel Germline POT1 Stop-Gain Mutation (p.Q199%) in a Child with AML

To elucidate whether shelterin complex mutations can predispose to the development
of pediatric cancer, we analysed whole exome sequencing data of two independent parent-—
child cohorts of pediatric cancer patients (TRIO-D, n = 158 [16]; TRIO-DD, n = 111) for rare
germline variants (minor allele frequency (MAF) < 0.2%) in the shelterin complex genes
(Supplementary Table S1). Overall, 23 variants were identified in 269 pediatric cancer
patients (Figure 1B) across various tumor entities (Figure 1C), with missense mutations
being the most prominent. While one patient (case 35) presented with both a TERF2 variant
and a TINF2 variant, all the other variants were mutually exclusive (Figure 1D).

Interestingly, a novel heterozygous POT1 stop-gain mutation was found in an 8-
year-old boy with AML. This germline variant (ENST00000357628.8:c.595C>T) is not yet
described in public databases and causes the substitution of a glutamine to a stop codon at
position 199 (p.Q199*) of the POT1 protein. Sanger sequencing validated the presence of
the variant in the germline of the affected boy (variant allele frequency (VAF) of 0.5), while
the variant was absent in his healthy father (Figure 1E, Supplementary Figure S1A). Since
his mother’s death at the age of 43 was not cancer-related, it is not clear whether POT1
p-Q199* arose de novo or was maternally transmitted. Apart from the POT1 variant, no
other pathogenic or likely pathogenic variants according to the ACMG guidelines were
identified in this patient (Supplementary Figure S1B). Accordingly, the POT1 germline
variant might play a role in the AML onset in this child. Clinically, the boy itself presented
with pancytopenia, aplastic bone marrow and 70% myeloid blast cells in the bone marrow
at the age of 8. Furthermore, the somatic molecular genetic makeup of the myeloid blast
cells displayed an atypical monosomy 7q- with derivative chromosome 7, potentially
leading to a loss of the remaining POT1 wild-type (WT) allele (located on chromosome 7q)
in the tumor (Supplementary Tables 52 and S3). Since the derivative chromosome 7 was still
present in the blast cells, loss of heterozygosity could not be unambiguously verified in the
tumor sample (detected VAF of 0.5). Due to an insufficient treatment response, the patient
underwent hematopoietic stem cell transplantation with his haploidentical half-brother as
the donor. Subsequently, the patient had a fast and sustained engraftment with a complete
donor chimerism of 100% and is currently tapered from immunosuppression without any
signs of graft-versus-host disease and relapse-free on day 526 after haploidentical cell
transplantation.

2.2. POT1 p.Q199* Leads to a Loss of POT1 Expression from the Respective Allele

POT1 p.Q199* is located within the oligonucleotide-/oligosaccharide-binding 2 (OB2)
domain, subsequently leading to a loss of around 2/3 of the full-length POT1 protein,
including its complete TPP1-binding domain. Furthermore, the novel POT1 p.Q199* variant
was not found in previous studies on germline POT1 variants in adults with myeloid
malignancies (lollipops in Figure 2A). The low frequency of POT1 germline variants within
the healthy population (gnomAD database V2.1, n = 118,479) and a constraint score of 0.18
indicating high intolerance of the protein towards loss-of-function variants (Figure 2A)
strongly suggest a functionally relevant role of POT1 in cancer susceptibility.
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Figure 2. (A) Top: POT1 protein structure displaying the interaction domains with single-stranded DNA (1-299) and TPP1
(320-634). Lollipops below depict the positions of variants found in adult AML with predicted loss-of-function variants
being displayed in light-grey (adapted from Lim et al., 2021). The variant p.Q199* lies within the interaction domain with
single-stranded DNA. Bottom: distribution of the adjusted variant frequencies (AF (%)) along POT1 based on germline
variants in the gnomAD noncancer database with the respective constraint metrics (based on Ensembl canonical transcript
ENST00000357628.3). (B) QRT-PCR analyses of the primary fibroblast samples carrying heterozygous POT1 p.Q199*
compared to the POT1 WT fibroblasts from an unrelated child. TagMan probe binds to POT1 exon 6—7 on chromosome 7.
The assays were performed as three independent experiments, each with three technical replicates. (C) QRT-PCR analysis
of PBMCs of the boy harboring heterozygous POT1 p.Q199* compared to his father (carrying WT POT1). The assays
were performed as two independent experiments, each with three technical replicates. (D) Representative Western blot
and quantitative POT1 protein level analysis of the patient’s fibroblasts harboring POT1 p.Q199* compared to a control
fibroblast sample (WT POT1). Three independent Western blots from each genotype were performed. The data represent
the means + SEM. The two-tailed Student’s unpaired t-test was performed for the statistical analysis. ** = p < 0.01,
e =p < 0.0001.

To assess the immediate effect of POT1 p.Q199* on gene expression, we performed
quantitative real-time (qRT)-PCR analysis. Thereby, we could confirm haploinsufficiency
of POT1 in the patient’s fibroblast cells harboring heterozygous POT1 p.Q199* compared
to a POT1 WT fibroblast control (p < 0.0001, Student’s t-test; Figure 2B), as well as in the
patient’s nonleukemic peripheral blood mononuclear cells referenced to blood from his
father (p = 0.024, Student’s t-test; Figure 2C). Additionally, Western blot analyses of the
patient’s primary fibroblasts revealed reduced POT1 levels, further validating the loss of
one intact POT1 allele in the patient (Figure 2D).

2.3. POT1 p.Q199* Overexpression Confers Increased DNA Damage Response Induction

Depletion of POT1 is known to cause de-repression of ATR-dependent DNA damage
responses [10]. To test a potential functional influence of the truncated POT1 p.Q199*
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protein with regard to DNA damage signaling, N-terminally c-Myc-tagged POT1 p.Q199*
was cloned, transfected into HEK293T cells and compared to its WT counterpart (Supple-
mentary Figure S2A). Western Blot analysis of the c-Myc-tag confirmed overexpression of
the WT POT1 as well as a truncated protein corresponding to p.Q199* in the respective
cell line system (Supplementary Figure S2B). Subsequent DNA damage analyses showed
that POT1 p.Q199* overexpression led to an increase of DNA double-strand breaks in
transfected HEK293T cells determined by gammaH2AX and 53BP1 immunofluorescence
assays (p < 0.001, Student’s f-test) (Figure 3A), which is in line with a deregulated DNA
damage response and inappropriate repair by nonhomologous end joining [17]. These
results could further be enhanced during stress conditions (irradiation with 3Gy, p < 0.001,
Student’s t-test) (Figure 3B). Interestingly, compared to the overexpression system, the
primary fibroblasts of the patient carrying heterozygous POT1 Q199* did not corroborate
this deregulated DNA damage phenotype (Figure 3C,D), suggesting another mode of
action to enable malignant transformation in the physiological setting.
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Figure 3. (A) Left: Quantification of the yH2AX foci per cell in the HEK293T POT1 WT and POT1 p.Q199* cells. Right:
Representative images of the yH2AX (green) and 53BP1 (red) foci. DAPI (blue) was used for DNA labeling. Scale bar: 10 um.
(B) Left: quantification of yH2AX foci per cell in HEK293T POT1 WT and POT1 p.Q199* cells. The cells were exposed
to 3 Gy ionising radiation. Right: Representative images analogous to (A). (C) Immunostaining analogous to (A) in the
primary fibroblasts of the patient. (D) Inmunostaining analogous to (A) in the primary fibroblasts of the patient with the
cells exposed to 6 Gy ionising radiation. The experiments were performed as three biological replicates. The values are
expressed in boxplots with whiskers from percentile 5-95. For the statistical analysis, two-tailed Student’s unpaired ¢-test
was performed. ns = p > 0.05, *** = p < 0.0001. ctr = control.

2.4. POT1 p.Q199* Leads to Telomere Elongation and Chromosomal Instability

Instead of a deregulated DNA damage phenotype, the patient’s fibroblasts showed
dysregulation of another main POT1 function, namely telomere length maintenance. Here,
relative telomere length measurements by means of qRT-PCR indicated significant telomere
elongation in primary fibroblast cells harboring POT1 p.Q199* compared to WT POT1
control fibroblasts from an age-matched child (p = 0.019, Student’s t-test) (Figure 4A).
This phenotype became even more apparent when the culture time was prolonged and
the telomere length was assessed at a high passage number (passage 20: p < 0.0001,
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Student’s t-test) (Figure 4A). The same trend of longer telomeres was observed in the
HEK293T overexpression system, as well as in the patient’s blood cells (Supplementary
Figure S3A,B). Elongated telomeres in the boy’s peripheral blood (granulocytes) could
further be validated by clinical diagnostics (AACt value of 1.42). Corroborating these results,
the second telomere length analysis of the patient’s blood after stem cell transplantation
(haploidentical half-brother) confirmed reversion of the elongated telomere phenotype
(Supplementary Figure S3C).
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Figure 4. (A) Relative telomere length (rTL) analysis by qRT-PCR (comparative AACt method) with DNA isolated from
fibroblast samples (the cells were grown for 12-14 passages or 20 passages). Three biological replicates, each with three
technical replicates, were performed. The values are expressed as the means + SEM. (B) Left: Telomere fluorescence
in situ hybridisation analysis on metaphase chromosomes of the stably transfected WT and p.Q199* POT1 HEK293T
cells. Chromosomal aberrations are categorised in telomere fusion, fragility and loss. Right: Representative images of
metaphase chromosomes. Red fluorescence shows telomere signals, and chromosomal DNA was stained with DAPI (blue).
White arrows mark the respective chromosomal aberration. Scale bar: 10 pm. ns =p > 0.05, * p = < 0.05, *** = p < 0.001,

% = p < 0.0001.

Additionally, to analyse chromosomal stability, telomere FISH assays on metaphase
chromosomes were carried out. In line with our results on telomere deregulation, the POT1
p-Q199* HEK293T cells showed a significant increase in telomere fragility compared to the
cells overexpressing WT POT1 (p = 0.0002, Student’s t-test) (Figure 4B).

2.5. Reduced POT1 Levels in Myeloid Cells Confer Telomere Elongation

Within the hematopoietic system, POT1 shows the highest expression levels in hemato-
poietic stem and progenitor cells, as visualised by single-cell RNA sequencing data from
the Human Cell Atlas (Figure 5A), while Western blot analyses show varying levels of
POT1 in the ALL and AML cell lines (Supplementary Figure S4A). The clinical phenotype
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A Cell Type

of the boy harboring the germline stop-gain POT1 variant suggests a link between POT1
p-Q199* and susceptibility to myeloid malignancies with 7q loss. To test this hypothesis,
we generated a shRNA-mediated POT1 knockdown model of the AML cell line HL-60
(POT1 mutation status = WT). Therefore, we used two different ShRNAs—shRNA1 with a
predicted knockdown level of 56% and shRNA2 with a predicted knockdown level of 92%.
Successful transfection was validated via Sanger sequencing (Supplementary Figure S4B)
and POT1 haploinsufficiency in both shRNA cell line models was confirmed by gRT-PCR
(Figure 5B). Subsequent telomere length measurements confirmed significant telomeric
elongation in the cells carrying the stronger knockdown with shRNA 2 (Figure 5C), thereby
corroborating our previous results seen in the POT1 p.Q199* overexpression model as well
as in the primary patient cells.
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Figure 5. (A) Principal component analyses of the single-cell RNA sequencing data displaying POT1 expression within the

healthy human bone marrow. CLP: common lymphoid progenitor, DC: dendritic cell, HSC: hematopoietic stem cell, HSPC:

hematopoietic stem and progenitor cell, NK: natural killer cell. (B) QRT-PCR analysis confirming downregulation of POT1

in the HL-60 cells carrying shRNA 1 and 2 compared to the nontargeting shRNA control. (C) Relative telomere length (rTL)
analysis by qRT-PCR (comparative AACt method) with DNA isolated from the HL-60 samples; shRNA 2 showed significant
telomere elongation compared to the nontargeting shRNA control (ctr). ns = p > 0.05, *** = p < 0.001.

3. Discussion

Telomeres act as “molecular clocks” by defining the proper lifespan of each cell.
Accordingly, deregulation of the shelterin complex which guards and maintains telomeric
DNA is closely linked to cancer progression [2,18]. Here, we present a pediatric patient
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with AML who harbors a novel stop-gain variant, conferring germline haploinsufficiency
of the shelterin complex gene POT1.

We show that the HEK293T cells overexpressing POT1 p.Q199* display an increased
number of gammaH2AX foci and chromosomal fragility compared to WT POT1 overex-
pression, which points towards a loss of function phenotype. This also corroborates the
previous findings of the induction of DNA damage signaling and telomere fragility in
Pot1a deficient murine models [19,20]. Compared to the overexpression model, the primary
fibroblasts harboring heterozygous POT1 p.Q199* displayed strong telomeric elongation.
This is in line with published data from human embryonic stem cells (hESC), in which
cancer-associated POT1 mutations did not trigger DNA damage responses but led to longer
telomeres [21]. This telomere elongation is further confirmed by numerous in vitro POT1
knockout and overexpression models [5,21-23].

Causal relationships between longer telomeres and an increased cancer risk have been
reported [24]. Interestingly, even though AML is commonly associated with short telom-
ere syndromes (STS) [25], our data support an opposite scenario of telomere elongation
mediated by POT1 p.Q199% in our patient. Although counterintuitive, this observation
is in line with the absence of classical STS phenotypes [3] in our patient and adult AML
patients harboring POT1 variants [15]. Moreover, previous reports on POT1 germline
variants in other cancers connect POT1 deregulation with telomere elongation [26,27].
Therefore, our findings suggest that germline POT1 haploinsufficiency causes abnormally
long telomeres, which might generate a susceptible cell population with extended prolif-
erative capacity and the potential to acquire additional mutations required for malignant
transformation [21]. Likewise, long telomeres are more fragile and pose an increased risk
for genomic instabilities, favoring cancer progression [18]. POT1 is mostly expressed in
stem and progenitor cells as depicted by scRNA-Seq data and human hematopoietic stem
cells (HSCs) harboring CRISPR-Cas9-induced heterozygous POT1 stop-gain mutations
do not display fitness disadvantages in vivo [21]. Therefore, the precursor cells of the
hematopoietic system could be directly affected by POT1 aberrations, which is in line with
the clinical phenotype observed in the patient.

Taken together, our data highlight a potential role of POT1 germline deregulation in the
context of predisposition to myeloid malignancies in childhood, which is mediated through
telomere elongation. Although still in its infancy [28], antitelomerase therapy should
be considered as a potential anticancer strategy to counteract malignant transformation
through longer telomeres in POT1-deficient tumors.

4. Materials and Methods
4.1. Patients

Patients < 19 years of age were unselectively recruited at the Pediatric Oncology
Department, Dresden (years 2019-2021), or as previously described [16]. Consent of the
families was obtained according to Ethical Vote EK 181,042,019 (Dresden) and in line with
the Declaration of Helsinki.

