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Abstract: Bernese mountain dogs (BMDs), have an overall cancer incidence of 50%, half of which is
comprised of an otherwise rare tumor, histiocytic sarcoma (HS). While recent studies have identified
driver mutations in the MAPK pathway, identification of key predisposing genes has been elusive.
Studies have identified several loci to be associated with predisposition to HS in BMDs, including
near the MTAP/CDKN2A region, but no causative coding variant has been identified. Here we report
the presence of a coding polymorphism in the gene encoding FANCG, near the MTAP/CDKN2A
locus. This variant is in a conserved region of the protein and appears to be specific to BMDs. Canine
fibroblasts derived from dogs homozygous for this variant are hypersensitive to cisplatin. We show
this canine FANCG variant and a previously defined hypomorphic FANCG allele in humans impart
similar defects in DNA repair. However, our data also indicate that this variant is neither necessary
nor sufficient for the development of HS. Furthermore, BMDs homozygous for this FANCG allele
display none of the characteristic phenotypes associated with Fanconi anemia (FA) such as anemia,
short stature, infertility, or an earlier age of onset for HS. This is similar to findings in FA deficient
mice, which do not develop overt FA without secondary genetic mutations that exacerbate the FA
deficit. In sum, our data suggest that dogs with deficits in the FA pathway are, like mice, innately
resistant to the development of FA.

Keywords: Bernese mountain dog; histiocytic sarcoma; fanconi anemia; cancer; comparative genetics

1. Introduction

Domestic dogs have remarkably high cancer rates as compared to humans [1]. The
predilection for certain dog breeds to succumb to particular cancers strongly suggests a
genetic basis for breed-associated malignancies [2,3]. One of the highest breed-specific
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cancer associations is for histiocytic sarcoma (HS), which occurs at a rate as high as 25% in
Bernese mountain dogs (BMD); this breed has an overall cancer rate of more than 50% [4].
Histiocytic sarcomas derive from the myeloid-dendritic cell lineage, and while rare in both
species, have a high frequency of occurrence in certain dog breeds such as BMDs. Other
breeds where HS is over-represented include the flat coated retrievers, rottweilers and
golden retrievers [5,6].

Histiocytic neoplasms account for less than 1% of all cancers of the soft tissue and
lymph nodes in humans [7]. In dogs and humans, they are quite heterogeneous with
presentations varying from mild, localized disease to disseminated and lethal disease,
involving many organ systems. While earlier studies classified the human histiocytic
disorders into Langerhans cell, non-Langerhans cell and malignant histiocytosis [8], recent
advances have pointed to the presence of clonal mutations of genes in the MAPK pathway
in many forms of histiocytic disease [9–11]; these led to a revised classification of these
disorders in the human in 2016 [7], and updated NCCN guidelines for classification and
treatment in 2021 [12] and 2022 [13]. With the clinical use of targeted small molecule
inhibitors of the key drivers, remarkable achievements in treatment with continued disease-
free survival of over two years have been demonstrated [10,14,15]. First reported by our
group [16,17], and followed by others [18], mutations in MAPK pathway, especially in
PTPN11 and in KRAS, have also been identified as key drivers in HS in dogs, further
demonstrating the significance of the dogs as excellent spontaneous translational models.
We have also demonstrated the potential efficacy of inhibitors of the MAPK pathway,
such as trametinib and dasatinib, in canine HS cell lines and mouse models of HS [19–21].
Despite these advances, key mechanistic insights into predisposition to HS have continued
to elude the field.

Fanconi’s Anemia (FA) is a genetic disease in humans with a heterogeneous phenotype;
the variability in phenotype is partially explained by the fact that Fanconi’s Anemia can
be caused by mutations in one of at least 22 different genes [22–26]. The phenotypes
that most commonly affect FA patients include: (1) bone marrow failure by age 40 (90%);
(2) congenital birth defects (60–70%), and cancer, most commonly acute myelogenous
leukemia (AML) (20%); a cancer that is derived from the monocyte/macrophage lineage.
The median age of death for FA patients is 30 years. Cells from patients with FA are
remarkably sensitive to DNA cross-linking agents, indicating a DNA repair function for
the FA pathway. Decades of research have shown that the FA pathway functions to protect
the genome during DNA replication. Briefly, if a DNA replication fork encounters a DNA
cross-link, the fork is arrested. The key event of the FA pathway is dependent on an
eight-protein core complex, the Fanconi anemia core (FANC) complex, which includes
FANCG. This complex directs mono-ubiquitylation of the FANCD2-FANCI complex and
targets the FAN1 nuclease to the DNA crosslink, “unhooking” the fork. After trans-lesion
synthesis bypasses across the “unhooked” adduct, nucleotide excision repair removes it
from the second strand [27–29]. Ubiquitylated FANCD2 promotes interaction of BRCA1
with BRCA2 (also called FANCD2) promoting the homologous recombination phase of
DNA cross-link repair [30].

Recently, association of HS susceptibility to loci near the MTAP-CDKN2A locus on
canine chromosome (CFA)11 has been shown in BMDs [31,32]. Markers at either end of
this locus are in linkage disequilibrium (LD). The canine genome has much longer regions
in LD (20–50 times longer than the human genome), and the genomes of certain breeds, for
instance BMDs, have longer regions in LD than others [33]. Although the CDKN2 genes are
well-characterized tumor suppressors, no clear impactful, coding polymorphisms have been
demonstrated [31,32]. Moreover, expression of the tumor suppressor transcripts was higher
in the allele associated with HS as compared to the protective allele, a counterintuitive
result if differing CDKN2 expression were to explain differences in susceptibility to HS. We
considered that a linked coding region polymorphism might contribute to the association
of this locus with HS and examined this region for coding polymorphisms.
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We report the identification of a polymorphism in canine FANCG (Fanconi’s Anemia
Complementation Group G, ~7 MB from the MTAP-CDKN2A locus, and explore its associa-
tion with the development of HS or to earlier age of onset of HS, and functional studies
examining the effect of this variant on DNA repair.

2. Materials and Methods
2.1. Selection of Cases

The BMD samples were part of our BMD DNA and Tissue Repository at Michigan
State University collected under MSU IACUC approval (AUF #08/15-127-00). All dog
owners provided written consent allowing the use of the submitted tissue and blood
samples for research. All cases of HS were confirmed with histopathology or cytology and
reviewed by a board-certified pathologist (TT). Germline DNA was isolated from blood
from 121 dogs, ages 1–12.5, with a confirmed HS diagnosis. To explore relationship of
onset of age in an unbiased manner, all dogs diagnosed with HS that were younger than
6 years of age and had blood samples in the repository (totaling 24 dogs) were included in
the study. Owners of the dogs in the repository that had reached ages 9 or greater were
contacted, and all were included in the genotyping in the “no cancer” group if they were
confirmed to be free of cancer based on owner declaration (n = 66).

BMDs with Cancers other than HS: Blood was available from 21 BMDs, (ages 1–12.5 years,
average age 7.9) with a diagnosis of cancer other than HS. These included 8 males and
13 females. The cancer types included: cholangiocarcinoma (n = 1), adenocarcinoma (n = 2),
lymphoma (n = 5), carcinoma (n = 1), hemangiosarcoma (n = 2), unspecified brain tumor
(n = 1), round cell tumor (n = 1), osteosarcoma (n = 3), sarcoma (n = 1), fibrosarcoma (n = 1),
unspecified cancer (n = 1), and multiple cancers (n = 2, lymphoma and spindle cell tumor;
melanoma and unspecified cancer).

Multiple breed panel: A DNA panel from various breeds of dog, established from dogs
(n = 5 per breed) unrelated to each other for over three generations was used. The breeds
represented included the greyhound, pointer, border collie, Labrador retriever, German
shepherd, Scottish terrier, beagle, Doberman pinscher, Siberian husky and cocker spaniel,
as well as five mixed bred dogs.

2.2. Isolation of DNA

DNA was extracted from blood samples banked in our laboratory as the BMD DNA
and Tumor Repository. Blood samples were obtained from client-owned dogs and shipped
with cold packs to MSU, where they were kept in aliquots at −80 ◦C. Genomic DNA
was extracted from 100 µL of whole blood using the DNeasy Blood and Tissue kit (69504,
Qiagen LLC., Germantown, MD, USA). For quantification, the DNA concentrations were
measured by Qubit™ dsDNA HS kit (Q33230, Thermo Fisher Scientific Inc., Waltham, MA,
USA) using a Qubit 2.0 fluorometer (Thermo Fisher Scientific Inc., Waltham, MA, USA).