4.2. Whole Exome Sequencing (WES)

Germline DNA was extracted from the patients’ fibroblasts using an AllPrep DNA/
RNA Mini Kit (Qiagen, Venlo, Netherlands) and from PBMCs of the parents and the re-
maining patients using a QlAamp DNA Blood Mini Kit (Qiagen). Next-generation libraries
were generated with a SureSelect Human All Exon V7 kit (Agilent Technologies, Santa
Clara, California). The libraries were sequenced on a NovaSeq 6000 platform (Illumina)
in the paired-end mode (2 x 150 bp) and with the final target coverage of >100x. Read
files in the fastq format were generated with bcl2fastq v2.19.0, and trimmomatic v0.33
was used to remove adapter and low-quality sequences [29]. The alignment to the human
reference genome GRCh37 was performed using BWA-MEM v0.7.12 [30] and Samtools
v1.2 [31]. The tool Peddy 0.4.6 [32] performed gender and relatedness analyses to validate
the correct sample assignment and the expected relationship of the patient’s data with the
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corresponding parents’ data. Single nucleotide variants (SNVs) and insertion/deletions
(indels) were called using GATK v4.1.4.1 and VarScan2 v2.3.9 [33], applying the trio mode.

Initial variant interpretation was carried out with the CPSR pipeline [34], which
classified the variants as pathogenic, likely pathogenic, variant of unknown significance
(VUS), likely benign or benign. Additional variant interpretation was manually performed
(e.g., by taking the CADD scores into account [35] as well as by utilising an extended cancer
gene list).

4.3. Sanger Sequencing Validation

POT1 p.Q199* was validated via PCR and subsequent Sanger sequencing using the for-
ward primer ACTCTACTCTCTTATGGCAGGT and the reverse primer CATCACCTTCA-
GAGATCTTGCC (5" — 3').

4.4. POT1 Variation Analysis

Allele frequencies of all the coding germline variants present in POT1 (Ensembl tran-
script ID ENST00000297338) in a global healthy population taken from the gnomAD non-
cancer exome 1.2.1.1 dataset (n = 118,479) were summed up codon-wise. The variants must
have been VEP-annotated to one of the following consequences for inclusion: start_lost,
missense_variant, inframe_insertion, inframe_deletion, stop_gain, frameshift_variant, cod-
ing_sequence_variant, stop_lost, incomplete_terminal_codon_variant, transcript_ablation,
transcript_amplification, protein_altering_variant. The collected dataset was smoothed
using the LOWESS algorithm (fraction: 0.06, iterations: 3) prior to plotting.

4.5. Cloning

The coding sequence of human WT POT1 was obtained from plasmid pLPC mycPOT1
(a gift from Titia de Lange (Addgene plasmid No. 12387; http:/ /www.addgene.org/12387/)
(accessed on 25 October 2021); RRID: Addgene 12387) [5]. The mutant sequence for POT1
p-Q199* was created using site-directed mutagenesis by PCR. After digestion of the PCR
product and vector, ligation of the vector DNA and the insert DNA was performed using a
Quick Ligation™ Kit (New England Biologies (NEB) No. M2200S, Ipswitch, Massachusetts).
Recombinant DNA was introduced into 10-beta competent E. coli (NEB No. C3019H) by
transformation. The organisms containing vector sequences were selected and validated
by Sanger sequencing. The plasmids were amplified in maxi cultures and POT1 WT/Q199*
DNA was purified with a NucleoBond® Xtra Maxi EF Kit (Qiagen, Venlo, Netherlands)
according to the manufacturer’s instructions.

4.6. Cell Culture

The primary fibroblasts were cultivated in the BIO-AMF™-2 Medium (Biological-
Industries, Kibbutz Beit Haemek, Israel) for up to five passages. For experimental analyses,
the fibroblasts were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, obtained
from GIBCO/Thermo Fisher Scientific, Waltham, Massachusetts) with 20% fetal calf serum
(FCS; GIBCO), 1% penicillin/streptomycin (P/S; 10,000 units/mL; GIBCO) and 1% MEM
Non-essential Amino Acids (NEAA; GIBCO).

HEK?293T cells were cultured in DMEM with 10% FCS, 1% P/S and 1% NEAA. HL-60
cells and the additionally tested leukemia/lymphoma cell lines were cultivated in the
RPMI 1640 (GIBCO) medium with 20% FCS and 1% P/S. All the cells were kept at 37 °C
and 5% COs,.

4.7. HEK293T Cell Transfection

HEK293T cells were seeded at a density of 4 x 10° cells and transfected with POT1 WT
and POT1 Q199* plasmids using Lipofectamine 2000 (Invitrogen/Thermo Fisher Scientific,
Waltham, Massachusetts) according to the manufacturer’s instructions. The cells were
selected with 2 pg/mL puromycin (Invitrogen), reduced to 1 pg/mL after one week.
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Validation of successful transfection was done by Sanger sequencing of reverse-transcribed
mRNA.

4.8. POT1 Knockdown in HL-60 Cells

For lentivirus production, 15 x 10° HEK293T cells were seeded on 15 cm dishes
and transfected with VSV-G, pCMVdr8.2dvpr and shRNA plasmids containing specific
POT1 knockdown sequences or non-coding shRNA. The transfection was performed using
Lipofectamine 2000 according to the manufacturer’s instructions. The following plas-
mids were obtained from Sigma-Aldrich, St. Louis, Missouri: control (SHC016), shRNA1
(TRCNO0000039804; predicted knockdown level, 0.56), shRNA2 (TRCN0000010352; pre-
dicted knockdown level, 0.92). The plasmids were amplified in maxi cultures and POT1
WT/Q199* DNA was purified using a NucleoBond® Xtra Maxi EF kit (Qiagen).

HL-60 cells were transduced via spinfection on Retronectin (TakaraBio, Saint-Germain-
en-Laye, France) coated 6-well plates. The successfully transduced HL-60 cells were
selected with 1 ug/mL puromycin (Invitrogen), which was reduced to 0.5 pg/mL after
1 week. Knockdown of POT1 in HL-60 cells was quantified by qRT-PCR using POT1
TagMan assays (Hs01565611_m1).

4.9. Quantitative Real-Time (qRT)-PCR Analysis

RNA was extracted from the primary fibroblasts (TRIO_DD_018; TRIO_DD_025; 2.0
3.0 x 10° cells) using an RNaeasy Mini Kit (Qiagen No. 74106) with 350 uL of the RLT
Buffer+ beta-ME using a QIAshredder (Qiagen, No. 79656) and an RN Ase-Free DNase
Set (Qiagen No. 79254). Three independent RNA extractions were performed. One pg
of RNA was reverse-transcribed into cDNA using a QuantiTect Reverse Transcription Kit
(Qiagen No. 205311) following the manufacturer’s instructions. Quantitative RT-PCR
was performed using a TagMan Universal Master Mix II following the manufacturer’s
instructions (Thermo Fisher Scientific No. PN4428173, Waltham, Massachusetts) for a 20 uL.
reaction with 1.5 uL of cDNA. The following TagMan assays (Thermo Fisher Scientific,
Waltham, Massachusetts) were used: TBP (Hs00427620_m1), HPRT1 (Hs02800695_m1)
and POT1 (Hs01565611_m1; Chr.7: 124,822,386-124,929,983). Expression of mRNA was
analysed by means of the comparative AACT method and plotted in relation to the control
sample.

4.10. Western Blot

For whole cell lysates, 2-2.5 x 10° (fibroblast samples) and 5 x 10° (HEK293T cells sta-
bly overexpressing POT1 WT or p.Q199%) were lysed in a RIPA buffer (50 mM Tris, 150 mM
NaCl, 0.5% sodium deoxycholate, 1% Triton and 0.1% SDS 20%, with 10x PhosSTOP (PS,
Roche) and 25 x PIC (Protease Inhibitor Cocktail, Roche, Basel, Switzerland) for 30 min on
ice. The protein concentration was measured with the Bradford protein assay (Roti-Quant,
Roth) by determining ODsgs5nm. Twenty pg (HEK293T cells protein) or 15 ug (fibroblast cells
protein) were heated for 10 min at 95 °C while shaking at 350 rpm and loaded accordingly
onto a BIORAD Mini-Protean TGX Gel 4-20% (Bio-Rad Laboratories, Hercules, California).
The blot was run for 3 h at 80 V. The transfer was performed using a Trans-Blot Turbo 1x
Transfer System (high-molecular-weight, BIO-RAD). The immunoblot was blocked in 5%
milk at room temperature for 1 h. After three washes with 1x TBS-T, the blot was incubated
overnight at 4 °C with the following antibodies: a c-myc-Taq antibody (Invitrogen No.
MA1-980, 1:1000) diluted in 5% Bovine Serum Albumin (Sigma-Aldrich, St. Louis, MO,
USA) and POT1 (Novusbio No. NB500-176, 1:1000, Centennial, Colorado), GAPDH (Cell
Signaling No. 5174S, 1:1000, Danvers, Massachusetts) diluted in 5% milk. The following
day, the secondary antibody was applied after three consecutive washes (Cell Signaling
Anti-Rabbit IgG No. 7075 1:1000, Cell Signaling Anti-Mouse IgG No. 7076) for 1 h in the
dark, at room temperature, diluted in 5% milk. After three consecutive washes, the blot
was imaged after the application of an HRP-linked solution (SuperSignal West Pico PLUS
Chemiluminescent Substrate, Thermo Fisher Scientific, Waltham, MA, USA).
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4.11. QRT-PCR of the Telomere Length (TL)

DNA was isolated from the fibroblast samples, the blood samples and the stably
transfected HEK293T cells overexpressing POT1 using an AllPrep DNA /RNA /Protein
Mini Kit (Qiagen) and stored at —20 °C. Afterwards, DNA was diluted to a concentration
of approximately 25 ng/uL. The relative telomere length was measured by qPCR using a
Relative Human Telomere Length Quantification qPCR Assay kit (Science Cell No. 8908)
following the manufacturer’s instructions. For the HL-60 cells, the annealing time was ex-
tended to 30 s. Three biological replicates of each sample were analysed. For quantification
of the TL, the comparative AACT method was applied.

4.12. Telomeric FISH on Metaphase Chromosomes

One million POT1 WT and POT1 p.Q199* HEK293T cells were seeded in T75 flasks
and incubated for 48 h at 37 °C and 5% CO,, Colchicine (Sigma-Aldrich) was added at a
concentration of 5 ug/mL for 2 h. After trypsinisation, the cells were gently exposed to
a hypotonic solution containing 0.075 M KClI and incubated for 10 min at 37 °C and 5%
CO;. The cells were first fixed in methanol/acetic acid (3:1), placed on slides and stored at
—20 °C. For performing fluorescence in situ hybridisation, Telomere PNA FISH Kit/Cy3
(Dako/ Agilent Technologies No. K5326, Santa Clara, California) was used following the
manufacturer’s instructions. The denaturation step was optimised to 90 °C for 10 min, and
the hybridisation time was extended to 2 h at RT.

The slides were mounted in the ProLong Diamond Antifade mounting medium
containing DAPI (Thermo Fisher Scientific) and stored at —20 °C. Metaphase spreads were
captured with a Zeiss Axio Observer microscope using a Plan Apochromat objective with
63 x magnificationaccompanying to the Core Facility Cellular Imaging (CFCI), Dresden,
Germany). The DAPI images were used for featuring the metaphase chromosomes. At least
10 metaphase spreads per sample were captured and analysed. Chromosomal aberrations
are presented as the frequency per metaphase.

4.13. Immunofluorescence Staining

Fibroblasts and stably transfected HEK293T cells overexpressing POT1 were plated
onto Poly-L-Lysine pre-coated coverslips in 24-well-plates at a density of 2 x 10* cells
(fibroblasts) or 6 x 10* cells (HEK293T) and cultured for 24 h at 37 °C and 5% CO,. The cells
were exposed to 3 Gy (HEK293T cells) or 6 Gy (fibroblasts) ionising radiation and cultured
again for 24 h as described above. The following day, the cells were fixed for 15 min in 3%
formaldehyde/PBS, blocked with 0.25% Triton X-100/PBS for 10 min and blocked again in
1% bovine serum albumin/PBS for 30 min. The samples were incubated with the primary
antibodjies for 1 h at RT. Using a mouse polyclonal anti-phospho-histone H2AX (Ser139)
antibody (Merck Millipore No. 05-636, Burlington, Massachusetts) at a dilution of 1:100
and a rabbit 53BP1 antibody (Novusbio No. NB100-304) at a dilution of 1:1000, yH2AX and
53BP1 foci were detected. Coverslips were further stained with the secondary antibodies
for 1 h at room temperature in the dark. The goat anti-mouse Alexa Fluor 488 IgG antibody
(Invitrogen No. A-11029) and the goat anti-rabbit Alexa Fluor 594 IgG antibody (Invitrogen
No. A-11037) were used as the secondary antibodies, each at a dilution of 1:200. The
slides were mounted in the ProLong Diamond Antifade medium containing DAPI. Wide-
field microscopy was performed with a Zeiss Axio Observer microscope using a Plan
Apochromat objective with 20x /40x magnification accompanying to the Core Facility
Cellular Imaging (CFCI), Dresden, Germany). The DAPI images were used to detect signals
inside the nuclei.

4.14. Single-Cell RNA Sequencing Analysis

Healthy human bone marrow scRNA-seq data from eight donors were downloaded
from the Human Cell Atlas (https:/ /data.humancellatlas.org/explore/projects/cc95f£89-
2e68-4a08-a234-480eca21ce79) (accessed on 12 August 2021) [36] and aligned to hg19 using
Cell Ranger v3.0.0. Scanpy (https://doi.org/10.1186/s13059-017-1382-0) (accessed on 12
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August 2021) was used to characterise the cell types in the data, correcting for possible batch
effects with the mutual nearest neighbors (https://doi.org/10.1038 /nbt.4091) (accessed
on 12 August 2021) and filtering for outliers using the median absolute deviation. The cell
clusters found with Louvain clustering (https:/ /zenodo.org/record/1054103) (accessed
on 12 August 2021) were mapped to cell types using the known marker genes. Cell cycle
phases were annotated by scoring cell cycle marker gene sets from https://doi.org/
10.1101/gr.192237.115 (accessed on 12 August 2021). Two-dimensional visualisation was
performed with UMAP (https://doi.org/10.1038 /nbt.4314) (accessed on 12 August 2021).

4.15. Statistical Analyses

For the statistical analysis, two-tailed Student’s unpaired t-test was performed. Dif-
ferences with a p-value < 0.05 were considered to be significant; ns = p > 0.05, * p < 0.05,
**p <0.01, ** p <0.001, *** p < 0.0001.
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Abstract: Mutations in splicing factor genes have a severe impact on the survival of cancer patients.
Splicing factor 3b subunit 1 (SF3B1) is one of the most frequently mutated genes in chronic lympho-
cytic leukemia (CLL); patients carrying these mutations have a poor prognosis. Since the splicing
machinery and the epigenome are closely interconnected, we investigated whether these alterations
may affect the epigenomes of CLL patients. While an overall hypomethylation during CLL carcino-
genesis has been observed, the interplay between the epigenetic stage of the originating B cells and
SF3B1 mutations, and the subsequent effect of the mutations on methylation alterations in CLL, have
not been investigated. We profiled the genome-wide DNA methylation patterns of 27 CLL patients
with and without SF3B1 mutations and identified local decreases in methylation levels in SF3B1™1t
CLL patients at 67 genomic regions, mostly in proximity to telomeric regions. These differentially
methylated regions (DMRs) were enriched in gene bodies of cancer-related signaling genes, e.g.,
NOTCH1, HTRA3, and BCLIL. In our study, SF3B1 mutations exclusively emerged in two out of three
epigenetic stages of the originating B cells. However, not all the DMRs could be associated with the
methylation programming of B cells during development, suggesting that mutations in SF3B1 cause
additional epigenetic aberrations during carcinogenesis.