2.3. Library Preparation and Whole Exome Sequencing

The SureSelect Canine Exome and SureSelect XT library preparation kits (Agilent Inc.,
Santa Clara, CA, USA) were used to prepare the DNA from the blood of an 8-year-old BMD
affected with HS for sequencing. Paired end sequencing was carried out using Illumina
HiSeq 2500 High Output Flow Cell (2 × 125 bp). Library preparation and sequencing were
performed at Michigan State University Research Technology Support Facility Genomics
Core. Resulting sequence data were aligned to the CanFam3.1 reference genome using
Bowtie2 [34]. Variant calling was performed using Freebayes and GATK [35,36].

2.4. Genotyping Assays

DNA samples were genotyped using custom-made TaqMan SNP Genotyping As-
says specific for the MTAP and FANC alleles, assay IDs were AN9HM4H, part number
4,332,077 and AHUAP1T, part number 4,332,077, respectively, in 96-well plate format.
Each genotyping reaction contained 0.5 µL of 20× TaqMan Custom SNP Assay, 5 µL of
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TaqMan Genotyping Master Mix (4,371,355, Thermo Fisher Scientific Inc., Waltham, MA,
USA) and 5 µL of genomic DNA at 2 ng/µL. For each assay, two no-template negative
controls containing DNase free water, and three positive controls with known genotypes,
one heterozygous, and two others (homozygous for each allele) were included. Genotyping
was conducted in real-time PCR mode using a StepOnePlus or Quant3Studio PCR Sys-
tem (Thermo Fisher Scientific Inc., Waltham, MA, USA) following the cycling conditions
instructed by the manufacturer. All assays were performed in duplicate.

2.5. Measurement of Height at Withers and Weight and Complete Blood Count

BMD owners who were known to be veterinarians, veterinary technicians or biomedi-
cal researchers, and whose dogs were part of the BMD DNA and Tissue Repository, were
contacted for participation in this study and instructed to measure height at withers and
provide weights of their dogs, and when available provide complete blood count (CBC)
information from their records. In addition, Dr. Cheri Beasley and her colleagues at Cedar
Creek Veterinary Clinic kindly provided weight, height at withers, and CBC information
and blood samples for 15 healthy BMDs with client consent.

2.6. Cell Culture, Plasmids, and Transfection

Primary fibroblasts from an HS affected BMD were derived from leftover surgical
specimens from the MSU Veterinary teaching hospital. Normal fibroblasts were described
previously [37]. The 293T cells were the generous gift of Dr. Kefei Yu (who obtained the
cell strain from ATCC). Cells were cultured in Dulbecco’s MEM with 10% fetal calf serum,
penicillin/streptomycin, and cipro (complete medium), and maintained at 37 ◦C with
5% CO2.

2.7. Cas9-Mediated Gene Disruption

Cas9-targeted gene disruption was performed using methods similar to those reported
by Mali et al. [38]. Briefly, oligonucleotides encoding gRNA targets spanning 20 nucleotides
5′ of the PAM site were synthesized (Integrated DNA Technologies Inc., Coralville, IA,
USA), and ligated into the BSSH1 site of pCAS2A puro (Addgene, Watertown, MA, USA)
that allows co-expression of a specific gRNA, Cas9, and the puromycin resistance gene.
Cells were transfected with 2 µg plasmid in 200 µL Optimem (Thermo Fisher Scientific
Inc., Waltham, MA, USA) and 4 µL PEI polyethylenimine (PEI, 1 ug/mL, Polysciences Inc.,
Warrington, PA, USA). To promote homology directed repair (to generate the two specific
mutations), 120 bp oligonucleotides encoding each, as well as a silent mutation generating
a novel restriction site, was co-transfected. At 48 h after transfection, cells were replated
at cloning densities in media containing puromycin (1 µg/mL). Puromycin was removed
after 72 h. Isolated clones were selected, and DNA isolated with DNAzol (Sigma-Aldrich,
St. Louis, MO, USA) according to the manufacturer’s protocol. Clones were screened by
PCR amplification using primers as listed in Table S1, and the presence of the anticipated
mutations were confirmed by TA cloning (Invitrogen, Waltham, MA, USA) and sequencing
of PCR products. The 20-mers specific for each gRNA (without BSSH1 overhangs) and the
sequences of primers used are detailed in Table S1.

2.8. Viability Assays

Viability assays were carried out using the MTS assay (Promega Corporation, Madison,
WI, USA) for 293T cells and primary fibroblast cell strains, according to the manufacturer’s
directions. Five thousand cells were plated in each well of a 96-well plate, containing
medium with varying concentrations of cisplatin (APP Pharmaceuticals LLC, Schaumburg,
IL, USA). After 4 to 5 days of cisplatin treatment, 20 µL MTS was added; absorbance was
read at 490 nm to determine relative survival, as compared to vehicle controls.
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2.9. Immunoblotting

The 293T cells were treated with 20 µM cisplatin, or mock treated with vehicle
(0.9% NaCl) overnight. Whole cell extracts were prepared by solubilization in the fol-
lowing buffer: 50 mM HEPES, 150 mM NaCl, 1 mM EDTA, 5 mM MnCl2, 0.1% TritonX-100,
and 300 µg/mL DNAse; after 5 min on ice, an equal volume of SDS Page buffer was added.
Proteins were analyzed by electrophoresis on 6% SDS polyacrylamide gels and transferred
to PVDF membranes and probed with antibody. The FANCD2 antibody was obtained from
Santa Cruz (catalogue #28194).

2.10. Statistical Analysis

Statistical analysis was carried out using Graph Pad Prism 9.2.0, Graph Pad Software
Inc., (San Diego, CA, USA) with significance set at p < 0.05 for all studies. Specific tests
used for each data set are indicated in the associated figure and text.

3. Results
3.1. A Coding Variant in FANCG, Unique to the Genome of BMD is Identified

Exome sequence data from an 8-year-old BMD affected with HS was examined for
coding polymorphisms near MTAP/CDKN2A. A single homozygous nucleotide change
located at position CFA11:51655193 in CanFam3.1, XP_038537954.1:p.(Gln649Arg), now
listed as rs850607580:T > C in the European Variation Archive that would encode a Q > R
substitution at position 465, NP_004620.1:p.(Gln465Arg), based on the human protein, was
identified (Figure S1). The variant was found to be present in both germline and tumor
DNA. As can be seen in Figure 1, this Q > R substitution is in a well-conserved residue in
mammals. The alignment of the human transcript and predicted canine mRNA sequences
are presented in Figure S2. The variant residue is found in position 649 and 477 of the two
predicted canine transcripts.
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Figure 1. A germline-encoded FANCG polymorphism at position 465 in the human FANCG protein,
identified in BMDs. In the BMD variant allele, the reference residue Q, highlighted in yellow, is
substituted with R, highlighted in green. FANCG protein sequences of various mammalian species
were accessed from www.ncbi.nlm.nih.gov, 4 April 2022. FANCG proteins from multiple mammalian
species were aligned for comparison using Clustal Omega software (http://www.clustal.org/omega,
accessed on (4 April 2022)).

The structure of the canine and human FANCG genes is schematically depicted in
Figure 2. In both species there are 14 exons, with the first exon in the dog being longer and
containing two predicted start sites. The human and canine protein sequences encoded by
exons 2–14 show 81% identity and 93% similarity. Figure S3 further details similarities in
the 5′ UTR of the human and exon 1 of the dog, indicating 64% identity at the nucleotide
level even in the untranslated region of the human sequence.

www.ncbi.nlm.nih.gov
http://www.clustal.org/omega
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Figure 2. Comparison of FANCG gene structure between dog and human transcripts taken from
www.ensembl.org, accessed on 4 April 2022, and modified as detailed here. The transcripts colored
in red (�) are from the dog and were assembled using the CanFam3.1 reference genome (FANCG
transcripts 201 and 202, respectively). The transcript colored in gold (�) is from the human and
was assembled using the GRCh38 reference genome (FANCG transcript 201). In each transcript, the
variant which is the focus of this study is highlighted in blue at its respective codon on exon 10 of the
FANCG gene.