Keywords: chronic lymphocytic leukemia; CLL; DNA methylation; SF381 mutation; NOTCH; IKAROS

1. Introduction

Chronic lymphocytic leukemia (CLL) is the most common leukemia in the Western
world and mainly affects elderly people [1]. Although the CLL phenotype is quite specific
and homogenous, the clinical outcome is extremely heterogeneous [1]. The clinical outcome
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is partly associated with the mutational status of the immunoglobulin heavy chain variable
region (IGHV) as patients with a high level of somatic mutations in IGHV (M-CLL) have a
better prognosis than patients with no or a low level of somatic mutations in this region
(U-CLL) [1-3].

Through the development of new high-throughput sequencing technologies, addi-
tional genomic alterations have been identified, which are associated with poor prognosis
or insufficient therapy response. The strongest impact has been found for del(17p) and
mutations in tumor protein P53 (TP53). Additionally, shorter progression-free survival is
conferred by mutations in the splicing factor 3b subunit 1 (SF3B1), ATM serine/threonine
kinase (ATM), ribosomal protein 15 (RPS15), and Notch receptor 1 (NOTCH1) [4-10].
Mechanistic insight into how these genomic alterations lead to poor prognosis or therapy
resistance in CLL is largely missing. One of the most frequently mutated genes in CLL is
SF3B1, encoding a component of the splicing machinery. Patients with SF3B1 mutations
(SF3B1™"t) have a poor prognosis [5] and SF3B1 alterations are associated with chemother-
apy refractory disease [7]. SF3B1 mutations cluster in the HEAT repeat domain (Huntingtin,
Elongation factor 3—EF3), protein phosphatase 2A (PP2A), and the yeast kinase TOR1)
with the most common mutation in CLL being p.K700E [5,9]. Depletion of SF3B1 tran-
scripts by small interfering RNA (siRNA) in cell culture leads to an alteration of exon usage,
in most cases causing a decrease in cassette exon inclusion [11]. Long read sequencing
also revealed differential 3’ splice site changes and a strong downregulation of intron
retention events associated with SF3B1 mutations [12]. Recently, it has been shown that
blood malignancies, in particular, such as leukemias, have a strong link between mutations
in splicing factors and epigenetic dysregulation [13]. As such, SF3B1 interacts with the
chromatin remodeling complex WICH (WSTF-SNF2H) [14] and with the polycomb group
proteins: polycomb group ring finger 2 (PCGF2) and ring finger protein 2 (RNF2) [15]. A
direct interaction between SF3B1 and polycomb repressive complex 2 (PRC2) was shown
in mice. As such Sf3b1*/~ mice exhibited a similar phenotype as PcG™"t mice, i.e., various
skeletal alterations along the anterior-posterior axis [15]. Moreover, hypermethylation
of polycomb-repressed regions was observed in the proliferating fraction of circulating
CLL [16]. Furthermore, SF3B1 interacts with nucleosomes in an RNA-independent manner
and is preferentially associated with GC-rich exons [11]. However, a detailed characteriza-
tion of epigenomic changes associated with SF3BI™"t CLL is still largely missing.

Epigenomic alterations are emerging as powerful prognostic indicators in CLL [17,18].
It has been found that CLL genomes, when compared to normal B cells, are globally
hypomethylated [19-21] and that M- and U-CLL classes show distinct methylomes [22].
Hypomethylations are found at gene bodies [23], especially at repetitive sequences, such as
Alu, long interspersed nuclear elements-1 (LINE-1), and satellite-ox (SAT-x) repeats [24].
Epigenetic profiling using DNA methylation arrays identified three subgroups of CLL,
reflecting the developmental stage of the B cells from which the CLL cells originated [23,25].
Normal B cell maturation from naive to high-maturity memory B cells is accompanied
by unidirectional DNA methylation changes, of which most show a decrease in DNA
methylation. Such epigenetic changes during differentiation processes are also referred
to as epigenetic programming. Epigenetic-defined CLL subgroups were therefore named
low-programmed CLL (LP-CLL), intermediate-programmed CLL (IP-CLL), and high-
programmed CLL (HP-CLL) [25]. LP-CLL is enriched for unmutated IGHV (U-CLL) and
is associated with a poor prognosis, whereas HP-CLL is enriched for mutated IGHV (M-
CLL) [23].

Recent studies have revealed wide-spread intratumor heterogeneity of the methylation
in CLL [18,26,27]. Upon maintenance of DNA methylation, the methylation of one CpG is
influenced by neighboring CpGs, yielding concordant methylation states [28]. In contrast,
discordant methylation states are associated with active reprogramming. In cancer, a
higher degree of discordant neighboring CpG methylation at promoter sites has been
associated with worse prognosis [26]. According to this study, the median time for ‘failure
free survival’ (FFS), meaning the time between the first and the second treatment or
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death, decreases from 44 months to 16.5 months for patients with a high proportion of
discordant methylation in the promoter. This suggests that DNA methylation is a predictor
for prognosis, but whether it is causative or just a confounding factor to the malignant
process is so far unknown. Along this line, it is unclear whether DNA methylation and
oncogenic mutations are independent prognostic factors or if are functionally related.
Landau et al. observed that the presence of sub-clonal drivers overruled the increased risk
associated with the elevated PDR (proportion of discordant reads), suggesting that either
the heterogeneous methylation facilitates mutational processes, or that the mutations exert
their functions through epigenetic mechanisms [26].

Moreover, all three DNA methyltransferases (DNMTs) are subjected to alternative
splicing [29-31] and, therefore, mutations in splicing factors can potentially lead to changes
in the methylation profiles, either directly by affecting the splicing of the DNA methyl-
transferases and DNA demethylases genes, or by alternatively spliced isoforms of the
chromatin and methylation regulators, such as non-coding RNAs [32]. Thus, to achieve a
better understanding on the methylome changes in CLL patients and how they might be
connected to mutations in SF3B1, we compared genome-wide methylation profiles of CLL
patients with (SF3B1™") and without (SF3B1"") SF3B1 mutations.

2. Results
2.1. CLL Patients with SF3B1 Mutations Feature Local Hypomethylations

Although overall hypomethylation in CLL patients compared to normal B cells is
known [23,24], the impact of the SF3B1 mutations on the epigenome is unclear. We used
DNA of 27 patients with (SF3B1™", n = 13) and without (SF3B1WT, n = 14) SF3B1 mutations
(Table S1), and investigated genome-wide methylation profiles using the methylated DNA
immunoprecipitation sequencing (MeDIP-seq) technology. Although principal component
analysis with the 1,000 most variable regions within CG islands (CGIs) revealed that
samples clustered according to the IGHV mutational status, and some separation could also
be observed based on the SF3B1 mutational status, no clear clusters grouped by the SF3B1
genotype were visible (Figure 1A). This suggested that SF3B1™"* has no widespread effect
on the methylation patterns of the CLL patients. The distribution of sex or age between
the SF3B1WT and SF3B1™"! patients was not significantly different (Mann-Whitney test
p-value = 0.94) (Table S1). Using the QSEA package [33], we identified 67 significantly
hypomethylated, but no hypermethylated regions (adjusted p-value (false discovery rate,
FDR) < 0.05, and Ilog2(fold change)| > 1) (Table S2). We validated 16 of the significantly
differentially methylated regions (DMRs) with the EpiTYPER (Tables S3 and S4) and
observed a significant correlation (R = 0.71, p-value < 2.2 x 10~!¢) between the methylation
levels of the regions estimated with MeDIP-seq/QSEA and EpiTYPER (Figures 1B,C and S1).
Although the EpiTYPER data cannot provide methylation information for individual CpGs
localized on the same DNA strand, the bulk methylation level of neighboring CpG sites at
14 DMRs with more than one CpG tested seems mostly concordant (Table S4). A hierarchical
clustering using the beta normalized methylation values at the 67 DMRs clearly separated
SF3B1™4t from SF3BIWT (Figure 2A).
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difference between SF3B1™M4t and SF3BIWT CLL mean methylation levels.

We next compared our results to published methylation data created with methylation
arrays that, even though they did not focus on the SF3B1™Ut effect, did contain methylation
data of SF3B1™ patients. Kulis et al. used 139 CLL patients, 8 of which with SF3B1 muta-
tion [23]. The authors identified 64 hypo- and 30 hypermethylated differentially methylated
CpGs between SF3B1™" and SE3BIWT, Although 74 of these 94 CpGs (79%) were within
genomic regions sufficiently covered by sequencing reads in our data and tested for dif-
ferential methylation, none of the DMRs identified overlapped the exact differentially
methylated CpGs identified by Kulis et al. [23]. However, we identified DMRs within three
genes that contained a differentially methylated CpG reported by Kulis et al. [23]: BCLIL,
MYB, and NCOR2. The CpGs and DMRs within these genes had the same direction of
the methylation change; they were hypomethylated in CLL with SF3B1™4t compared to
CLL with SF3BIWT. We next used an even larger dataset, one that encompasses the dataset
from Kulis et al. [23], available from BloodCancerMultiOmics2017 R package [34]. In total,
174 CLL patients with known SF3B1 mutational status (148 SF3B1WT and 26 SF3B1™ut)
were analyzed for 435,102 CpGs (all CpG sites with a single nucleotide polymorphism,
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SNP, were removed by the authors). We used the limma R package [35] to analyze the array
data sets and found that only 18 from our 67 DMRs (27%) overlapped at least one CpG (in
total, 27 CpGs) included in the methylation array dataset, suggesting that the differential
methylation might be located outside of regions captured with the array technology. The
methylation values of the array data within all of these 18 regions were altered in the
same direction as we have identified it within our dataset. Apart from one CpG with no
change in methylation, the CpGs overlapping these DMRs showed a slight hypomethy-
lation in CLL SF3B1™Y! patients with a maximum |log2(fold change) | = 0.3, within the
ACOX3 gene (Table S2, column Al). This again puts our results in line with previously
published data. Among the 27 CpGs overlapping the 18 DMRs, there were CpGs already
reported by Wierzbiriska as CLL-specific (1 = 8), or B cell-specific (n = 8) [36] (Table S2).
The mean methylation values for CLL SF3B1W! and CLL SF3B1™"! of the 18 CpGs were
significantly correlated between the array and the MeDIP-seq based data (Pearson R = 0.47,
p-value = 0.0038) (Figure S2).
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Figure 2. Differentially methylated regions (DMRs) in chronic lymphocytic leukemia (CLL) patients with SF381 mutation.
(A) Methylation levels of 67 DMRs between CLL patients with and without SF3B1 mutation. The samples were clustered
based on Euclidean distances with a complete linkage agglomeration method. White cells in the IGHV annotation denote
missing information. CLL-subtype was defined by Oakes et al. based on the 18 loci selected by the authors [25]: low-
programmed (LP-CLL), intermediate-programmed (IP-CLL), and high-programmed (HP-CLL). See Figures 4 and S7.
(B) Numbers of DMRs between CLL patients with and without SF3B1 mutation identified per chromosome. (C) Circos plot
with the outer panel showing the log2 fold change in the 67 DMRs between SF3B1™" and SF3BIWT CLL patientsina —3.7
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37



Int. J. Mol. Sci. 2021, 22, 9337

2.2. Hypomethylations in CLL Patients with SF3B1 Mutation Are Enriched in Gene Bodies and
Subtelomeric Regions

We next asked if the changes in DNA methylation in SF3B1™"t samples are enriched in
certain genomic regions or if they are evenly distributed across the genome. While we iden-
tified DMRs on almost all chromosomes, except chromosomes 14 and 18 (Figure 2B,C), the
density of DMRs for the chromosomes varied (chi-squared test p-value = 0.00015). We ob-
served the highest number of DMRs on chromosomes 9 and 19 (Figure 2B,C) (Figure S3A,B).
Chromosome 19 is known for its high density of genes and CG content [37]. We therefore
corrected the analysis for the CGI content and identified the largest enrichment of DMRs
on chromosome 9 (Figure S3C). We did not observe any major deletions or insertions on
chromosomes 9 or 19 based on the QSEA estimation (Figure 54). All eight DMRs identified
on chromosome 9 (as well as many DMRs on other chromosomes) were located within
15 Mbp from the chromosome end in proximity of telomeric regions (Figure 2C) [38]. In fact,
43 of our 67 DMRs (64%) were located within 10 Mbp from the chromosomal start/end,
and 28 of these (42% total) were located even more peripheral, within 5Mbp from the
chromosomal ends. This result suggested that the hypomethylation may involve spatially
and therefore possibly functionally related chromosomal regions. The subtelomeric DMRs
on chr9 overlapped gene bodies of EHMT1, NOTCH1, VAV2, PRRC2B, NEK6, and the
promoter region of LCN10.

Furthermore, to examine the distribution of DMRs in the genomic context, we an-
notated the DMRs and counted how many DMRs spanned different genomic features
(Figure 3A). DMRs were significantly enriched in gene bodies (Figure 3B) with more
than half (n = 48, 72%) of the DMRs located within gene bodies, mostly intronic regions
(n = 40). Furthermore, we observed that DMRs were enriched in transcription factor bind-
ing sites (TFBS, n = 29, 43%). These TFBS were mostly downstream to gene promoters,
except six, which were located in the promoters of TGFBR3, RGPD8, HTRA3, LCN10,
FAM174B, and IL17C (Table S2). Of those, four had a CpG island annotated within the
promoter region (RGPDS8, HTRA3, FAM174B, IL17C). We next performed TFBS enrichment
analysis of the 122 transcription factors (TFs) included in the ENCODE Uniform TFBS
track [39] derived from ChIP-seq experiments [40—-42]. We identified IKZF1 (IKAROS)
and BHLHE40 as the most significantly enriched transcription factors with 12 and 8 hy-
pomethylated DMRs at their binding sites, respectively (Figure 3C). Both TFs are critical
for B cell development [43,44]. This is particularly interesting in regard to the question
if the detected differential methylations are due to different B cell developmental stages
where the SF3B1™" cases develop from. However, the highest odds ratio was identified
for the histone deacetylase HDAC6 with two DMRs at the promoter regions of HTRA3 and
FAM174B. HDACS' role in the initiation and progression of cancer has been extensively
studied, as reviewed in [45]. Among chromatin states, we found weak and strong en-
hancers as predominant sites for DNA hypomethylations (Figure 3D). Among the 29 DMRs
within enhancer regions, 21 (72%) were within 1 Mb from a promotor of a gene with
significantly different expression levels (FDR < 0.05, no threshold on log2(fold change,
Table S2), e.g., XXYLT1, HTRA3, and ARID3A genes. Eleven DMRs (16%) were located at
ten unique promoter regions (BCLIL, HTRA3, HPCAL1, IL17C, RGPDS, NCOR2, LCN10,
AC107959.1, FAM1748, TGFBR3) and two genes (HTRA3 and FAM1748) had higher expres-
sion and hypomethylated promoters in CLL patients with SF3B1™"t compared to SF3B1WT
(Table S2).

Subsequently, to gain more biological insight into the differential methylations in
CLL patients with SF3B1 mutation, we used all 40 genes containing at least one DMR
within their gene body or promoter region and subjected the list to a gProfiler functional
enrichment analysis. This analysis identified the NOTCH signaling pathway (KEGG
pathway, g:SCS adjusted [46] p-value = 1.49 x 10~2) containing three of the genes (DTX1,
NCOR2, NOTCH]) as significantly affected by differential methylations (Figure S5).

Motif enrichment analysis of the 67 regions did not reveal any significantly enriched
transcription factor motif after multiple testing correction (Table S5).
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transcription start site. CpG islands (CGI) were obtained from [47]. A CGI shore was defined as a 2-kbp region flanking
a CGI up—and downstream. A distal CGI is any CGI outside of promoter regions. (B) Enrichment analysis of genomic
features with differentially methylated regions (DMRs) shown by odds ratio. Enhancer regions are taken from [48]. Tran-
scription factor binding sites (TFBS, n = 122) were derived from ENCODE Encyclopedia v.3. PRC2 binding sites were
defined as binding sites for EZH2 or SUZ12. (C) Enrichment analysis of the TFBS listed in (B)—only 11 TFBSs with the
highest odds ratio are shown. (D) Enrichment analysis of the chromatin states as derived from GM12878 cell line [49,50].
Significance is denoted by stars with adjusted p-value (false discovery rate) < 0.05 = “*”; < 0.01 = “**”; < 0.001 = “***”;
<0.0001 = “****”; > (.05 = “ns”.

2.3. SF3B1™" Is Associated with Aberrant Methylation and Is Partially Related to the
Developmental B Cell Epigenetic State

It has been previously shown that the methylation profile in CLL reflects, besides
tumor specific alterations, the developmental state of the B cells from which the tumor
has derived [25]. Accordingly, CLL cases have been classified into three stages of B cell
development: low-programmed (LP-CLL), intermediate-programmed (IP-CLL), and high-
programmed (HP-CLL) [25]. This classification is based on clustering of methylation
levels from regions containing binding sites for transcription factors involved in B cell
development (AP-1, EBF1, RUNX3) and transcriptional elongation [25]. The authors
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identified 18 regions, which sufficiently separate the three B cell developmental stages [25].
Using beta-transformed methylation levels calculated by the QSEA software [33] for these
18 regions, we clustered our 27 samples together with the 329 CLL Research Consortium
samples analyzed by Oakes et al. [25] (Figures 4A and 56).
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The occurrence of SF3B1 mutations have been associated with less differentiated states
of B cells with the SF3B1™" CLL resembling more naive B cells whereas SF3B1WT CLL
resembling more memory B cells based on their methylation profiles [51-53]. We therefore
tested to what extent the SF3B1™"-associated hypomethylated regions can be explained
by the developmental stage, and to what extend they can be attributed to the effects of
the SF3B1™" during carcinogenesis. While four of the SF3B1"T samples clustered within
the HP-CLL cluster, we did not observe any sample with a SF3B1 mutation in this cluster
(Figure 4A,B). This was confirmed by independent clustering of our 27 samples, as all
HP-CLL samples (19, 21, 22, 36), none of which carried SF3B1™Yt created a separate cluster
(Figures 1A and S6).

In order to evaluate if the identified 67 DMRs between SF3B1™" and SF3B1WT were
due to different developmental stages of the originating B cells, we looked at the methy-
lation differences based on beta-normalized methylation values at the 67 regions among
the developmental stages represented by LP-, IP-, and HP-CLL subtypes (Figure 4C). We
observed that, for SF3BIWT CLL, the methylation levels at these regions significantly in-
creased between the LP- and IP-CLL stages, whereas SF3B1™"t CLL samples showed stable
methylation levels, which were significantly lower compared to the corresponding stage in
the SF3BIWT CLL (Figure 4C). At 22 from the 67 DMRs (33%) identified between SF3B1™ut
CLL and SF3BIWT CLL samples the methylation level changed (>20%) between LP- and
IP-CLL among the SF3BI™WT CLL samples (Figure 4D, Table S2), suggesting that these
DMRs are involved in the normal B cell developmental process.

These 22 B cell development-related DMRs are located in 16 genes, including genes
involved in B cell-specific functionality, epigenetic remodeling, and carcinogenesis, such as
TGFBR3, EHMT1, ACOX3, SEPTINY, MYB, FAM174B, ARID3A, XXYLT1, and RHOBTB2.
Although we observed > 20% change in the methylation at the 22 of 67 DMRs between
LP-CLL and IP-CLL among the SF3B1WT CLL samples, the difference was lost in SF3B1™ut
(Figure 4C). An additional 12 of our DMRs showed methylation differences (>20%) when
we compared HP-CLL to IP-CLL among the SF3B1WT CLL samples, and 33 of the 67 DMRs
(49%) showed stable methylation profiles among the SF3BIWT CLL samples (LP-CLL vs.
IP-CLL and IP-CLL vs. HP-CLL, Table S2), indicating that about half of the methylation
changes observed between SF3B1WT and SF3B1™" are independent of B cell developmen-
tal stages.

Furthermore, we compared our list of DMRs with the 10,000 regions from Oakes et al.
and concluded that most significantly change their methylation levels during physiolog-
ical B cell maturation [25]. Only 4 of our 67 DMRs (6%) overlapped the 10,000 regions
associated with B cell development reported by the authors [25] (Table S2). It is worth
noting that all four overlapping DMRs, including DMRs within BCLIL and NOTCH1, were
hypermethylated in high-maturity memory B cells and hypomethylated when comparing
SF3B1™# vs. SF3BIWT CLL, suggesting an association of SF3B1 mutations with less mature
B cell developmental stages in CLL.

In addition, to further investigate if the observed DMRs between SF3B1™" and
SF3BIWT were related to the B cell maturation or not, we compared our list of DMRs with
epigenetic B cell programming sites identified using a methylome-based cell-of-origin
modelling framework [36]. The authors identified linear dynamics of the methylation
changes at 59,329 CpGs occurring during normal B cell development across six B cell
differentiation stages, from naive to memory B cells (B cell-specific sites). CpGs with
deviations from the expected methylation levels in CLL (CLL-specific) were classified into
four classes: B cell-specific developmental sites hypomethylated (class A, n = 5757) and
hypermethylated (class B, n = 183); and non B cell-specific sites hypomethylated in CLL
(class C, n = 4238) and hypermethylation in CLL (class D, n = 157). The CLL-specific CpGs
are expected to be associated with the tumorigenic transformation to CLL [36]. Eight (12%)
of our DMRs overlapped the B cell-specific developmental sites reported by the authors [36],
and seven (10%) overlapped CLL-specific CpGs not related to the B cell differentiation
program (Table S2). This indicates that a part of the differential methylations detected
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in SF3B1™ compared to SF3BIWT patients is related to the normal B cell differentiation
process, and that the other part is specific to SF3B1™4t CLL.

3. Discussion

Methylation is known to regulate splicing [54-57], but alternative isoforms of DNA
methyltransferases genes or genes regulating chromatin conformation or methylation can
also modulate methylation profiles [32]. Although mutations in genes required for splicing
and methylation commonly occur in leukemia, and a mutation in a splicing factor (SRSF2)
has been shown to impact methylation in acute myeloid leukaemia [58], the interaction of
these two processes has not been described in CLL patients carrying SF3B1™". To acquire
additional insight into the methylome differences in CLL patients with and without SF3B1
mutations, we analyzed genome-wide methylation profiles using MeDIP-seq. We identified
67 regions with significantly lower methylation levels in SF3B1™" CLL (Figure 2A) which
we partly validated with the EpiTYPER assay.

The question remains what the cause for the altered methylation pattern might be.
So far, there are no reports on the SF3B1 mutation causing differentially spliced isoforms
of DNMTs in CLL patients, which is also in line with our data. However, altered splice
variants in euchromatic histone lysine methyltransferase 1 (EHMT1) have been significantly
associated with SF3B1™4t CLL patients [59], and were also detected by us to contain a
hypomethylated region (Table S2). In fact, the EHMT1 and UCKLI genes were the only
genes that overlapped the DMRs reported here, and were listed as genes with altered
splicing associated with SF3B1 mutation in CLL patients [59]. Although most histone
methyltransferases are independent from DNA methylation, they are involved in gene
repression [60] and DNA damage [61]. Furthermore, EHMT1, in particular, has also been
associated with DNA methylation [62,63] and, therefore, this enzyme requires further
investigation in SF3B1™" CLL patients.

The methylation changes observed seemed to be only partially affected by the IGHV
mutational status and allowed to clearly separate the samples by the SF3B1 mutational
status (Figure 2A). The hypomethylated regions were distributed across the genome;
however, chromosomes 9 and 19 showed higher numbers of DMRs with many DMRs
located close to telomeric regions (Figure 2C). The hypomethylation of regions in CLL
compared to normal B cells [19,24] and further hypomethylation of CLL patients with
SF3B1™" may have a role in the worse prognosis of these patients. Interestingly, all eight
DMRs on chr9, which contained, for example, a DMR within the NOTCH1 gene, as well as
many DMRs on other chromosomes, were located in a close proximity to telomeric regions.
Short telomers have been already associated with anomalies in SF3B1 showing worse
prognosis in CLL patients [59,64,65]. However, the potential link between differential
methylation close to the subtelomeric region and shorter telomeres in CLL patients with
SF3B1™" requires further studies. We also observed hypomethylation in two other genes
involved in NOTCH signaling: DTX1 and NCOR2. Mutations in the NOTCH1 gene are
frequent in CLL [4-10] and NOTCH signaling was associated with CLL progression [66—68].
In addition, NOTCH1 pathway was shown to be activated in CLL patients with SF3B1
mutation [59,69].

In agreement with previous studies, most of our DMRs were located in genic regions
(Figure 3B). The genes with DMRs were significantly enriched within the NOTCH signaling
pathway (Figure S5). Interestingly, 12 DMRs included a binding site for the IKAROS (IKZF1)
transcription factor (TF). These 12 DMRs were associated with eight genes: ACOX3, ADATS,
ARID3A, FAM174B, NOTCH1, RGPD8, SCAMP4, and XXYLT1. IKAROS is involved in
B cell development [59] and has previously been implicated with CLL [70]. IKAROS
expression increases during B cell differentiation and half of all genes upregulated during
B cell development are IKAROS targets [71]. Moreover, IKAROS proteins are destructed by
lenalidomide [72,73], a drug shown to act on CLL cells in vitro [74] and tested in the CLLM1
trial, where it improved progression-free survival. However, since a subset of treated
patients developed B cell acute lymphoblastic leukemia, lenalidomide treatment was
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terminated in the CLLM1 study [75]. Of note, none of the patients analyzed in this study
were treated with lenalidomide. Not surprisingly, 9 of the 12 DMRs within IKAROS binding
sites were in regions identified as associated with B cell development and reported here or
in previous studies [25,36]. The differential methylation between SF3B1™" and SF3B1WT
CLL patients may, at least in part, be influenced by the differentiation state of the originating
B cells [51-53]. In agreement with this hypothesis, all of our 14 SF3B 1™Mut samples were
classified as early- (LP-CLL) and intermediate- (IP-CLL) programmed CLLs, and the role
of IKAROS in B cell development has been highlighted in the early stages [43,76-78].
However, about half of the DMRs reported here seem to be independent from the B cell
differentiation process.

Induction of IKAROS in CLL cells is associated with poor disease outcome [79]
and promotes BCR signaling [80]. Taking into account that IKAROS tumor suppressive
capacity includes an induction of enhancers in T cells [81], the hypomethylation in SF3B1™1
patients at IKAROS binding sites and the enrichment of the hypomethylation sites in weak
enhancers is noticeable and requires further investigation.

IKAROS family proteins interact with nucleosome remodeling and deacetylase (NuRD)
and PRC2 [82]. In T cells, IKAROS interacts with PRC2, thereby mediating epigenetic
repression at stem cell-associated genes [83]. Such an interaction of IKAROS with PRC2
links IKAROS to DNA methylation regulation. Although binding of IKAROS to PRC2 was
not observed in B cells, a loss of IKAROS function results in ectopic enhancer activation
accompanied by a loss of the PRC2-mediated repressive histone modification H3K27me3 in
the corresponding promoter regions [84]. In addition, the IKAROS family member, IKZF3
(AIOLOS), is recurrently mutated in CLL, with an incidence of 2% carrying the hotspot
mutation p.L162R [5], emphasizing the importance of this transcription factor family for
lymphoid malignancies.

Although significant, but with only two DMRs in TFBSs, is the histone deacetylase,
HDACS6. The hypomethylated two sites for this region were located within promoter
regions HTRA3 and FAM174B. Although FAM174B has binding sites for more TFs, HTRA3
has binding sites in this region only for HDAC6 and the PRC2 component, SUZ12. Histone
deacetylase inhibitors have been already in phase II clinical trials to treat patients with
breast cancer [85]. Furthermore, 30% of the DMRs had a TCF7L2 binding motif (Table S5),
a key player in Wnt signaling [86-88]. A DMR was also identified in the BCLIL gene—an
activator of Wnt signaling associated with B cell malignancies that have been implicated in
cancer development and epithelial-mesenchymal transition through a down-regulation of
c-Myc, cyclin D1, CD44, and vascular growth factor in tumor cells [89]. Hypomethylation
within this gene in CLL patients with SF3B1 mutation has been previously reported [23]
and it has been recently shown that BCL9 and BCLIL promote tumorigenicity in a triple
negative breast cancer mouse model through immune-dependent (TGF-f3) and immune-
independent (Wnt) pathways [90]. Interestingly, 25 of the 67 DMRs (34%) contained a
TCF7L2 TF motif, and transcription factor 7-like 2 plays a key role in the Wnt signaling
pathway [86-88]. A potential role of the BCLIL hypomethylation in poor prognosis of the
CLL patients with SF3B1™"! should be further investigated.

In comparison with previous studies, our MeDIP-seq approach covers a broader part
of the genome. For example, 450-K methylome arrays analyze 482,486 CpGs, most of
which are located in genic regions and CpG islands [91]. Since the human genome contains
roughly 28 million CpGs, around 1.6% of all CpGs are amenable by 450-K arrays. In
contrast, MeDIP-seq accesses the mappable genome with a CpG content of at least 3% [92]
at a resolution of approximately 250 bp. Only 435,102 CpGs from the 450-K methylation
array [34] were amenable for the differential methylation testing, whereas MeDIP-seq
analyzed by QSEA allowed for testing of 6,540,448 250 bp windows, covering 335,033 CpGs
(77%) from the 450-K methylation array. This difference in coverage may also explain the
small overlap of our results with previous studies. The larger fraction of the epigenome
analyzed our study added new insight into the understanding of the disease.
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It has been previously suggested that methylation differences identified among CLL
samples may derive from a different maturation status of the B cells at the time of tumori-
genesis [25,36]. We therefore classified our patients to the three CLL subtypes as defined
previously [25]. Similarly to other studies, SF3B1™"t CLL samples were classified as LP-
and IP-CLL subtypes [51-53]. Even though this dependency is not significant in our data
due to a low number of samples (chi-squared test p-value = 0.09), it is in agreement with
other studies, which reported the highest occurrence of CLL with SF3BI™"! in naive B cell-
like CLL (LP-CLL), and lowest in memory B cell-like CLL (HP-CLL) [51-53]. In line with
this, we observed an intersection between DMRs reported here and regions differentially
methylated during physiological B cell maturation [25,36], indicating that SF351 mutations
are, at least in part, associated with B cell developmental stages (Table S2). Some of them
have been already associated with CLL-specific methylation changes [36]. However, there
remains a large fraction of DMRs not related to B cell development, indicating that these
regions are associated with SF3B1 specific functions. How SF3B1™" and changes in the
methylome are exactly related needs further investigation. So far, we have shown that
CLLs carrying SF3BI™" contain differences in their DNA methylation patterns and that
these changes affect genes involved in BCL9 and NOTCH signaling, among other processes.
Thus, our findings provide a rich insight for further studies of the causes and consequences
of SF3BI™! induced changes in gene expression. This might, in the long term, provide the
basis for the development of new therapeutic options.