3.2. The FANCG Variant Is Unique to BMDs

We next explored whether this allele was present in dogs from other breeds. Using a
DNA panel from various breeds of dog (unrelated to each other for over three generations)
available in our laboratory, and examining five dogs of each breed (55 total), we determined
that all dogs in the panel were homozygous for the reference allele. The breeds represented
included the greyhound, pointer, border collie, Labrador retriever, German shepherd,
Scottish terrier, beagle, Doberman pinscher, Siberian husky and cocker spaniel, as well
as five mixed bred dogs. Additionally, searches for variants in the European Variation
Archive at the FANCG locus (CFA11:51652944-51659751 in CanFam3.1) yielded only a
single dog (a BMD) that carried the variant allele. This particular sample was part of a
whole genome sequencing project that included 590 canine samples (582 dogs of various
breeds and 8 wolves, https://www.ebi.ac.uk/eva/?eva-study=PRJEB32865, accessed on
14 July 2022). We performed a further search against data from the NHGRI Dog Genome
Project (genome-wide variant discovery), which contains whole genome sequencing data
from 722 canids (668 domestic dogs) from a variety of breeds. From this dataset, two
samples contained the FANCG variant of interest; when the metadata file was examined,
both samples were identified to be from dogs of the Bernese Mountain Dog breed (https:
//www.ncbi.nlm.nih.gov/bioproject/PRJNA448733, accessed on 14 July 2022). In total,
this allowed us to explore alleles in 1305 dogs, or 2610 chromosomes, with only 3 identified
dogs, all BMDs, carrying the variant allele: two were heterozygous, one was homozygous
for the variant allele.

3.3. The FANCG Variant Has a High Allele Frequency in BMDs

Using banked blood samples in our BMD DNA and tissue repository, the frequency of
the variant allele was assessed in germline DNA from BMDs presenting with histiocytic
sarcoma or other cancers, as well as in dogs who had reached 9 years or above and were
free of cancer. The FANCG variant allele frequency is slightly higher in dogs with HS (41%)
vs. dogs free of cancer at 9 years or above (36%), or dogs with other cancer (32%), but the
differences are not statistically significant.

We analyzed the distribution of FANCG genotypes across age groups in BMDs pre-
senting with HS, to determine if allele dosage was related to early onset of disease. As can
be appreciated in Figure 3, there was no preponderance of a particular genotype across
different age groups or age of presentation with HS.

www.ensembl.org
https://www.ebi.ac.uk/eva/?eva-study=PRJEB32865
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA448733
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA448733
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Figure 3. Distribution of FANCG genotypes across age groups in BMDs: (A) Dogs affected with HS
across all ages, (B) Dogs 9 years or older and not affected with cancer.

We examined the age of diagnosis of HS in 121 dogs in our repository. The mean was
7.7 years with a standard deviation of 2.15 (median 7.9) at diagnosis. As 87% of the dogs
with HS presented at 10 years or younger in our cohort of HS dogs, very similar to that
observed in 1818 cases with a veterinarian supported diagnosis of HS in the Berner Garde
database (see Figure S4A,B), we only included dogs >10 years of age in the no cancer group
to evaluate if the variant allele frequency is different in healthy dogs 10 years of age or
older, as compared to affected dogs. As shown in Table 1, the variant allele frequency in
47 unaffected BMDs 10 years or older is 39%, very close to the frequency calculated from
genotypes of all ages presenting with HS, 41%. There was also no statistical difference in
the FANCG genotype distribution across the groups.

Table 1. FANCG allele and genotype distribution in BMDs.

Groups Age Range (Years) FANCG Variant Allele
Frequency (%)

FANCG Genotype

Ref/Ref
n (%)

Ref/Var
n (%)

Var/Var
n (%)

No Cancer (n = 47) >10 39 16 (34) 25 (53) 6 (13)
HS (n = 121) 1–12.5 41 47 (39) 49 (40) 25 (21)

Other Cancers (n = 21) 3–12 33 10 (48) 8 (38) 3 (14)
All Cancers (n = 142) 1–12.5 40 57 (40) 57 (40) 28 (20)

3.4. FANCG and MTAP Loci Appear to Segregate Independently in BMDs

We considered that the FANCG variant might contribute to the association of the
MTAP variant with HS in BMDs, which could occur if the FANCG locus was in linkage
disequilibrium with the MTAP locus. We genotyped the BMDs at MTAP locus using the
SNP at position CFA11:41185205 in CanFam3.1, which is part of the haplotype linked to HS
susceptibility. The distribution of allele frequencies is presented in Table 1.

The MTAP SNP reference allele frequency was 53%, 78%, and 63% in the no cancer,
HS, and other cancer groups, respectively. While the MTAP SNP allele distribution differed
significantly between the HS group vs. the unaffected group (p < 0.0001 Fisher’s exact test)
as expected with the reported linkage to HS susceptibility [31,32], there was no statistical
difference in the FANCG allele distribution across the groups, and no evidence for linkage
disequilibrium with MTAP SNP and FANCG variant.
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We conclude that this variant is neither absolutely required nor sufficient to promote
development of HS in BMDs. However, it is possible that it may be one of the factors
confounding cancer development in this breed. We explored if there were any phenotypic
differences in height, weight, and hematologic profiles among dogs of different genotypes,
as has been reported in Fanconi anemia patients.

3.5. BMDs Homozygous for the Variant Allele Do Not Display an Overt FA Phenotype

The variant allele was initially recognized in our study of an 8-year-old, male BMD
that presented with HS. Although HS induces marked effects on hematopoiesis, no mani-
festations of anemia were reported. Moreover, the affected individual was of expected size
for a male BMD and the animal had sired numerous offspring.

We next assessed physical characteristics (height at withers and body weight) of
healthy adult female BMDs greater than 2 years of age, and their FANCG genotype. The
differences between categories were analyzed by one-way ANOVA with Dunnett’s multiple
comparison test. As depicted in Figure 4, there was no difference in height or weight among
dogs of different genotypes. Height, weight, and genotype information was also obtained
from 13 male dogs (see Figure S5), but as there were not enough male subjects for statistical
analysis for males, details are presented below only for the female BMDs.
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Figure 4. Distribution of genotype and (A) height at withers and (B) weight in healthy female adult
BMDs, over 1 year of age. Dogs that are homozygous for the variant (n = 8, ages 1.1–10.3 years),
heterozygous, (n = 5, ages 4.8–10.8 years), and homozygous for the reference (n = 5, ages 3.8–9.6 years)
FANCG alleles are indicated by the solid black bars, the checkered bars and the solid white
bars, respectively.

Complete blood counts (CBCs) were available from a subset (n = 15) of these unaffected
dogs and included 8 heterozygous dogs, 4 dogs homozygous for the variant, and 3 dogs
homozygous for the reference allele (Table S2). There was no evidence for anemia in any of
the dogs.

3.6. Primary Fibroblasts from Dogs Homozygous for FANCG Variant Allele Display Increased
Cisplatin Sensitivity

We next considered that the variant allele might not impact function of the FA pathway
and we considered strategies to assess the functional consequence of the FANCG 465R
variant on the cellular response to DNA damage. FANCG does not have an enzymatic
function. Sequence analyses of the FANCG protein reveals seven tetratricopeptide repeats
(TPRs) [39–41]. TPRs are degenerate 34 residue repeats present in tandem (3–16 repeats)
that induce protein folding into right superhelical repeats. It has been hypothesized that
the TPR motifs in FANCG facilitate its function as a scaffold protein in the core FANC
complex that is critical to direct FANCD2 mono-ubiquitination during repair of DNA
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inter-strand crosslinks. Moreover, the previous mutational study [40] that defined the
seven repeats in FANCG concluded that repeats 2, 5, and 7 are critical to FANCG function.
TPR repeat 5 spans the human residue 465, which corresponds to the canine residues 649
or 477, depending on the transcript. The TPR repeats are highly conserved between the
two species as highlighted in Figure S2. Figure S6 shows the location of this residue in a
three-dimensional protein model. As Fanconi anemia is a human disorder with a set of
variants characterized in the literature [42], we have elected to refer to the variant in terms
of the corresponding human amino acid sequence for the functional studies reported here.

To determine whether the variant encoded by this FANCG allele alters the function
of the FANC complex, a primary fibroblast cell strain was established from an animal
homozygous for the variant allele. Cisplatin sensitivity, a surrogate cellular phenotype
for defects in the FANC pathway, was assessed in these cells, as cisplatin-caused DNA
lesions are repaired by the FA pathway [22–24] and compared to that of a fibroblast cell
strain established from a normal dog (Figure 5). As can be seen, cells from the animal
homozygous for the variant are substantially more cisplatin sensitive than cells from the
dog with the reference FANCG allele.
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Figure 5. Fibroblasts derived from a dog homozygous for the variant are hyper-sensitive to cisplatin.
Cultured fibroblasts from a normal dog and a dog homozygous for the variant were tested for
cisplatin sensitivity. Cell viability was assessed by MTS staining and is expressed as percent survival
of untreated controls. Assay is representative of five independent experiments, each performed in
triplicate. Error bars represent SEM.

3.7. The 465R Substitution Introduced into Human HEK293T Cells Confers Intermediate Cisplatin
Sensitivity as Compared to FANCG Deficient 293T Cells

To facilitate a more complete assessment of the 465R variant, we utilized a CRISPR/Cas9
strategy to generate both FANCG deficient 293T cells and 293T cells harboring this specific
variant. A single gRNA targeting construct was generated targeting this residue. The
293T cells were transfected with just the targeting plasmid alone, or together with a single
stranded oligonucleotide to guide HDR repair that included a Q > R substitution at codon
465. Numerous clones that completely lacked a wild type PCR fragment spanning the target
site were isolated from transfections including only the targeting plasmid (Figure 6A).

Introduction of an EcoNI site in the oligonucleotide directing HDR repair facilitated
screening for clones including the 465R substitution. Clones harboring the 456R mutation
on both alleles yield amplification products that uniformly yield the predicted restriction
fragments. Two clones for each mutant were analyzed; PCR fragments were TA cloned and
sequenced confirming complete loss of FANCG or uniform 465R mutation.

Cisplatin sensitivity, a surrogate cellular phenotype for defects in the FANC pathway,
was assessed in these cells and compared to wild type 293T cells, as cisplatin-caused
DNA lesions are repaired by the FA pathway. As can be seen (Figure 6B), the FANCG
deficient and FANCG 465R cells are substantially more cisplatin sensitive than wild type
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cells. The 465R cells display intermediate cisplatin sensitivity. Two independent clones for
each FANCG genotype were tested with indistinguishable results (not shown).
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Figure 6. The 293T cells expressing 465R have intermediate cisplatin sensitivity and have diminished
capacity to mono-ubiquitinate FANCD2. (A) Left, CRISPR/Cas9 strategy to introduce a 465R sub-
stitution into the human FANCG gene in 293T cells. Middle, PCR amplification of DNA from wild
type cells, FANCG deficient cells, or cells with a homozygous knock-in of the 465R substitution. Right,
EcoNI digest of PCR products. (B) Wild type 293T cells, FANCG−/−, and homozygous 465R cells
were tested for cisplatin sensitivity. Cell viability was assessed by MTS staining and is expressed as
% survival of untreated controls. Assay is representative of eight independent experiments, each
performed in triplicate. Error bars represent SEM. (C) 293T cells were treated (or not) overnight with
20 µM cisplatin. Whole cell extracts were analyzed by immunoblotting for FANCD2.

We conclude that the 465R allele represents a hypomorphic mutation. Consistent
with that conclusion, mono-ubiquitylation of FANCD2 in the 465R cells is reduced, but
not completely blocked, whereas FANCD2 mono-ubiquitylation is completely blocked in
FANCG deficient cells (Figure 6C).

3.8. The 465R Variant Confers Similar Cisplatin Sensitivity as a Human FANCG Hypomorphic
Variant That Confers Fanconi’s Anemia in Humans

Numerous previous studies of FA patients have ascribed hypomorphic mutations as
disease associated alleles. Thus, these data present the following questions: (1) is the 465R
allele sufficiently functional to prevent overt FA? or (2) are there intrinsic differences in
humans and canines that protect canines from overt FA? The latter explanation is clearly
the case in FA deficient mice, which do not develop overt FA without additional genetic
changes that promote FA [22,23]. The lack of an FA phenotype in FA deficient mice has
been ascribed to lifespan, and/or size differences. However, the average life span (~8 years)
of BMD (relatively short because of their high cancer incidence) should be sufficient to
develop symptoms of FA. Since BMDs are more similar in size to humans as compared
to mice, lack of an FA phenotype cannot be ascribed to body size differences. To address
this question, we studied a FANCG hypomorphic variant (L71P) that results in overt FA in



Genes 2022, 13, 1693 11 of 16

humans, albeit with a less severe phenotype and later onset [43]. A similar CRISPR/Cas9
strategy was utilized as with the 465R mutation, except a BstEII site was introduced to
provide a PCR based screen. Two clones, with the 71P mutation on one allele and frame
shift mutations on the second allele (confirmed by sequence analysis), were tested with
analogous results. As can be seen in Figure 7, the 71P mutation confers similar cisplatin
sensitivity as the 456R mutation; it seems likely that both would confer FA in humans.
Two independent 71P clones were tested with similar results (not shown), each displaying
similar cisplatin sensitivity, and each just slightly more cisplatin resistant than the 465R
mutant. A third clone with the 71P on one allele with a 6 bp deletion on the second allele
was also tested, with similar results (not shown). These data suggest that canines, like mice,
are intrinsically resistant to the development of most of the FA-associated phenotype, even
in the face of defective FA function.
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Figure 7. The 293T cells expressing 71P have intermediate cisplatin sensitivity and are slightly more
resistant than cells expressing 465R. (A) Left, CRISPR/Cas9 strategy to introduce a L71P substitution
into the human FANCG gene in 293T cells. Right, PCR amplification of DNA from wild type cells,
or cells with a heterozygous L71P knock-in either undigested or digested with BstEII; sequence
analyses of BstEII resistant allele of the clone analyzed revealed only out of frame insertion mutants.
Similarly, one other heterozygous clone studied contained a frame shift deletion mutant. A third
clone heterozygous L71P clone analyzed had a 6bp frame on the second allele; cisplatin resistance
of this clone was indistinguishable from the other two heterozygous knock-ins. (B) Wild type 293T
cells, FANCG−/−, homozygous 465R cells, and heterozygous L71P cells were tested for cisplatin
sensitivity. Cell viability was assessed by MTS assay and is expressed as % survival of untreated
controls. Assay is representative of eight independent experiments, each performed in triplicate.
Error bars represent SEM.

4. Discussion

The FANCG variant characterized in this study is a variant unique to BMDs. The
variant is in a highly conserved region. The two predicted canine transcripts indicate
there may be potential differences in start codon usage in exon 1. Furthermore, the 5′

UTR of the human retains great similarity, conserving 64% of the nucleotides in exon 1 of
the dog. Exons 2–14 are highly conserved, including all of the TPR regions as shown in
the alignment in Figure S3, which also includes the FANCG variant. Initially identified
in our study in a BMD with HS, the variant has not been observed in other dog breeds,
including our panel of 55 dogs from various breeds, or reported in databases such as the
European Variation Archive that lists variants across studies containing many different
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breeds, including from a study of 582 dogs [44], as well as in a whole genome study of over
700 dogs [45]. The variant does not confer susceptibility to earlier onset of cancer. Thus,
this FANCG variant is neither sufficient nor required to confer development of HS or other
tumors observed frequently in BMD. However, in functional studies, the variant confers
increased cisplatin sensitivity similar to that observed with a hypomorphic L71P mutation
described in a child with Fanconi anemia.

It is intriguing that Fanconi anemia patients, including those with mutations in FANCG,
are associated with the development of myeloid leukemias [46]. Interestingly, in one these
patients the driver mutation in the tumor was identified to be in PTPN11, in the same gene
that frequently acquires somatic mutations leading to HS in BMDs [16,17]; and in two other
FA patients, mutations in the tumors were in KRAS, also identified in HS of BMDs [17].

It is well established that FA-deficient mice do not succumb to the severe bone marrow
failure observed in FA patients. Several explanations have been put forth (life span,
body size) to explain these differences. BMDs homozygous for the “human” 465R variant
display none of the non-cancer phenotypes associated with FA (bone marrow failure, short
stature, infertility). We suggest that as with mice, dogs are intrinsically resistant to the
development of FA-associated bone marrow failure. We have considered what factors are
intrinsically distinct in mice and dogs compared to humans. All higher vertebrates utilize
two pathways to repair DNA double strand breaks (DSBs): homologous recombination (HR)
and non-homologous end joining (NHEJ). It is well established that these two pathways
“compete” for repair of DSBs. As discussed above, FANCD2 facilitates the last stage of
DNA cross-link repair by HR. Of note, expression of certain NHEJ factors (especially the
DNA-dependent protein kinase complex, DNA-PK) is remarkably higher in primates than
in all other animals [47,48]. Moreover, several studies conclude that ablation of NHEJ
in FA deficient cells partially reverses the characteristic hypersensitivity to DNA cross-
linking hypersensitivity associated with FA deficiency [49,50]. and progression of the FA
phenotype [51]. One possibility is that higher DNA-PK levels in humans exacerbate the
organismal phenotype associated with FA deficiency. We ablated DNA-PKcs in FANCG−/−
293T cells and observed a modest increase in cisplatin resistance consistent with these
previous studies (Figure S7). However, the finding that ablation of NHEJ improves the
cellular phenotype in FA deficient cells is controversial, with follow-up studies concluding
that ablation of NHEJ does not impact the FA phenotype in other cellular models of
FA [52,53].