4. Materials and Methods
4.1. Sample Preparation

Clinical information of the patients is summarized in Table S1. Staging was performed,
according to Binet et al. [93], using blood cell counts. Patients were classified into Binet
stage C when patients were anemic (hemoglobin < 10 g/mL) and/or displayed throm-
bocytopenia (thrombocytes < 100,000/ uL), and into stage A/B when patients had more
hemoglobin or thrombocytes. One patient had exactly 100,000 thrombocytes/uL and was
therefore staged B/C (Table S1). TP53, SF3B1, ATM, XPO1, and NOTCHI mutational status
were analyzed by a PCR panel followed by next-generation sequencing, as described in [94].
In particular, the complete coding region for SF3B1, TP53, and ATM was analyzed, and
XPO1 exons 12, 13, and 15 were evaluated. IGHV mutational status was determined, as
previously described [95]. Peripheral blood B cells were isolated via negative selection
using RosetteSep immunodensity-based cell separation (Stemcell Technologies, Vancouver,
BC, Canada). The cell purity of CLL B cells was analyzed by flow cytometry, and cells
co-expressing CD5/CD19 were > 90%. DNA was isolated from frozen B cells using the
QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) or obtained from the local biobank.
Informed consent was obtained from all patients and the study was approved by the local
ethics committee. RNA was isolated using TRIzol (Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s instructions. A DNAse digest was performed
using 2 pg of RNA, and the quality of the RNA was assessed using a Bioanalyzer (Agilent
Technologies, Waldbronn, Germany).

4.2. Methylated DNA Immunoprecipitation Sequencing (MeDIP-Seq)

The integrity of DNA was evaluated on a 1% agarose gel and 1.3 ug was subjected to
MeDIP. Methylated DNA immunoprecipitation (MeDIP) was based on a method developed
by [96] with modifications. In brief, 1.3 ug of DNA in 65 puL of TE was sheared to a size of
100-300 bp using a Covaris M220 (Covaris Ltd., Brighton, UK). The size was controlled
on a 1% agarose gel. Library preparation was performed using the TruSeq DNA sample
preparation kit (Illumina, San Diego, CA, USA) and unmethylated TruSeq indexed adaptors.
Library preparation reactions were purified using AMPure XP beads (Beckman Coulter
GmbH, Krefeld, Germany) and the adapter-ligated DNA was denatured at 95 °C for
10 min and subjected to MeDIP. For the MeDIP reaction, 5 pg of the monoclonal antibody
clone 33D3 directed against 5-methylcytidine (Eurogentec GmbH, Cologne, Germany) was
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coupled over night at 4 °C to magnetic Dynabeads M-280 sheep anti-mouse IgG (Thermo
Fisher Scientific, Waltham, MA, USA). Subsequently, denatured DNA and antibody coupled
Dynabeads were incubated at 4 °C for 4 h in immunoprecipitation buffer (IP: 10 mM sodium
phosphate buffer (pH 7.0), 140 mM NaCl, 0.25% Triton X100) followed by three washes with
IP buffer. DNA was eluted from the beads in 50 mM of Tris-HCl (pH 7.5), 10 mM of EDTA,
and 1% SDS at 65 °C for 15 min. The eluted DNA was diluted 1 to 1 with 10 mM of Tris at
pH 8.0 and 1 mM of EDTA, and treated with proteinase K (0.2 ug/pL) for 2 h at 55 °C. The
methylated DNA was purified using the QIAquick PCR Purification Kit (Qiagen, Hilden,
Germany). Following MeDIP enrichment, libraries were amplified using 10 PCR-cycles,
size-selected using an agarose gel, and purified DNA was quantified using the Quant-iT
dsDNA HS Assay Kit and a Qubit 1.0 Fluorometer (Thermo Fisher Scientific, Waltham,
MA, USA). Next, 50 bp single-end reads were generated on a HiSeq4000 (Illumina, San
Diego, CA, USA).

4.3. Sequencing Reads Processing

MeDIP sequencing reads were aligned to the hg38 reference genome (Genome Refer-
ence Consortium GRCh38) with BWA v(.7.15 aln followed by samse modules [97]. Patients’
sequencing data are available from the corresponding author upon reasonable request.

4.4. Differential Methylation Analysis

MeDIP-seq reads were processed in R with QSEA v.1.14.0 [33], according to the pack-
age recommendations. In brief, reads where counted per genomic 250 base window, and
CpG enrichment profiles were calibrated based on highly methylated genomic regions in
196 primary CLL samples of the PACE project, as retrieved from the Bioconductor package
CLLmethylation [34] (methylation >80% in at least 95% of the samples). Differentially
methylated regions (DMRs) were called with the implemented likelihood ratio test, based
on generalized linear models, and p-values were corrected for multiple testing by false
discovery rate (FDR) [98]. We considered a region to be differentially methylated if the
FDR was smaller than 0.05 and |log?2 fold change| > 1. Moreover, we excluded regions
with expected CpG density below 4 CpGs per sequencing fragment and all fragments from
X and Y chromosomes. DMRs were annotated with BSgenome v.1.56.0. and RefSeq release
71, ENCODE Encyclopedia v.3 as of 24th April 2014, enhancer data from [48], and CGI as
described in [47], transcription factor binding sites (TFBS) from ENCODE Uniform TFBS
track [39-42]. Chromatin states coordinates for GM12878 cell line [49,50] were converted
from hg19 to hg38 reference genome with liftOver UCSC tool [99]. Promoters were defined
as 2 kb upstream and downstream from transcription start sites. Copy number variation
(CNV) was calculated from MeDIP-seq data by considering only fragments without any
CpG, based on 2-Mb windows and a fragment size of 250 bp.

Methylation microarray data from 196 CLL patients’ samples (CLLmethylation) cov-
ering 435,155 CpGs (we were able to determine hg38 positions for 435,102 CpGs) were
obtained via BloodCancerMultiOmics2017 R packages [34] with ExperimentHub and fil-
tered out 53 CpGs without hg38 genomic information. We excluded data from 22 patients
without SF3B1 mutational status information. Differentially methylated probes were called
using ImFit and eBayes functions of limma [35] and filtered according to adjusted p-value
and fold change thresholds applied for the MeDIP-seq data, as described above.

4.5. RNA-Seq and Differential Expression Analysis

RNA libraries were generated using the TruSeq Stranded Total RNA sample prepara-
tion kit (Illumina, San Diego, CA, USA) which includes a Ribo-Zero depletion of ribosomal
RNAs prior to library preparation. Sequencing of 50 bp paired-end reads was performed
on a HiSeq2000 (Illumina, San Diego, CA, USA). RNA-seq reads were mapped to the same
reference with STAR v2.6.0c [100] and GENCODE gene annotation v36 [101]. Differential
expression analysis was performed with edgeR v. 3.30.3 [102]. A gene was considered
significantly differentially expressed if the FDR-adjusted p-value was < 0.05. To identify
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possible genes affected by the differential methylation of weak enhancers, no threshold on
log2(fold change) was set.

4.6. Bisulfite Mass Spectrometry (BS-MS) with Agena Bioscience EpiTYPER-Assay

We selected 16 DMRs with [log2 fold change | > 2 for validation by the EpiTYPER.
Primers were designed for CpGs within 16 DMRs. We used a subset of six CLL samples
with and six CLL samples without SF3B1™ut.

For the validation of the differentially methylated regions identified by MeDIP-seq, we
used the EpiTYPER assay, which is based on bisulfite conversion followed by PCR amplifica-
tion using one primer containing a T7 promoter sequence, followed by in vitro transcription
and Uracil-specific cleavage of the RNA. Fragments were then analyzed by matrix-assisted
time-of-flight mass spectrometry (MALDI-TOF) mass array analysis [103,104].

Primers for the EpiTYPER assay were designed using the online tool EpiDesigner with
default settings (www.epidesigner.com accessed on 24 March 2021) and purchased from
Integrated DN A Technologies (Leuven, Belgium). Oligo sequences, genomic coordinates,
and annealing temperatures are given in Table S3. For the assay, 1 ug of genomic DNA
was bisulfite-converted using the EZ DNA Methylation kit (Zymo Research Europe GmbH,
Freiburg, Germany) according to the manufacturer’s recommendations. Bisulfite converted
DNA was eluted in 60 pL and 1 uL of the dilution was used for amplification in 384-well
plates in a 5-uL reaction volume using 0.2 U of HotStarTaq (Qiagen, Hilden, Germany),
1 pmol of each oligo, and 1 nmol of dNTPs. The reaction was run in a thermocycler at
95 °C for 15 min and 35 to 45 cycles at 94 °C for 30 s, annealing (52, 56, or 60 °C) for
30 s, 72 °C for 1 min, and a final extension of 5 min at 72 °C. Subsequently, the PCR
product was in vitro transcribed and enzymatically cleaved using the MASSCleave T7
Kit (Agena Bioscience GmbH, Hamburg, Germany) and run on a MassArrayDX (Agena
Bioscience GmbH, Hamburg, Germany). A DNA methylation standard was generated by
whole genome amplification, WGA using Repli-G (Qiagen, Hilden, Germany) and in vitro
methylation using M.SssI (CpG) methyltransferase (New England Biolabs, Frankfurt am
Main, Germany). Standards of 0%, 20%, 40%, 60%, 80%, and 100% were generated by
mixing WGA DNA with WGA and in vitro-methylated DNA. For each assay, a methylation
standard was run in parallel. Methylation for individual CpG units was calculated with the
EpiTYPER 1.3 software. Subsequently, methylation values (0 to 1) for a given region were
calculated as the mean of the analyzed CpG units that passed the quality criteria. CpG
units were excluded from the analysis when: (i) less than 50% of all samples had values;
(ii) CpG units within one amplicon had an identical mass; and (iii) > 3 CpGs within one
CpG unit. DNA methylation values for the amplicons are given in Table S4.

4.7. Gene Set Enrichment Analysis

We collected unique genes that contained at least one significant DMR (FDR < 0.05,
llog2 fold change | > 1) within their gene bodies or promoter regions and subjected to func-
tional enrichment analysis with gProfiler2 with default options (version e103_eg50_p15_
eadf141) [105,106].

4.8. Motif Enrichment Analysis

Differentially methylated 250-bp regions in CLL patients with SF3B1 mutation com-
pared to CLL without SF381 mutation were used as input for findMotifsGenome.pl module
of HOMER v4.11.1 [107] with the following additional options: -nomotif -known -cpg -size
250. The DMRs were analyzed against 440 known motifs identified in vertebrate genomes
and available for hg38 annotation provided by HOMER.

4.9. Assessing the CLL Subtype

For this part of analysis, we remapped samples to the hg19 reference genome (Genome
Reference Consortium—GRCh37) and ran the QSEA R package v.1.14.0 [33], as before. We
used mean beta normalized values of the 250 bp bins that overlapped at least 145 bp with

46



Int. J. Mol. Sci. 2021, 22, 9337

the loci defined to classify CLL samples into methylation programming subtypes from
Oakes et al. [25]. The merged table with beta values of 27 samples from this study and
329 from the CLL Research Consortium (CRC) in Oakes et al., available in Supplementary
Table 510, was used to cluster the samples and draw a heat map with the same software
(Qlucore, Lund, Sweden, trial version) and settings used by the authors [25].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/1jms22179337/s1.
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Abstract: The SKP1, CUL1, F-box protein (SCF) complex represents a family of 69 E3 ubiquitin
ligases that poly-ubiquitinate protein substrates marking them for proteolytic degradation via the 265
proteasome. Established SCF complex targets include transcription factors, oncoproteins and tumor
suppressors that modulate cell cycle activity and mitotic fidelity. Accordingly, genetic and epigenetic
alterations involving SCF complex member genes are expected to adversely impact target regulation
and contribute to disease etiology. To gain novel insight into cancer pathogenesis, we determined
the prevalence of genetic and epigenetic alterations in six prototypic SCF complex member genes
(SKP1, CUL1, RBX1, SKP2, FBXW7 and FBXOb5) from patient datasets extracted from The Cancer
Genome Atlas (TCGA). Collectively, ~45% of observed SCF complex member mutations are predicted
to impact complex structure and/or function in 10 solid tumor types. In addition, the distribution
of encoded alterations suggest SCF complex members may exhibit either tumor suppressor or
oncogenic mutational profiles in a cancer type dependent manner. Further bioinformatic analyses
reveal the potential functional implications of encoded alterations arising from missense mutations
by examining predicted deleterious mutations with available crystal structures. The SCF complex
also exhibits frequent copy number alterations in a variety of cancer types that generally correspond
with mRNA expression levels. Finally, we note that SCF complex member genes are differentially
methylated across cancer types, which may effectively phenocopy gene copy number alterations.
Collectively, these data show that SCF complex member genes are frequently altered at the genetic
and epigenetic levels in many cancer types, which will adversely impact the normal targeting and
timely destruction of protein substrates, which may contribute to the development and progression
of an extensive array of cancer types.

Keywords: SKP1; CUL1; RBX1; SKP2; FBXW7; FBXO5; SCF complex; genome instability; chromosome
instability; cancer

1. Introduction

In 2020, ~20 million individuals throughout the world were newly diagnosed with can-
cer, while ~10 million succumbed to the disease [1]. Despite these statistics, the molecular
determinants (i.e., aberrant genes, proteins and pathways) underlying cancer development
and progression remain poorly understood. Accordingly, new insight into the molecu-
lar events driving oncogenesis is needed to aid in the development of novel therapeutic
strategies aimed at ultimately improving the lives and outcomes of those living with cancer.
Decades of biochemical and genetic data have shown that aberrant expression/abundance
of key proteins involved in critical biological processes (e.g., cell cycle regulation, DNA dam-
age repair, and apoptosis [2-8]) are drivers of disease development and progression [9-12].
In this regard, the ubiquitin-proteasome system, an essential protein degradation system in
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eukaryotes, is a fundamental regulator of cell function at the protein level and its aberrant
assembly and function are associated with malignant transformation and disease progres-
sion [13-17]. More specifically, the aberrant expression and function of the SCF (SKP1,
S-phase Kinase associated Protein 1; CUL1, Cullin 1; F-box protein) complex occurs in an
extensive array of cancer types [9,10,12,18-20]. However, additional studies are required
to understand its role in disease pathogenesis as the molecular mechanisms underlying
aberrant SCF complex function remain largely unknown.

The ubiquitin-proteasome system is best understood for its role in regulating pro-
tein abundance, where polyubiquitin chains are covalently attached to protein substrates
through the activities of the E1 (ubiquitin activating), E2 (ubiquitin conjugating), and
E3 (ubiquitin ligase) enzymes, targeting them for degradation by the 26S proteasome
(reviewed in [13,21,22]). Ubiquitin ligation to a specific protein substrate requires recog-
nition and binding by the E3 ligase enzyme [13,23], and so it is primarily responsible for
conferring substrate specificity and ultimately, proteasomal degradation [24]. The SCF
complex comprises the largest group of E3 ubiquitin ligases [25] that encompasses a diverse
array substrate specificities that includes cell cycle regulators (e.g., Cyclin E1, P27) [2,18],
transcription factors (e.g., c-MYC) [7,26] and regulators of DNA damage-response (e.g.,
RAD51) [3]. The SCF complex is comprised of three invariable core subunits, namely
SKP1, CUL1 and RBX1 (Really Interesting New Gene [RING]-Box protein 1), and one of
69 variable F-box proteins conferring substrate specificity [4]. Conceptually, RBX1 inter-
acts with the E2 enzyme and CUL], a scaffolding protein that brings the F-box protein
and its ligand within close spatial proximity of the E2 enzyme harboring the ubiquitin
moiety to be transferred to the substrate protein upon binding with SKP1 [27,28]. In this
regard, SKP1 serves as an adaptor between the SCF complex and the F-box proteins via
its conserved F-box motif [29-31]. F-box proteins are classified into one of three families
based on the presence (or absence) of specific protein motifs, including: 1) leucine-rich
repeat (FBXL), 2) WD-40 (FBXW) and 3) other (FBXO) [27,30,32,33]. As there are 69 distinct
F-box proteins there are 69 unique SCF complexes, each with distinct target specificities
that are collectively proposed to regulate hundreds to thousands of protein substrates for
ubiquitination [34]. Thus, aberrant expression of individual SCF complex members driven
by genetic and epigenetic changes are expected to adversely impact an extensive array of
proteins, which in turn is predicted to adversely impact biological pathways expected to
contribute to the development and progression of cancer. Indeed, alterations in various
SCF complex members occur in a vast array of cancer types and their altered expression has
more recently been shown to promote various forms of genome instability and corresponds
with early etiological events including cellular transformation [9-12] (reviewed in [20]).

In this study, we assessed both genetic and epigenetic changes in six key SCF complex
member genes including the three invariable core members (i.e., SKP1, CUL1 and RBX1)
and a single representative member from each of the three F-box families, including SKP2
(FBXL1), FBXW7 (CDC4) and FBXO5 (EMI1). Importantly, SKP2 and FBXW?7 encode well
studied F-box proteins and prototypical examples of an oncogene and tumor suppressor
gene, respectively, while FBXO5 encodes an F-box protein whose substrate specificities
and role in disease development is poorly understood and requires further in-depth study.
Using publicly available, patient-derived data from The Cancer Genome Atlas (TCGA)
extracted from numerous cancer types [35-37], we assessed the prevalence and types
of genetic and epigenetic alterations (gene mutations, copy number alterations [CNAs]
and methylation status) within each gene to determine their potential implications in
disease pathology. Overall, we determined that the six SCF complex member genes are
frequently altered in solid tumor samples and predominantly harbor missense mutations
predicted to be damaging. Overall, the mutations are generally distributed across the
entirety of their coding sequences, with FBXW?7 exhibiting several alteration hot-spots.
When combined with tertiary and quaternary structure (crystallographic) data, many of
the encoded amino acid substitutions are predicted to adversely impact protein—protein
interactions occurring between individual SCF complex members and/or their protein
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substrates, which is expected to prevent substrate protein degradation leading to their
aberrant accumulation. Beyond mutations, we also discovered that CNAs occur frequently
for all six genes and that while CULI and SKP2 predominantly exhibit copy number gains,
the remaining genes (SKP1, RBX1, FBXW7 and FBXOb5) exhibit more copy number losses
that correspond with reduced mRINA expression. Collectively, these data suggest that
SCF complex members may act as oncogenes and/or tumor suppressor genes in a context-
dependent or cancer-specific manner. Finally, we examined the methylation status of all six
genes and determined that each is differentially methylated across cancer types, suggesting
epigenetic misregulation may also contribute to cancer pathogenesis in a manner like that
observed following gene copy number losses. Collectively, these findings provide novel
insight into genetic and epigenetic alterations affecting the SCF complex and support the
possibility that aberrant expression and/or function of key SCF complex members may be
an early etiological event driving the development and progression of many cancer types.

2. Results
2.1. Genes Encoding SCF Complex Members Are Mutated Frequently in Cancer

To determine the mutational frequency and types of alterations occurring in the six pro-
totypic and representative SCF complex member genes (SKP1, CUL1, RBX1, SKP2, FBXW7
and FBXOb) across various cancers, TCGA data [35-37] were assessed as detailed in Ma-
terials and Methods. Briefly, mutational data, including frameshift deletions/insertions,
fusions, in-frame deletions/insertions, missense mutations (benign and damaging), non-
sense mutations and splice site/regions mutations were extracted from 10 solid tumor
types, and analyzed (Figure 1A), with the respective mutational frequencies provided in
Table S1. As shown in Figure 1A (left), each cancer type harbors mutations in the six SCF
complex member genes that typically range from ~2% in ovarian cancer to ~38% in uterine
cancer. Additionally, cursory analyses revealed that the core SCF complex member genes
typically harbor fewer than 20 mutations within a given cancer type (Figure 1A; right),
with specific genes, namely SKP1 and RBX1 having fewer than 10 mutations in each cancer
type. Conversely, CULI exhibits a higher mutational load in some cancers, as evidenced by
the 23 and 35 mutations observed in stomach and uterine cancers, respectively. Similarly,
the three F-box protein genes typically harbor few mutations, (1-20 total mutations) within
most cancer types (Figure 14; right); however, FBXW7 is the most frequently mutated gene
with 107 and 117 cases in colorectal and uterine cancers, respectively. Collectively, these
data reveal that SCF complex member genes are mutated in a diverse array of cancer types
with FBXW?7 being the most frequently mutated gene in many cases.

Next, to determine whether SCF complex member genes predominantly exhibit
specific mutational subtypes (i.e., frameshift deletion/insertion, fusion, in-frame dele-
tion/insertion, missense, nonsense or splice site/regions), TCGA sequencing data [35-37]
were scrutinized for each of the six genes. The mutational frequencies and the predicted
functional impacts of the single nucleotide polymorphisms (SNPs) (“benign”, “possibly
damaging” and “probably damaging”) were determined using Sorting Intolerant From
Tolerant (SIFT) and Polymorphism Phenotyping V2 (PolyPhen-2) (detailed in Materials and
Methods). Unfortunately, PolyPhen-2 and SIFT score estimates are derived from protein
alignments utilizing different protein databases, which sometimes results in inconsistent
predictions between approaches. Accordingly, only PolyPhen-2 data were employed for
mutation classification analyses, where missense mutations with “not available” (N/A)
prediction scores were excluded from all downstream analyses. In general, the overall
(Total) distributions of the various mutation categories (Figure 1B) are predominantly
enriched for “probably damaging” mutations (42.4%), followed by “benign” (20.6%) and
nonsense (14.8%) mutations, while individual genes are more variable. For example, SKP1
predominantly harbors missense “benign” mutations (47.8%), while other mutations (i.e.,
missense “probably” damaging; 8.7%) are less common. CUL1 exhibits numerous missense
mutations (36.6% “probably damaging”; 32.41% “benign”), while a majority of SKP2 mu-
tations are missense “benign” mutations (47.4%). In contrast, FBXW7 SNPs are primarily
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missense “probably damaging” mutations (54.5%), whereas FBXO5 alterations are largely
comprised of missense “benign” mutations (40%). In summary, while there is variation
in the frequency of each mutational class between the six genes, there is an overall bias
towards “probably damaging” missense mutations that supports the possibility that mu-
tations within SCF complex member genes may have adverse implications for complex
function and disease pathogenesis.
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Figure 1. Frequency and types of mutations of six SCF complex member genes in 10 cancer types. (A)
Bar graph (left) and heatmap (right) displaying the frequency and prevalence, respectively, of SCF
complex member gene mutations in 10 cancer types with the total number of cancer cases indicated
within brackets. Alteration categories include frameshifts, fusions, in-frame deletions/insertions,
missense, nonsense and splice site mutations. (B) Bar graph presenting the frequency of the alteration
categories from 10 cancer types, with the aggregate total frequencies provided in the last column
(Total). The total number of alterations identified for each gene are indicated within brackets.
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2.2. The Distributions of Encoded SCF Complex Alterations Are Consistent with a Tumor
Suppressor Mutational Load

To gain a greater insight into the overall distribution of encoded missense, truncating
and splice site alterations within the SCF complex members, the frequency and location
(i.e., amino acid position) of encoded alterations were assessed in 10 cancer types (Figure 2;
Table S2). In general, all SCF complex members exhibit alterations that span the length
of the encoded protein, an overall distribution that is consistent with a tumor suppressor
mutational load [38]. Interestingly, however, several alteration hot-spots were observed in
FBXW?7, a feature that is more commonly associated with oncogenes [38] (Figure 2). For
example, encoded alterations involving R465C/H/G occur in 58 cancer patient samples
(bladder, breast, colorectal, head and neck, stomach and uterine). Similarly, the encoded
alterations R479Q/G/L/P occur in 22 patient samples (bladder, breast, colorectal, head and
neck, pancreatic, stomach and uterine cancers). R505G/C/H/L substitutions account for
39 of the encoded alterations, in colorectal, head and neck, ovarian, stomach and uterine
cancers, whereas D520N/Y/H/E occurs in 22 bladder, colorectal, head and neck and
ovarian patient cases. Notably, the alteration hotspots detailed above reside within the
WD-40 domain of FBXW?7, which in some cases may adversely impact protein structure
(e.g., D520; discussed further below). Taken together, these data suggest that FBXW?7 (and
perhaps other SCF complex members) may exhibit tumor suppressor and/or oncogene-like
functions in a context/tissue-dependent manner.

2.3. Encoded Alterations in SCF Complex Members May Adversely Impact Protein Structure

Having described the frequency and location of encoded alterations in the preceding
sections, we next sought to explore the potential impact these changes have on the structure
and function by analyzing crystallographic data extracted from The Protein Data Bank
(PDB) [31,39]. Mutations deemed “deleterious” or “possibly/probably damaging” by SIFT
and Polyphen-2 (Table S2), respectively, are presented in Figures 3 and 4. SIFT deems an
alteration “deleterious” based on conserved amino acid positions, where alterations at
strongly conserved positions are expected to be intolerant to most substitutions [40]. By
contrast, PolyPhen-2 predictions are based on the stability and function of human proteins
using functional annotation of SNPs, maps coding SNPs to gene transcripts, extracts protein
sequence annotations and structural attributes [41]. Importantly, these specific amino acid
substitutions could critically impact SCF complex formation and function by disrupting
secondary structure, tertiary structure and protein—protein interactions.
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Figure 2. Distribution of the encoded alterations of six SCF complex members. Schematics depicting
the amino acid position (x-axis) and frequency (y-axis) of encoded alterations from 10 cancer types,
with the total number of each mutational subtype presented within brackets in the associated
bounding box. Key protein motifs of SCF complex members are denoted in green and red. Note that
light colors correspond to mutations of unknown significance and dark colors correspond to putative

driver mutations (* indicates a premature stop codon).

58



Int. J. Mol. Sci. 2022, 23, 84

B G543R

C-terminus

E485K |

vae1G  M719V

~

N-terminus

N-terminus

S62F
[Bladder  [MHead & Neck [MPancreas
[ Breast M Lung B skin
[ Colorectal [ Ovarian [ Uterine

Figure 3. Missense mutations underlie potentially damaging alterations in core SCF complex mem-
bers. (A) Partial crystal structure (missing amino acids 1-14; ribbon model) of the SKP1 (brown)-SKP2
(green) complex shows predicted detrimental alterations. Indicated amino acid substitutions are
deemed deleterious, possibly damaging or probably damaging by SIFT and PolyPhen-2 databases
(Table S2) and are predicted to impact protein—protein interactions between SKP1 and CUL1 or SKP1
and SKP2. Amino acids are denoted by their single letter code, numbers indicate amino acid position
in the SKP1 protein. Colored arrows identify cancer type in which the underlying mutation was
identified (see key). (B) Partial crystal structure (missing amino acids 1-16; ribbon model) of the CUL1
(green)-RBX1 (brown) complex presents predicted detrimental alterations. Indicated alterations are
deemed deleterious, possibly/probably damaging by SIFT and PolyPhen-2 and are predicted to
impact protein—protein interactions between CUL1-RBX1 or CUL1-SKP1. (C) Partial crystal structure
(missing amino acids 1-18; ribbon model) of the CUL1 (green)-RBX1 (brown) complex presents
predicted detrimental alterations. Indicated alterations are deemed deleterious, possibly/probably
deleterious by SIFT and PolyPhen-2 and are predicted to impact protein—protein interactions between
RBX1-CUL1 or RBX1-E2 conjugase.
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Figure 4. Missense mutations encode potentially detrimental amino acid substitutions in SKP2 and
FBXW?. (A) Partial crystal structure (missing amino acids 1-88; ribbon model) of the SKP1 (brown)-
SKP2 (green) complex presenting predicted damaging alterations. Indicated amino acid substitutions
are deemed deleterious, possibly/probably damaging by SIFT and PolyPhen-2 (Table S2) and are
predicted to impact protein—protein interactions between SKP1 and SKP2 or SKP2 and its target
proteins. Amino acids are denoted by their single letter code, numbers indicate amino acid position
in the SKP2 protein. Colored arrows identify cancer type in which the underlying mutation was
identified (see key). (B) Partial crystal structure (missing amino acids 1-262; ribbon model) of the
SKP1 (green)-FBXW?7 (brown) complex presents predicted damaging alterations. Indicated alterations
are deemed deleterious, possibly/probably damaging by SIFT and PolyPhen-2 and are predicted to
impact protein—protein interactions between SKP1 and FBXW?7 or FBXW?7 and its substrate proteins.