The fact that defects in repair of DNA replication-associated DNA damage results
in failed hematopoiesis is consistent with the fact that hematopoiesis requires continuous
replication. Repair of replication-associated damage is highly dependent on homologous
recombination, and we have shown previously that increasing levels of DNA-PK can
impair HR in cell culture models of DNA repair [54]. If the high levels of DNA-PK present
in humans exacerbate DNA replication-associated damage, one might expect additional
differences (between humans and other animals) in the phenotypes of diseases that are
caused by a failure of DNA replication during hematopoiesis. One example of phenotypic
differences is the phenotype of vitamin B12 deficiency in humans vs. dogs. Vitamin B12
deficiency causes severe anemia in humans because of the depletion of nucleotide pools
that results in replicative stress. Although B12 deficiency in dogs, either because of dietary
deficiency or genetic defects in absorption, results in gastro-intestinal symptoms, muscle
weakness, and modest effects on myelopoiesis, the severe anemia observed in humans
does not develop [55–57]. Similarly, studies of differences in cancer susceptibility within
and across species will continue to provide interesting new insight into basic biology,
including successful aging. As an example, elephants, a large and long-lived species that is
remarkably cancer free, have over 20 copies of the TP53 gene [58].

What is not controversial is a clear and emerging consensus that multiple genetic
factors can influence the penetrance of the FA phenotype. The most compelling of these
are studies from Patel and colleagues demonstrating that deficits in ethanol metabolism
robustly induce a classic FA phenotype in FA deficient mice [59–63]. There are additional
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cellular changes that have the capacity to impact development of the FA phenotype, for
example dysregulated TGF-β signaling [64] and MAD2 defects [65]. In sum, we conclude
that the FA deficit in BMDs, as in mice, does not result in overt Fanconi anemia.

5. Conclusions

Our studies have identified a unique FANCG variant in BMDs that results in a cellular
phenotype of defective DNA repair, but is not sufficient or necessary for development of
cancer in BMDs. Our findings point to interesting species-specific differences in the FANC
core complex. Given that FA phenotypes are only apparent with multiple FA pathway
mutations, or additional mutations in other pathways, further studies of other variants
in the FANC genes in BMDs, and of epigenetic changes or structural and non-coding
variations in regions critical to DNA repair and chromosome stability, are warranted.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/genes13101693/s1, Figure S1: Whole exome sequencing of a
Bernese Mountain Dog identifies a variant in the FANCG gene at the CFA11:51655193 position
when aligned to the CanFam3.1 canine reference genome. Figure S2: FANCG protein sequence
alignment comparing human and dog; Figure S3: FANCG 5′ UTR and exon 1 cDNA sequence
alignment comparing human and dog; Figure S4: Cumulative age distribution at diagnosis for
histiocytic sarcoma affected Bernese mountain dogs; Figure S5: Distribution of genotype and (A)
height at withers and (B) weight in healthy male BMDs, over 1 years of age; Figure S6: Three-
dimensional structure of a subsection of the human FANCG protein; Figure S7: Ablation of DNA-
PKcs in FANCG−/− 293T cells partially restores cisplatin resistance; Table S1: Sequence information
for each gRNA and the PCR primers used; Table S2: Complete blood count (CBC) summary and
FANCG genotype for a subset of 15 unaffected Bernese mountain dogs.

Author Contributions: Conceptualization, K.M. and V.Y.-G.; Data curation, K.M., Y.-T.Y., M.T., M.P.,
M.R., A.I.E., T.T., R.L.G., P.Z.S., A.J.K. and V.Y.-G.; Formal analysis, K.M., Y.-T.Y., A.I.E., P.Z.S. and
V.Y.-G.; Funding acquisition, V.Y.-G.; Investigation, K.M., M.R., R.L.G., A.J.K. and V.Y.-G.; Methodol-
ogy, K.M., M.T., M.P., A.I.E., P.Z.S., A.J.K. and V.Y.-G.; Project administration, K.M., Y.-T.Y. and V.Y.-G.;
Resources, V.Y.-G.; Supervision, V.Y.-G.; Validation, K.M., Y.-T.Y., M.R. and T.T.; Visualization, K.M.,
Y.-T.Y. and A.I.E.; Writing—original draft, K.M. and V.Y.-G.; Writing—review and editing, K.M., M.T.,
M.P., M.R., A.I.E., T.T., P.Z.S., A.J.K. and V.Y.-G. All authors have read and agreed to the published
version of the manuscript.

Funding: Research funding provided in part by Michigan State University College of Veterinary
Medicine Endowed Research Funds. Y.-T.Y. and M.R. were supported in part through a grant from
the Berner-Garde Foundation. R.L.G. and A.J.K. were supported in part through the NIH grant T35
OD 016477 to Michigan State University. The funding bodies did not have any role in the design or
conduct of the study or in analysis of the results or the writing of the manuscript.

Institutional Review Board Statement: This study was reviewed by the Michigan State University
Institutional Animal Care and Use Committee and was found to be exempt and approved on 22
September 2018 (AUF #08/15-127-00).

Informed Consent Statement: Not applicable.

Data Availability Statement: All data reported are available in the body and supplemental files of
this manuscript.

Acknowledgments: We thank the Berner-Garde Foundation for supporting our work and for their ini-
tiative to support the advancement of research on disorders affecting Bernese mountain dogs. We are
also very thankful of the many dogs and their loving owners and veterinarians who have contributed
samples for this study and the BMD DNA and Tissue Repository at Michigan State University.

Conflicts of Interest: The authors declare that they do not have any conflict of interest.

https://www.mdpi.com/article/10.3390/genes13101693/s1
https://www.mdpi.com/article/10.3390/genes13101693/s1


Genes 2022, 13, 1693 14 of 16

References
1. Schiffman, J.D.; Breen, M. Comparative oncology: What dogs and other species can teach us about humans with cancer. Philos.

Trans. R. Soc. Lond. B Biol. Sci. 2015, 370, 20140231. [CrossRef] [PubMed]
2. Davis, B.W.; Ostrander, E.A. Domestic dogs and cancer research: A breed-based genomics approach. ILAR J. 2014, 55, 59–68.

[CrossRef]
3. Flisikowski, K.; Flisikowska, T.; Sikorska, A.; Perkowska, A.; Kind, A.; Schnieke, A.; Switonski, M. Germline gene polymorphisms

predisposing domestic mammals to carcinogenesis. Vet. Comp. Oncol. 2017, 15, 289–298. [CrossRef] [PubMed]
4. Abadie, J.; Hedan, B.; Cadieu, E.; De Brito, C.; Devauchelle, P.; Bourgain, C.; Parker, H.G.; Vaysse, A.; Margaritte-Jeannin, P.;

Galibert, F.; et al. Epidemiology, pathology, and genetics of histiocytic sarcoma in the Bernese mountain dog breed. J. Hered. 2009,
100 (Suppl. S1), S19–S27. [CrossRef] [PubMed]

5. Affolter, V.K.; Moore, P.F. Localized and disseminated histiocytic sarcoma of dendritic cell origin in dogs. Vet. Pathol. 2002, 39,
74–83. [CrossRef]

6. Moore, P.F. A review of histiocytic diseases of dogs and cats. Vet. Pathol. 2014, 51, 167–184. [CrossRef]
7. Emile, J.F.; Abla, O.; Fraitag, S.; Horne, A.; Haroche, J.; Donadieu, J.; Requena-Caballero, L.; Jordan, M.B.; Abdel-Wahab, O.;

Allen, C.E.; et al. Revised classification of histiocytoses and neoplasms of the macrophage-dendritic cell lineages. Blood 2016, 127,
2672–2681. [CrossRef]

8. Writing Group of the Histiocyte Society. Histiocytosis syndromes in children. Lancet 1987, 1, 208–209.
9. Shanmugam, V.; Griffin, G.K.; Jacobsen, E.D.; Fletcher, C.D.M.; Sholl, L.M.; Hornick, J.L. Identification of diverse activating

mutations of the RAS-MAPK pathway in histiocytic sarcoma. Mod. Pathol. 2019, 32, 830–843. [CrossRef]
10. Diamond, E.L.; Durham, B.H.; Ulaner, G.A.; Drill, E.; Buthorn, J.; Ki, M.; Bitner, L.; Cho, H.; Young, R.J.; Francis, J.H.; et al. Efficacy

of MEK inhibition in patients with histiocytic neoplasms. Nature 2019, 567, 521–524. [CrossRef]
11. Chakraborty, R.; Hampton, O.A.; Shen, X.; Simko, S.J.; Shih, A.; Abhyankar, H.; Lim, K.P.; Covington, K.R.; Trevino, L.; Dewal, N.;

et al. Mutually exclusive recurrent somatic mutations in MAP2K1 and BRAF support a central role for ERK activation in LCH
pathogenesis. Blood 2014, 124, 3007–3015. [CrossRef] [PubMed]

12. Go, R.S.; Jacobsen, E.; Baiocchi, R.; Buhtoiarov, I.; Butler, E.B.; Campbell, P.K.; Coulter, D.W.; Diamond, E.; Flagg, A.; Goodman,
A.M.; et al. Histiocytic Neoplasms, Version 2.2021, NCCN Clinical Practice Guidelines in Oncology. J. Natl. Compr. Cancer Netw.
2021, 19, 1277–1303. [CrossRef] [PubMed]

13. Goyal, G.; Tazi, A.; Go, R.S.; Rech, K.L.; Picarsic, J.L.; Vassallo, R.; Young, J.R.; Cox, C.W.; Van Laar, J.; Hermiston, M.L.; et al.
International expert consensus recommendations for the diagnosis and treatment of Langerhans cell histiocytosis in adults. Blood
2022, 139, 2601–2621. [CrossRef] [PubMed]

14. Diamond, E.L.; Durham, B.H.; Haroche, J.; Yao, Z.; Ma, J.; Parikh, S.A.; Wang, Z.; Choi, J.; Kim, E.; Cohen-Aubart, F.; et al. Diverse
and Targetable Kinase Alterations Drive Histiocytic Neoplasms. Cancer Discov. 2016, 6, 154–165. [CrossRef] [PubMed]

15. Diamond, E.L.; Subbiah, V.; Lockhart, A.C.; Blay, J.Y.; Puzanov, I.; Chau, I.; Raje, N.S.; Wolf, J.; Erinjeri, J.P.; Torrisi, J.; et al.
Vemurafenib for BRAF V600-Mutant Erdheim-Chester Disease and Langerhans Cell Histiocytosis: Analysis of Data From the
Histology-Independent, Phase 2, Open-label VE-BASKET Study. JAMA Oncol. 2018, 4, 384–388. [CrossRef]

16. Thaiwong, T.; Sirivisoot, S.; Takada, M.; Yuzbasiyan-Gurkan, V.; Kiupel, M. Gain-of-function mutation in PTPN11 in histiocytic
sarcomas of Bernese Mountain Dogs. Vet. Comp. Oncol. 2018, 16, 220–228. [CrossRef]

17. Takada, M.; Smyth, L.A.; Thaiwong, T.; Richter, M.; Corner, S.M.; Schall, P.Z.; Kiupel, M.; Yuzbasiyan-Gurkan, V. Activating
Mutations in PTPN11 and KRAS in Canine Histiocytic Sarcomas. Genes 2019, 10, 505. [CrossRef]

18. Hedan, B.; Rault, M.; Abadie, J.; Ulve, R.; Botherel, N.; Devauchelle, P.; Copie-Bergman, C.; Cadieu, E.; Parrens, M.; Alten, J.; et al.
PTPN11 mutations in canine and human disseminated histiocytic sarcoma. Int. J. Cancer 2020, 147, 1657–1665. [CrossRef]

19. Takada, M.; Hix, J.M.L.; Corner, S.; Schall, P.Z.; Kiupel, M.; Yuzbasiyan-Gurkan, V. Targeting MEK in a Translational Model of
Histiocytic Sarcoma. Mol. Cancer 2018, 17, 2439–2450. [CrossRef]

20. Takada, M.; Parys, M.; Gregory-Bryson, E.; Vilar Saavedra, P.; Kiupel, M.; Yuzbasiyan-Gurkan, V. A novel canine histiocytic
sarcoma cell line: Initial characterization and utilization for drug screening studies. BMC Cancer 2018, 18, 237. [CrossRef]

21. Takada, M.; Smyth, L.A.; Hix, J.M.; Corner, S.M.; Kiupel, M.; Yuzbasiyan-Gurkan, V. Development of an Orthotopic Intrasplenic
Xenograft Mouse Model of Canine Histiocytic Sarcoma and Its Use in Evaluating the Efficacy of Treatment with Dasatinib. Comp.
Med. 2019, 69, 22–28. [CrossRef] [PubMed]

22. Parmar, K.; D’Andrea, A.; Niedernhofer, L.J. Mouse models of Fanconi anemia. Mutat. Res. 2009, 668, 133–140. [CrossRef]
[PubMed]

23. Moldovan, G.L.; D’Andrea, A.D. How the fanconi anemia pathway guards the genome. Annu. Rev. Genet. 2009, 43, 223–249.
[CrossRef] [PubMed]

24. Kee, Y.; D’Andrea, A.D. Expanded roles of the Fanconi anemia pathway in preserving genomic stability. Genes Dev. 2010, 24,
1680–1694. [CrossRef]

25. Garcia-de-Teresa, B.; Rodriguez, A.; Frias, S. Chromosome Instability in Fanconi Anemia: From Breaks to Phenotypic Conse-
quences. Genes 2020, 11, 1528. [CrossRef]

26. Deans, A.J.; West, S.C. DNA interstrand crosslink repair and cancer. Nat. Rev. Cancer 2011, 11, 467–480. [CrossRef]

http://doi.org/10.1098/rstb.2014.0231
http://www.ncbi.nlm.nih.gov/pubmed/26056372
http://doi.org/10.1093/ilar/ilu017
http://doi.org/10.1111/vco.12186
http://www.ncbi.nlm.nih.gov/pubmed/26575426
http://doi.org/10.1093/jhered/esp039
http://www.ncbi.nlm.nih.gov/pubmed/19531730
http://doi.org/10.1354/vp.39-1-74
http://doi.org/10.1177/0300985813510413
http://doi.org/10.1182/blood-2016-01-690636
http://doi.org/10.1038/s41379-018-0200-x
http://doi.org/10.1038/s41586-019-1012-y
http://doi.org/10.1182/blood-2014-05-577825
http://www.ncbi.nlm.nih.gov/pubmed/25202140
http://doi.org/10.6004/jnccn.2021.0053
http://www.ncbi.nlm.nih.gov/pubmed/34781268
http://doi.org/10.1182/blood.2021014343
http://www.ncbi.nlm.nih.gov/pubmed/35271698
http://doi.org/10.1158/2159-8290.CD-15-0913
http://www.ncbi.nlm.nih.gov/pubmed/26566875
http://doi.org/10.1001/jamaoncol.2017.5029
http://doi.org/10.1111/vco.12357
http://doi.org/10.3390/genes10070505
http://doi.org/10.1002/ijc.32991
http://doi.org/10.1158/1535-7163.MCT-17-1273
http://doi.org/10.1186/s12885-018-4132-0
http://doi.org/10.30802/AALAS-CM-18-000065
http://www.ncbi.nlm.nih.gov/pubmed/30717820
http://doi.org/10.1016/j.mrfmmm.2009.03.015
http://www.ncbi.nlm.nih.gov/pubmed/19427003
http://doi.org/10.1146/annurev-genet-102108-134222
http://www.ncbi.nlm.nih.gov/pubmed/19686080
http://doi.org/10.1101/gad.1955310
http://doi.org/10.3390/genes11121528
http://doi.org/10.1038/nrc3088


Genes 2022, 13, 1693 15 of 16

27. Singh, T.R.; Bakker, S.T.; Agarwal, S.; Jansen, M.; Grassman, E.; Godthelp, B.C.; Ali, A.M.; Du, C.H.; Rooimans, M.A.; Fan,
Q.; et al. Impaired FANCD2 monoubiquitination and hypersensitivity to camptothecin uniquely characterize Fanconi anemia
complementation group M. Blood 2009, 114, 174–180. [CrossRef]