Recall that SKP1 is an invariable member of the SCF complex that recruits the variable
F-box proteins and their protein ligands [31]. Although SKP1 alterations occur most
frequently in uterine and lung cancers, most substitutions only occur in a single cancer
type, except for E133K/Q (bladder, breast; Figure 3A). Notably, ~50% of the encoded
alterations deemed “deleterious” and “probably/possibly damaging” occur within the
F-box protein recognition domain and affect net charge or alpha helicity including E133K/Q
(bladder; breast), K128Q (uterine), R126C (colorectal) and A106G (uterine). CULL1 is the
scaffolding member of the SCF complex [29] and alterations that potentially affect its ability
to bind with either SKP1 or RBX1 could critically impact SCF complex formation and
function. As with SKP1, most CUL1 alterations only occur within a given cancer type
with the exceptions of E485K (bladder; head and neck; pancreatic; uterine) and Q607H/K
(bladder; skin) (Figure 3B). Strikingly, ~50% of alterations involve glutamate residues that
are frequently converted to lysine residues, resulting in a change in net charge and include
E420K (bladder), E485K (uterine), E493K (head and neck), E733K (colorectal) and E457Q
(lung). Only five RBX1 alterations were identified as “deleterious” or “possibly /probably
damaging” across all patient samples including S62F (uterine), F81V (bladder), R86H
(colorectal), L88F (skin) and T90I (head and neck) (Figure 3C). These alterations occur
within the RBX1 zinc finger binding domain, which may impact interactions between
RBX1 and the E2 enzyme or CUL1. Finally, FBXO5 is an F-box protein whose substrates
remain largely unknown and has many “deleterious” and “possibly /probably damaging”
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alterations identified within colorectal and uterine cancers. Approximately half of the
substitutions in colorectal cancer convert a leucine residue to a larger residue such as L205F,
L220R and L259E. Conversely, there is a wide range of FBXO5 alterations in uterine cancer
that includes a serine to glycine conversion within the F-box motif (5278G), which could
potentially impact protein—protein interactions with SKP1 and the rest of the SCF complex.
Unfortunately, there is no available crystal structure of SKP1-FBXOS5 to date, therefore it is
difficult to speculate how these alterations may impact either substrate interactions or SCF
complex formation and function.

SKP2 is an F-box protein that has been primarily classified as an oncoprotein and
targets the products of proto-oncogenes such as Cyclin E1 and c-MYC for proteolytic
degradation [7,26,42,43]. SKP2 mutations occur most frequently in bladder, colorectal, skin
and uterine cancers and result in key amino acid substitutions, including L105F (uterine)
and S135C (bladder; Figure 4A), that are located within the F-box motif, which is critical
for interactions between SKP2 and the SCF complex [44]. Another important SKP2 protein
domain is the leucine-rich repeat, consisting of a hydrophilic cap and a hydrophobic
concave surface that are essential for ligand interaction [45]. Therefore, non-conservative
alterations within this region may impact the ability of SKP2 to recognize and ubiquitinate
protein targets. Substitutions in the leucine-rich repeat include the elimination of arginine
residues (positively charged aliphatic chain) and consist of R164C (lung), R182C (colorectal;
skin; uterine) and R234Q (colorectal). Other alterations in this domain include S203F
(bladder), P166Q and G239W (uterine). Importantly, amino acid substitutions within SKP2
have the potential to impede normal function which can result in the aberrant accumulation
of its substrate proteins.

FBXW? is an F-box protein with a WD-40 protein domain that is critical for sub-
strate specificity and whose target proteins includes cell cycle regulators and oncoproteins
such as Cyclin E1 and ¢-MYC [26,46,47]. Unlike SKP2, there are “deleterious” and “pos-
sibly /probably damaging” substitutions in all 10 cancer types assessed, with the highest
incidences occurring in breast, head and neck and uterine cancers. Substitutions within
the FBXW7 F-box motif include E287V /K (colorectal; lung; stomach), which induces a
change in net charge from negative to positive and L301P (breast), which is predicted to
disrupt alpha helicity (Figure 4B). As with SKP2, there is a trend for arginine substitutions
to occur across a diverse array of cancer types (bladder; colorectal; head and neck; stomach;
uterine). These positively charged hydrophilic residues often protrude from the protein
surface to participate in hydrogen bonding Van der Waals interactions in addition to aiding
in salt bridge formation [48,49]. Therefore, arginine substitutions could critically impact
the ability of the SCF complex to recognize substrates and regulate the abundance of tar-
get proteins. Notably, three of the four arginine substitutions are conversions to glycine
residues, all occurring in close spatial proximity of one another (40 residues), at the exterior
of the WD-40 ligand binding domain, which effectively eliminates a net positive charge
by replacing it with a small hydrophobic residue. Additional substitutions in the WD-40
domain include changes in net charge (E693K; ovarian), gain of a hydrogen bonding group
(G411S; pancreatic), or both (D520N/Y/H/E; bladder; colorectal; head and neck; ovarian).
Collectively, these encoded amino acid substitutions are predicted to adversely impact
the F-box proteins from interacting with the SCF complex and/or their protein substrates,
which is expected to promote the aberrant accumulation of substrates and contribute to
early disease development in certain instances.

2.4. SCF Complex Members Exhibit Frequent Copy Number Alterations in Cancer

While the preceding sections focused on specific mutations and their encoded amino
acid substitutions within the six SCF complex members, we sought to investigate the
prevalence of gene CNAs, which are expected to impact their overall expression levels.
Like the previous sections, TCGA data [35-37] from 10 cancer types were scrutinized for
CNAs including deep deletions, shallow deletions, gains and amplifications as described
within Materials and Methods, with the full list of CNAs provided in Table S3. In general,
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CNAs occur frequently in all 10 cancer types and collectively range from ~19% (pancreatic)
to ~85% (ovarian) (Figure 5A). More specifically, SKP1 and RBX1 predominantly exhibit
shallow deletions that range from ~12% (pancreatic) to ~46% (bladder) and ~7% (skin)
to ~79% (ovarian), respectively. In contrast, copy number gains occur most frequently
with CUL1 and range from ~13% (uterine) to ~50% (colorectal), whereas amplifications
are rare, ranging from ~1.5% (lung) to ~7% (ovarian). SKP2 also exhibits amplifications
ranging from ~0.5% (colorectal) to ~8% (lung) and a prevalence of gains ranging from
~12% (uterine) to ~46% (lung). Conversely, FBXW7 and FBXO5 typically harbor shallow
deletions ranging from ~15% (pancreatic) to ~66% (ovarian) and ~7% (uterine) to ~59%
(ovarian), respectively. Collectively, these data show that CUL1 and SKP2 predominantly
exhibit copy number gains (gains and amplifications), whereas SKP1, RBX1, FBXW7 and
FBXO5 tend to exhibit more copy number losses (shallow and deep deletions). Importantly,
these data lend further support to the possibility that aberrant expression of SCF complex
member genes adversely impacts complex function and may contribute to the development
and/or progression of many cancer types.

It should also be noted that there is a compounding effect when the individual frequen-
cies of shallow deletions and gains are concurrently assessed for the six genes. That is, the
combined frequencies are >50% for losses and gains in breast, colorectal and lung cancers,
the three most prevalent cancer types (Figure 5B). More specifically, the combined frequen-
cies of shallow deletions are 54% (colorectal), 74% (breast) and 84% (lung), while combined
frequencies of gains are 55% (breast), 61% (colorectal) and 72% (lung), which suggests that
aberrant SCF complex expression (i.e., decreases or increases) may be a significant, yet
underappreciated contributor to disease pathology in these cancer types. In support of this
possibility, mRNA expression levels are significantly altered (reduced or increased) in a
manner consistent with the specific CNA (i.e., loss or gain). For example, reduced mRNA
expression is typically associated with copy number losses (deep and shallow deletions)
for SKP2, FBXW7 and FBXO5 relative to the diploid state, while increased expression
typically occurs with copy number gains (gains and amplifications) (Figure 6). Consistent
with these findings, CNAs involving SKP1, CUL1 and RBX1 also correspond with overall
changes in mRNA expression levels. Collectively, these data show that CNAs and corre-
sponding changes in mRNA expression occur frequently for SCF complex member genes,
highlighting how CNAs likely adversely affect SCF complex expression and/or function.

2.5. SCF Complex Members Are Differentially Methylated in Cancer

To assess the methylation status of SCF complex member genes, 3-values and cor-
responding CNA data were exported from the TCGA Firehose Legacy dataset (https:
/ /gdac.broadinstitute.org/, accessed on 20 October 2021) using cBioPortal [35,36] (Figure 7;
Tables 54-59). Samples were characterized as hypomethylated (3 < 0.2), partially methy-
lated (0.2 < 3 < 0.7), or hypermethylated (3 > 0.7) as described within Materials and
Methods. Overall, SCF complex members exhibit diverse methylation profiles across the
10 cancer types. As expected, the methylation status of SKP1 varies by cancer type, with
SKP1 being hypomethylated (i.e., expressed) in the majority of colorectal, head and neck,
ovarian, stomach and uterine cases, whereas it tends to be partially or hypermethylated
(i.e., repressed) in bladder, breast, lung and pancreatic cancers. Note that for all cancer
types investigated, samples exhibiting SKP1 copy number losses also tend to correspond
with hypermethylated states (i.e., greater 3-values) relative to diploid samples or those
harboring copy number gains (Figure 7, Table 54). Overall, the methylation status of CUL1
is very similar to that of SKP1, as tumor samples with copy number losses also tend to be
hypermethylated; however, CULI is generally partially methylated or hypermethylated in
all uterine cancer cases (Figure 7, Table S5). Interestingly, RBX1 (Figure 7, Table S6) and
SKP2 (Figure 7, Table S7) tend to be hypomethylated across all cancer types, irrespective
of copy number status, whereas FBXW?7 is differentially methylated across cancer types
(Figure 7, Table S8). Briefly, FBXW?7 is hypomethylated in colorectal, head and neck, ovarian,
stomach and uterine patient samples and partially or hypermethylated in bladder, breast,
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lung, pancreatic and skin cancers. Finally, FBXO5 is partially methylated in bladder and
lung cancers, but is predominantly hypomethylated in all remaining cancer types (Figure 7,
Table S9). As methylation is a negative regulator of gene expression [50], increases in
methylation status may phenotypically mimic copy number losses and/or result in loss
of heterozygosity, whereas aberrant decreases in methylation status are expected to corre-
spond with increases in gene expression, which may phenocopy, to a limited extent, copy
number gains. Thus, aberrant increases or decreases in methylation status may adversely
impact SCF complex members harboring tumor suppressor [9,10,51,52] or oncogene-like
functions [53,54], respectively. Collectively, these data show that SCF complex member
genes are differentially methylated across a variety of cancer types and supports the possi-
bility that changes in methylation status may induce aberrant SCF complex function and
contribute to cancer pathogenesis.
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Figure 5. The frequency of gene copy number alterations of SCF complex members in 10 cancer
types. (A) Bar graphs depicting the frequency of CNAs (deep deletions; shallow deletions; gains;
amplifications) for six SCF complex member genes in 10 cancer types (Table S3). Cancer types are
listed along the x-axis with the number of cases of each indicated in brackets. (B) OncoPrint data
for breast, colorectal and lung cancer depicting the individual and cumulative frequencies for only
shallow deletions (left) and gains (right) of six SCF complex member genes. Vertical alignments
within a given cancer type identify samples from the same patient; patient-specific comparisons
cannot be made between categories (i.e., shallow deletions versus gains).
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Figure 6. SCF complex copy number alterations correspond with changes in mRNA expression
levels. Violin plots of mRNA expression data [35-37] from the three commonly diagnosed cancers
(i.e., breast [top row], colorectal [middle] and lung [bottom]). SKP1, CUL1, RBX1, SKP2, FBXW?7,
and FBXO5 CNAs (deep deletions; shallow deletions; gains, amplifications) and diploid cases are
presented along the x-axis with total case numbers indicated within brackets. Note that categories
with < 2 cases are identified by dots and that in general, deep deletions, and amplifications are rare.
Note that some of the y-axes are differentially scaled to better present the data.
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Figure 7. The SCF complex is differentially methylated in human cancers. Box-and-whisker plots

presenting the methylation status of cancer samples derived from TCGA Firehose Legacy data
(https:/ / gdac.broadinstitute.org/, accessed on 18 November 2021) (see Tables S4-59). Associated
-values of SCF complex members are presented along the y-axis. Note that the y-axis scale for

RBX1 and SKP2 (0.4 and 0.8, respectively) differ relative to the remaining genes (1.0) for better data

visualization. Methylation data are grouped according to gene CNAs (deep deletion; shallow deletion;

gain; amplification) or diploid status (x-axis).
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3. Discussion

In this study, we examined the genetic and epigenetic changes associated with six
prototypic SCF complex member genes across 10 common cancer types. First, we deter-
mined that each member is somatically mutated across multiple cancer types, with FBXW7
exhibiting the most frequent number of mutations. Additionally, we determined that the
mutations are typically distributed across the entirety of their respective coding regions,
which is consistent with the mutational distribution of a tumor suppressor gene [38]; how-
ever, FBXW?7 also harbored focal hot-spots that are consistent with the mutational profile
of an oncogene [38]. Interestingly, in silico analyses determined that many of the encoded
amino acid substitutions are predicted to adversely impact protein structure and/or func-
tion of the SCF complex, supporting a potential role in cancer pathogenesis. Next, CNA
analyses revealed that each gene is frequently altered in 10 common cancer types, and that
SKP1, RBX1, FBXW7 and FBXO5 tend to exhibit more losses, while CULT and SKP2 exhibit
more gains. It is also important to note that the specific categories of CNAs corresponded
with similar changes in gene expression at the mRNA levels. That is, cancers with deep
or shallow deletions exhibited reduced mRNA expression levels relative to diploid cases,
while those harboring gains or amplifications exhibited increases. Finally, examination of
their DNA methylation profiles revealed a large range of patterns for each gene. In general,
samples harboring copy number losses (particularly shallow deletions) were frequently
hypermethylated relative to the diploid cases or those with copy number gains (gains or
amplifications). In summary, these findings determined that the six SCF complex member
genes exhibit frequent mutations, CNAs and/or aberrant methylation profiles that collec-
tively are predicted to adversely impact complex member expression and/or function that
is consistent with an etiological role in cancer development and progression.