28. Meetei, A.R.; de Winter, J.P.; Medhurst, A.L.; Wallisch, M.; Waisfisz, Q.; van de Vrugt, H.J.; Oostra, A.B.; Yan, Z.; Ling, C.; Bishop,
C.E.; et al. A novel ubiquitin ligase is deficient in Fanconi anemia. Nat. Genet. 2003, 35, 165–170. [CrossRef]

29. Matsushita, N.; Kitao, H.; Ishiai, M.; Nagashima, N.; Hirano, S.; Okawa, K.; Ohta, T.; Yu, D.S.; McHugh, P.J.; Hickson, I.D.; et al.
A FancD2-monoubiquitin fusion reveals hidden functions of Fanconi anemia core complex in DNA repair. Mol. Cell 2005, 19,
841–847. [CrossRef]

30. Hussain, S.; Wilson, J.B.; Medhurst, A.L.; Hejna, J.; Witt, E.; Ananth, S.; Davies, A.; Masson, J.Y.; Moses, R.; West, S.C.; et al. Direct
interaction of FANCD2 with BRCA2 in DNA damage response pathways. Hum. Mol. Genet. 2004, 13, 1241–1248. [CrossRef]

31. Shearin, A.L.; Hedan, B.; Cadieu, E.; Erich, S.A.; Schmidt, E.V.; Faden, D.L.; Cullen, J.; Abadie, J.; Kwon, E.M.; Grone, A.; et al.
The MTAP-CDKN2A locus confers susceptibility to a naturally occurring canine cancer. Cancer Epidemiol. Biomark. Prev. 2012, 21,
1019–1027. [CrossRef] [PubMed]

32. Hedan, B.; Cadieu, E.; Rimbault, M.; Vaysse, A.; Dufaure de Citres, C.; Devauchelle, P.; Botherel, N.; Abadie, J.; Quignon, P.;
Derrien, T.; et al. Identification of common predisposing loci to hematopoietic cancers in four dog breeds. PLoS Genet. 2021, 17,
e1009395. [CrossRef] [PubMed]

33. Ostrander, E.A.; Wayne, R.K. The canine genome. Genome Res. 2005, 15, 1706–1716. [CrossRef] [PubMed]
34. Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357–359. [CrossRef]
35. Garrison, E.; Marth, G. Haplotype-based variant detection from short-read sequencing. arXiv 2012, arXiv:1207.3907.
36. McKenna, A.; Hanna, M.; Banks, E.; Sivachenko, A.; Cibulskis, K.; Kernytsky, A.; Garimella, K.; Altshuler, D.; Gabriel, S.;

Daly, M.; et al. The Genome Analysis Toolkit: A MapReduce framework for analyzing next-generation DNA sequencing data.
Genome Res. 2010, 20, 1297–1303. [CrossRef]

37. Meek, K.; Jutkowitz, A.; Allen, L.; Glover, J.; Convery, E.; Massa, A.; Mullaney, T.; Stanley, B.; Rosenstein, D.; Bailey, S.M.; et al.
SCID dogs: Similar transplant potential but distinct intra-uterine growth defects and premature replicative senescence compared
with SCID mice. J. Immunol. 2009, 183, 2529–2536. [CrossRef]

38. Mali, P.; Yang, L.; Esvelt, K.M.; Aach, J.; Guell, M.; DiCarlo, J.E.; Norville, J.E.; Church, G.M. RNA-guided human genome
engineering via Cas9. Science 2013, 339, 823–826. [CrossRef]

39. Wang, C.; Lambert, M.W. The Fanconi anemia protein, FANCG, binds to the ERCC1-XPF endonuclease via its tetratricopeptide
repeats and the central domain of ERCC1. Biochemistry 2010, 49, 5560–5569. [CrossRef]

40. Wilson, J.B.; Blom, E.; Cunningham, R.; Xiao, Y.; Kupfer, G.M.; Jones, N.J. Several tetratricopeptide repeat (TPR) motifs of FANCG
are required for assembly of the BRCA2/D1-D2-G-X3 complex, FANCD2 monoubiquitylation and phleomycin resistance. Mutat.
Res. 2010, 689, 12–20. [CrossRef]

41. Blom, E.; van de Vrugt, H.J.; de Vries, Y.; de Winter, J.P.; Arwert, F.; Joenje, H. Multiple TPR motifs characterize the Fanconi
anemia FANCG protein. DNA Repair 2004, 3, 77–84. [CrossRef] [PubMed]

42. Fanconi Anemia Mutation Database. Available online: https://www2.rockefeller.edu/fanconi/ (accessed on 10 September 2022).
43. Demuth, I.; Wlodarski, M.; Tipping, A.J.; Morgan, N.V.; de Winter, J.P.; Thiel, M.; Grasl, S.; Schindler, D.; D’Andrea, A.D.; Altay,

C.; et al. Spectrum of mutations in the Fanconi anaemia group G gene, FANCG/XRCC9. Eur. J. Hum. Genet. 2000, 8, 861–868.
[CrossRef]

44. Jagannathan, V.; Drogemuller, C.; Leeb, T.; Dog Biomedical Variant Database Consortium. A comprehensive biomedical variant
catalogue based on whole genome sequences of 582 dogs and eight wolves. Anim. Genet. 2019, 50, 695–704. [CrossRef] [PubMed]

45. Plassais, J.; Kim, J.; Davis, B.W.; Karyadi, D.M.; Hogan, A.N.; Harris, A.C.; Decker, B.; Parker, H.G.; Ostrander, E.A. Whole
genome sequencing of canids reveals genomic regions under selection and variants influencing morphology. Nat. Commun. 2019,
10, 1489. [CrossRef] [PubMed]

46. Chao, M.M.; Thomay, K.; Goehring, G.; Wlodarski, M.; Pastor, V.; Schlegelberger, B.; Schindler, D.; Kratz, C.P.; Niemeyer, C.
Mutational Spectrum of Fanconi Anemia Associated Myeloid Neoplasms. Klin. Padiatr. 2017, 229, 329–334. [CrossRef]

47. Finnie, N.J.; Gottlieb, T.M.; Blunt, T.; Jeggo, P.A.; Jackson, S.P. DNA-dependent protein kinase activity is absent in xrs-6 cells:
Implications for site-specific recombination and DNA double-strand break repair. Proc. Natl. Acad. Sci. USA 1995, 92, 320–324.
[CrossRef]

48. Meek, K.; Kienker, L.; Dallas, C.; Wang, W.; Dark, M.J.; Venta, P.J.; Huie, M.L.; Hirschhorn, R.; Bell, T. SCID in Jack Russell terriers:
A new animal model of DNA-PKcs deficiency. J. Immunol. 2001, 167, 2142–2150. [CrossRef]

49. Pace, P.; Mosedale, G.; Hodskinson, M.R.; Rosado, I.V.; Sivasubramaniam, M.; Patel, K.J. Ku70 corrupts DNA repair in the absence
of the Fanconi anemia pathway. Science 2010, 329, 219–223. [CrossRef]

50. Adamo, A.; Collis, S.J.; Adelman, C.A.; Silva, N.; Horejsi, Z.; Ward, J.D.; Martinez-Perez, E.; Boulton, S.J.; La Volpe, A. Preventing
nonhomologous end joining suppresses DNA repair defects of Fanconi anemia. Mol. Cell 2010, 39, 25–35. [CrossRef]

51. Chatla, S.; Wilson, A.F.; Pang, Q. Inactivation of the NHEJ Activity of DNA-PKcs Prevents Fanconi Anemia Pre-Leukemic HSC
Expansion. Int. J. Stem Cells 2019, 12, 457–462. [CrossRef]

52. Eccles, L.J.; Bell, A.C.; Powell, S.N. Inhibition of non-homologous end joining in Fanconi Anemia cells results in rescue of survival
after interstrand crosslinks but sensitization to replication associated double-strand breaks. DNA Repair 2018, 64, 1–9. [CrossRef]
[PubMed]

http://doi.org/10.1182/blood-2009-02-207811
http://doi.org/10.1038/ng1241
http://doi.org/10.1016/j.molcel.2005.08.018
http://doi.org/10.1093/hmg/ddh135
http://doi.org/10.1158/1055-9965.EPI-12-0190-T
http://www.ncbi.nlm.nih.gov/pubmed/22623710
http://doi.org/10.1371/journal.pgen.1009395
http://www.ncbi.nlm.nih.gov/pubmed/33793571
http://doi.org/10.1101/gr.3736605
http://www.ncbi.nlm.nih.gov/pubmed/16339369
http://doi.org/10.1038/nmeth.1923
http://doi.org/10.1101/gr.107524.110
http://doi.org/10.4049/jimmunol.0801406
http://doi.org/10.1126/science.1232033
http://doi.org/10.1021/bi100584c
http://doi.org/10.1016/j.mrfmmm.2010.04.003
http://doi.org/10.1016/j.dnarep.2003.09.007
http://www.ncbi.nlm.nih.gov/pubmed/14697762
https://www2.rockefeller.edu/fanconi/
http://doi.org/10.1038/sj.ejhg.5200552
http://doi.org/10.1111/age.12834
http://www.ncbi.nlm.nih.gov/pubmed/31486122
http://doi.org/10.1038/s41467-019-09373-w
http://www.ncbi.nlm.nih.gov/pubmed/30940804
http://doi.org/10.1055/s-0043-117046
http://doi.org/10.1073/pnas.92.1.320
http://doi.org/10.4049/jimmunol.167.4.2142
http://doi.org/10.1126/science.1192277
http://doi.org/10.1016/j.molcel.2010.06.026
http://doi.org/10.15283/ijsc19074
http://doi.org/10.1016/j.dnarep.2018.02.003
http://www.ncbi.nlm.nih.gov/pubmed/29459202


Genes 2022, 13, 1693 16 of 16

53. Thongthip, S.; Conti, B.A.; Lach, F.P.; Smogorzewska, A. Suppression of non-homologous end joining does not rescue DNA repair
defects in Fanconi anemia patient cells. Cell Cycle 2020, 19, 2553–2561. [CrossRef] [PubMed]

54. Neal, J.A.; Dang, V.; Douglas, P.; Wold, M.S.; Lees-Miller, S.P.; Meek, K. Inhibition of homologous recombination by DNA-
dependent protein kinase requires kinase activity, is titratable, and is modulated by autophosphorylation. Mol. Cell. Biol. 2011, 31,
1719–1733. [CrossRef]

55. Fyfe, J.C.; Hemker, S.L.; Venta, P.J.; Stebbing, B.; Giger, U. Selective intestinal cobalamin malabsorption with proteinuria
(Imerslund-Grasbeck syndrome) in juvenile Beagles. J. Vet. Intern. Med. 2014, 28, 356–362. [CrossRef] [PubMed]

56. Fyfe, J.C.; Hemker, S.L.; Venta, P.J.; Fitzgerald, C.A.; Outerbridge, C.A.; Myers, S.L.; Giger, U. An exon 53 frameshift mutation
in CUBN abrogates cubam function and causes Imerslund-Grasbeck syndrome in dogs. Mol. Genet. Metab. 2013, 109, 390–396.
[CrossRef] [PubMed]

57. Fyfe, J.C.; Madsen, M.; Hojrup, P.; Christensen, E.I.; Tanner, S.M.; de la Chapelle, A.; He, Q.; Moestrup, S.K. The functional
cobalamin (vitamin B12)-intrinsic factor receptor is a novel complex of cubilin and amnionless. Blood 2004, 103, 1573–1579.
[CrossRef]

58. Abegglen, L.M.; Caulin, A.F.; Chan, A.; Lee, K.; Robinson, R.; Campbell, M.S.; Kiso, W.K.; Schmitt, D.L.; Waddell, P.J.; Bhaskara, S.;
et al. Potential Mechanisms for Cancer Resistance in Elephants and Comparative Cellular Response to DNA Damage in Humans.
JAMA 2015, 314, 1850–1860. [CrossRef] [PubMed]

59. Oberbeck, N.; Langevin, F.; King, G.; de Wind, N.; Crossan, G.P.; Patel, K.J. Maternal aldehyde elimination during pregnancy
preserves the fetal genome. Mol. Cell 2014, 55, 807–817. [CrossRef]

60. Bakker, S.T.; de Winter, J.P.; te Riele, H. Learning from a paradox: Recent insights into Fanconi anaemia through studying mouse
models. Dis. Model Mech. 2013, 6, 40–47. [CrossRef]

61. Garaycoechea, J.I.; Crossan, G.P.; Langevin, F.; Daly, M.; Arends, M.J.; Patel, K.J. Genotoxic consequences of endogenous aldehydes
on mouse haematopoietic stem cell function. Nature 2012, 489, 571–575. [CrossRef]

62. Langevin, F.; Crossan, G.P.; Rosado, I.V.; Arends, M.J.; Patel, K.J. Fancd2 counteracts the toxic effects of naturally produced
aldehydes in mice. Nature 2011, 475, 53–58. [CrossRef] [PubMed]

63. Wang, M.; Dingler, F.A.; Patel, K.J. Genotoxic aldehydes in the hematopoietic system. Blood 2022, 139, 2119–2129. [CrossRef]
[PubMed]

64. Zhang, H.; Kozono, D.E.; O’Connor, K.W.; Vidal-Cardenas, S.; Rousseau, A.; Hamilton, A.; Moreau, L.; Gaudiano, E.F.; Green-
berger, J.; Bagby, G.; et al. TGF-beta Inhibition Rescues Hematopoietic Stem Cell Defects and Bone Marrow Failure in Fanconi
Anemia. Cell Stem Cell 2016, 18, 668–681. [CrossRef] [PubMed]

65. Edwards, D.M.; Mitchell, D.K.; Abdul-Sater, Z.; Chan, K.K.; Sun, Z.; Sheth, A.; He, Y.; Jiang, L.; Yuan, J.; Sharma, R.; et al. Mitotic
Errors Promote Genomic Instability and Leukemia in a Novel Mouse Model of Fanconi Anemia. Front. Oncol. 2021, 11, 752933.
[CrossRef] [PubMed]

http://doi.org/10.1080/15384101.2020.1810394
http://www.ncbi.nlm.nih.gov/pubmed/32865112
http://doi.org/10.1128/MCB.01298-10
http://doi.org/10.1111/jvim.12284
http://www.ncbi.nlm.nih.gov/pubmed/24433284
http://doi.org/10.1016/j.ymgme.2013.05.006
http://www.ncbi.nlm.nih.gov/pubmed/23746554
http://doi.org/10.1182/blood-2003-08-2852
http://doi.org/10.1001/jama.2015.13134
http://www.ncbi.nlm.nih.gov/pubmed/26447779
http://doi.org/10.1016/j.molcel.2014.07.010
http://doi.org/10.1242/dmm.009795
http://doi.org/10.1038/nature11368
http://doi.org/10.1038/nature10192
http://www.ncbi.nlm.nih.gov/pubmed/21734703
http://doi.org/10.1182/blood.2019004316
http://www.ncbi.nlm.nih.gov/pubmed/35148375
http://doi.org/10.1016/j.stem.2016.03.002
http://www.ncbi.nlm.nih.gov/pubmed/27053300
http://doi.org/10.3389/fonc.2021.752933
http://www.ncbi.nlm.nih.gov/pubmed/34804941

	Introduction 
	Materials and Methods 
	Selection of Cases 
	Isolation of DNA 
	Library Preparation and Whole Exome Sequencing 
	Genotyping Assays 
	Measurement of Height at Withers and Weight and Complete Blood Count 
	Cell Culture, Plasmids, and Transfection 
	Cas9-Mediated Gene Disruption 
	Viability Assays 
	Immunoblotting 
	Statistical Analysis 

	Results 
	A Coding Variant in FANCG, Unique to the Genome of BMD is Identified 
	The FANCG Variant Is Unique to BMDs 
	The FANCG Variant Has a High Allele Frequency in BMDs 
	FANCG and MTAP Loci Appear to Segregate Independently in BMDs 
	BMDs Homozygous for the Variant Allele Do Not Display an Overt FA Phenotype 
	Primary Fibroblasts from Dogs Homozygous for FANCG Variant Allele Display Increased Cisplatin Sensitivity 
	The 465R Substitution Introduced into Human HEK293T Cells Confers Intermediate Cisplatin Sensitivity as Compared to FANCG Deficient 293T Cells 
	The 465R Variant Confers Similar Cisplatin Sensitivity as a Human FANCG Hypomorphic Variant That Confers Fanconi’s Anemia in Humans 

	Discussion 
	Conclusions 
	References