When assessing the amino acid substitutions in conjunction with available crystal
structure data, our results highlight the potential functional impact that encoded alterations
may have on the SCF complex and identifies a possible mechanism by which aberrant
SCF complex structure and function may contribute to cancer pathogenesis. Importantly,
additional functional studies are highly warranted as not every mutation (and encoded
alteration) will have pathogenic implications in cancer; however, it is well established that
specific amino acid substitutions can adversely impact protein structure and function, and
thus have the potential to contribute to disease pathogenesis. For example, the mutations
we identified that alter key amino acid characteristics, including net charge, hydrogen
bonding ability and steric interactions (i.e., protein—protein interactions) within the leucine-
rich repeat domain of SKP2 or the WD-40 domain of FBXW?7 can decrease the affinity and
specificity of these binding sites for their protein substrates, including the oncoproteins
Cyclin E1 and ¢-MYC [26,47,55]. SKP2 also targets P27 (CDKN1B) for proteolytic degra-
dation, a cell cycle regulating protein that inhibits Cyclin Dependent Kinase activity [56].
Importantly, aberrant P27 accumulation is associated with chromosome instability (CIN;
ongoing changes in chromosome numbers) and mitotic defects [2,53,57], whereas aberrant
Cyclin E1 and ¢-MYC turnover lead to cell cycle and apoptotic defects that promote can-
cer development and progression [9,10,12,58-61]. In fact, increased c-Myc expression in
mouse embryonic fibroblasts increases growth rate, enhances clonogenic growth, decreases
in contact inhibition and spontaneously forms tumors in mice within 10 days [62], pro-
viding strong evidence that deregulated c-MYC expression exhibits a significant role in
tumorigenesis. Importantly, while the c-MYC protein is overexpressed in ~70% of human
cancers, typically only ~20% of tumors harbor c-MYC gene amplifications or translocations
and thus it remains possible that aberrant c-MYC turnover/degradation may account for
this discrepancy [63]. Thus, these findings highlight the importance of c-MYC regulation
at the protein level and the possible malignant consequences of abnormal SCF complex
function. Moreover, the detrimental impact encoded alterations have on protein structure
and function is perhaps best exemplified by Wang and colleagues [55], who determined
that D331 within the leucine-rich repeat domain of SKP2 is essential for its interaction with
CKS1 (Cyclin-dependent Kinases regulatory protein 1) and the subsequent ubiquitination
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of P27. More specifically, they noted that a D331A substitution converted the normally
negative surface potential to a positive potential, which ablated the SKP2-CKSI1 interaction,
while a conserved substitution, D331E, maintained the interaction. Similarly, amino acid
substitutions involving R417 and R457 within the WD40 domain of FBXW?7 abolish Cyclin
E binding, while R495 substitutions reduce binding affinity [47,64]. While none of these
alterations were detected within the current study, their results highlight the need and value
of downstream genetic and functional studies aimed at assessing the plethora of individual
substitutions to accurately determine their impacts on protein—protein interactions and
overall SCF complex function. This is particularly important as the SCF complex regulates
numerous biological processes required for genome stability, including cell cycle progres-
sion, centrosome biology and DNA repair [9,10,12,19,20,65]. Thus, it is conceivable that
specific amino acid substitutions occurring in key protein motifs may adversely impact SCF
complex function and underlie the accumulation of protein substrates, especially (proto-)
oncogenes whose increase in abundance promotes genome instability and contributes to
cancer pathogenesis [9,10,12,19,20]. For example, CCNE1 (Cyclin E1) is an established
oncogene [58,66,67] that is genomically amplified in many cancer types [35-37] and whose
overexpression induces CIN, which is associated with cell cycle misregulation, genome
instability, cellular transformation and tumor formation in mice [59]. More specifically,
Karst and colleagues [67] determined that increased abundance of Cyclin E1 leads to inap-
propriate cell growth including accelerated growth, loss of contact-inhibition, clonogenic
growth and anchorage independent growth. Moreover, we recently demonstrated that
reduced expression of SKP1, CULI and RBX1 prevents Cyclin E1 degradation leading
to an increase in abundance that induces CIN and promotes cellular transformation in
colorectal and ovarian cancer contexts [9,10,12]. As the three core SCF complex mem-
bers interact in an epistatic manner, it is reasonable to assume that specific alterations to
any of these proteins will adversely impact complex formation and lead to abnormal in-
creases in Cyclin E1 abundance. Additionally, it was also shown through the use of genetic
rescue experiments that the aberrant increases in Cyclin E1 observed following FBXW7
inactivation in colorectal cancer cells were an underlying mechanism driving increases in
CIN [68]. Importantly, SKP2 and FBXW7 regulate Cyclin E1 turnover [2,18,25,46] and thus
specific SKP2 and FBXW7 mutations, CNAs or altered methylation (i.e., hypermethylation)
status are predicted to adversely impact Cyclin E1 abundance and contribute to disease
pathogenesis. Thus, it is the collective lack of Cyclin E1 turnover arising from defects in
the expression and/or function of SCF complex members that is expected to phenocopy
genomic amplification of CCNE1 and contribute to cancer pathogenesis. Given estimates
that the SCF complex targets hundreds to thousands of proteins, it is possible that the
aberrant regulation (i.e., turnover) of additional protein substrates, such as P27, RAD51,
¢-MYC may also contribute to cancer pathogenesis [3-5,7,43,69].

While TCGA data reveal that CNAs of the six SCF complex member genes are common
in cancer and are either predominantly gained or lost, it is important to highlight the pheno-
typic consequences that these CNAs may have in cancer irrespective of their traditionally
established oncogenic or tumor suppressive roles. Previous genetic studies have shown
that heterozygous knockout of SKP1, CUL1, RBX1 and FBXO?7 induces CIN [9-11], an
enabling hallmark of cancer [70] frequently associated with cellular transformation, drug
resistance, metastasis and poor patient prognosis in many cancer types [71-75]. Indeed,
CIN is a dynamic form of genome instability that drives ongoing changes in genetic and
cell-to-cell heterogeneity that is proposed to contribute to cancer development by increasing
the rate at which oncogenes, tumor suppressor genes and cell cycle regulators are gained,
lost, or altered [76—78]. Importantly, the phenotypic consequences corresponding with
cancer development (e.g., CIN) following aberrant expression of SCF complex members
may vary and are likely to arise via the misregulation of protein substrates in a context-
dependent manner. For example, overexpression of SCF complex members may result in
excess degradation of protein substrates with tumor suppressor functions, and has been
associated with cancer cell stemness, tumor progression and worse patient survival [79-86].
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Similarly, amplification and overexpression of SKP2 promotes the increased degradation of
P27 and disease progression [56] and is associated with worse survival outcomes and poor
response to therapy in numerous cancer types [87-89], contributing to SKP2 being tradi-
tionally classified as an oncogene. Conversely, other studies have shown that reduced SKP2
expression leads to aberrant increases in P27 abundance that is suggested to prevent mitotic
entry and result in increased nuclear areas [2], a CIN-associated phenotype [70,90-92]
suggestive of large increases in DNA /chromosome content (i.e., polyploidy) [69]. In con-
trast, FBXW?7 has been primarily classified as a tumor suppressor gene [51,52] and loss
of SCFFBXW7 activity corresponds with aneuploidy, micronucleus formation (extranuclear
bodies found outside the primary nucleus and a hallmark of CIN), sister chromatid co-
hesion defects and chromosome segregation defects (i.e., CIN) [68,93]. However, our
data support the possibility that FBXW7 may also exhibit oncogene-like roles as gains,
amplifications and mutational hot-spots were observed [38]. Indeed, Galindo-Moreno
and colleagues [94] determined that FBXW?7 amplification in tumors harboring wild-type
TP53 expression reduced breast cancer patient survival but did not impact survival of
patients with skin or bladder cancers. Accordingly, these collective data highlight that
losses or gains of FBXW? (and perhaps other SCF complex member genes), may adversely
contribute to cancer pathogenesis in a context-dependent manner [95]. With respect to
FBXO5, Marzio et al. [3] recently determined that reduced FBXO5 expression corresponds
with a DNA re-replication phenotype (i.e., endoreduplication) in a breast cancer model
and that loss of its F-box dependent function leads to increases in RAD51 abundance (a
homologous recombination repair protein). In contrast, Vaidyanathan and co-workers [96]
determined that FBXO5 overexpression corresponds with increases in mitotic defects (e.g.,
lagging and incorrect segregation of chromosomes) and aneuploidy that promotes CIN
in transgenic mouse models. Additionally, it is important to note that while each F-box
protein targets a distinct array of protein substrates, there is some functional redundancy
between F-box proteins, in that multiple F-box proteins can share specific substrates. For
example, while SKP2 and FBXW?7 exhibit distinct substrate profiles, both target Cyclin E1
and c-MYC for proteolytic degradation [2,7,26,43]. Thus, this inherent functional redun-
dancy may serve as a compensatory mechanism to limit the functional outcomes associated
with the aberrant expression and/or function of a given F-box protein. Therefore, with the
knowledge that 69 distinct SCF complexes are predicted to target hundreds to thousands
of protein substrates, aberrant expression of the core SCF complex members are expected
to evoke greater phenotypic consequences than alterations involving the individual F-box
proteins. In this regard, future functional studies are required to determine the impacts
aberrant expression and function of each individual SCF complex member have on protein
substrates, genome instability and disease pathogenesis are now highly warranted.

In summary, this study revealed that the six SCF complex member genes predomi-
nantly exhibit missense damaging mutations, a subset of which likely impact SCF complex
function by disrupting protein—protein interactions between SCF complex members and
their protein substrates. Further, the distribution of the encoded amino acid substitutions
and CNA data support the possibility that SCF complex members may exhibit both tu-
mor suppressive or oncogenic roles that will likely be disease and context dependent.
Finally, we determined that SCF complex members tend to be differentially methylated
across multiple cancer types, which may phenotypically mimic certain CNAs (e.g., shallow
deletions) and contribute to cancer pathogenesis but in an epigenetic manner. Ultimately,
these alterations may underlie the aberrant accumulation of protein substrates that are
implicated in CIN [2,9,10,12,59] and cancer pathogenesis [3,7,26,67,97,98]. Unfortunately
however, the complete spectrum of target specificities of all 69 F-box proteins and their
implications for disease development remain largely unknown or poorly characterized.
Accordingly, functional studies are now required to determine the specific outcomes driven
by aberrant expression and/or function of each SCF complex member gene and its impact
on substrate accumulation to better understand the molecular determinants giving rise
to cancer development, which will be critical to develop innovative precision medicine
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strategies to better combat the disease. For instance, as aberrant SCF complex function
is associated with CIN [9,10,12], developing biomarkers to detect abnormal SCF complex
expression could aid early diagnosis in cancers that exhibit high levels of CIN, including
colorectal [99] and ovarian cancers [100,101], where early disease detection will be critical
to ultimately improve patient outcomes [102,103]. Thus, future studies need to be designed
that compile and analyze patient sample datasets for mutations, CNAs and methylation
changes with matched normal samples and patient outcomes to gain a comprehensive
understanding of how genetic alterations are associated with disease and their impact on
patient outcomes. In addition, studies aimed at investigating the pathogenic implications
of SCF complex alterations are needed to gain a greater understanding of the etiological
events contributing to oncogenesis.

4. Materials and Methods
4.1. Genomic Datasets and Data Collection

Two publicly available TCGA patient-based datasets were utilized for this study,
including TCGA Pan-Cancer Atlas [37] (mutation data and gene CNAs) and TCGA Firehose
Legacy (methylation data; https:/ /gdac.broadinstitute.org/, accessed on 20 October 2021).
Genetic analyses were performed in cBioPortal (https://www.cbioportal.org, accessed on
20 October 2021) [35,36] for SCF complex members SKP1, CUL1, RBX1, SKP2, FBXW7 and
FBXO5. Patient datasets included bladder urothelial carcinoma, breast invasive carcinoma,
colorectal adenocarcinoma, head and neck squamous cell carcinoma, lung adenocarcinoma,
ovarian serous cystadenocarcinoma, pancreatic adenocarcinoma, skin cutaneous melanoma,
stomach adenocarcinoma and uterine corpus endometrial carcinoma patient samples. All
TCGA datasets were accessed no later than 10 November 2021.

4.2. Assessing the Frequency, Distribution and Predicted Functional Impact of Encoded SCF
Complex Mutations

SCF complex member SNPs were evaluated to assess the frequency and the predicted
functional impact of encoded alterations. Mutational frequencies were calculated as follows:
total mutations within a given mutation class (n)/total number of mutations (N) for each
gene x 100%. SNPs were assessed using SIFT (https:/ /sift.bii.a-star.edu.sg/, accessed on 9
November 2021) [104] and PolyPhen-2 (http:/ /genetics.bwh.harvard.edu/pph2/) [105];
Note that only single amino acid substitutions can be assessed using PolyPhen-2 and SIFT,
where the remaining alterations (e.g., fusions, splice sites) are denoted with not applica-
ble (N/A). For reference purposes, SIFT classifies SNPs as tolerated or deleterious [104],
whereas PolyPhen-2 classifies SNPs as benign, possibly damaging or probably damag-
ing [105]. Conceptually, SIFT assesses the conservation of an amino acid position (i.e.,
sequence identity /similarity) across species, where substitutions occurring at highly con-
served positions that are deemed “deleterious” [40]. By contrast, PolyPhen-2 predicts the
impact of substitutions on the stability and function of proteins using functional annotation
of SNPs, maps coding SNPs to gene transcripts, extracts protein sequence annotations
and structural attributes to create a score ranging from 0.0 (benign) to 1.0 (damaging) to
ultimately assign it as “benign”, “possibly damaging” or “probably damaging”. A predic-
tion of “possibly damaging” means that the substitution is predicted to be damaging, but
with low confidence [41]. To display the spatial distribution and category of the encoded
alterations (e.g., missense, truncating, splice or fusion), lollipop diagrams were extracted
from cBioPortal [35-37] and alterations were classified as: (1) missense (unknown signifi-
cance); (2) missense (putative driver); (3) truncating (unknown significance); (4) truncating
(putative driver); (5) splice (unknown significance); or (6) or splice (putative diver). Figures
presenting mutational data were generated with Prism v9 (GraphPad, San Diego, CA, USA)
and assembled in Photoshop 2022 (Adobe, Toronto, ON, Canada).
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4.3. Assessing the Predicted Structural Impact of Encoded SCF Complex Alterations

Crystal structures for SCF complex members were retrieved and visualized using
the PDB (https:/ /www.rcsb.org/, accessed on 9 November 2021) [39]: (1) SKP1 (PDB ID:
1FQV [31,39]); (2) CUL1 (PDB ID: ILDJ [39,106]); (3) RBX1 (PDB ID: ILDJ [39,106]); (4) SKP2
(PDB ID: 1FQV [31,39]); and (5) FBXW?7 (PDB ID: 20VP [39,107]). No crystal structure is
available for FBXO5 (EMI1). All datasets were accessed no later than 10 November 2021.
Figures were assembled in Photoshop.

4.4. Gene Copy Number Alteration and mRNA Expression Analyses

Gene CNA data were extracted from TCGA Pan-Cancer Atlas [37] with CNAs iden-
tified using the following Onco Query Language commands in cBioPortal [35,36]: (1)
HOMDEL, deep deletion (i.e., loss of 2 alleles); (2) HETLOSS, shallow deletion (i.e., loss of
1 allele); (3) GAIN, small gain (i.e., gain of 1 allele); and (4) AMP, large amplification (i.e.,
gain of > 2 alleles). OncoPrint and mRNA expression data were retrieved using cBioPortal
(no later than 10 November 2021) to identify the individual and cumulative frequencies of
CNAs (shallow deletions and gains) which were compared with their respective mRNA
expression z-scores (z = expression in tumor sample-mean expression in reference sam-
ple[diploid])/standard deviation of expression in reference sample[diploid]) for breast,
colorectal and lung cancers. Figures presenting CNA data were generated in Prism and
assembled in Photoshop.

4.5. Assessing the Methylation Status of SCF Complex Members

The methylation status of each gene was assessed using beta (3) values and correspond-
ing CNA data and extracted from TCGA Firehose Legacy (https://gdac.broadinstitute.
org/) for each cancer type. Briefly, 3-values were calculated as follows: 3 = M/M + U,
where M > 0 and U > 0 represent the methylated and unmethylated signal intensities mea-
sured by the Illumina 27k (ovarian serous cystadenocarcinoma) or 450k BeadChip arrays
(all other cancer types), respectively [108]. For each gene, samples were characterized as
being hypomethylated (3 < 0.2), partially methylated (0.2 < < 0.7), or hypermethylated
(B > 0.7). All data were accessed no later than 10 November 2021. Figures presenting
methylation data were generated in Prism and assembled in Photoshop.
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