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New C3H KitN82*“'WT cancer
mouse model develops late-onset
malignant mammary tumors
with high penetrance
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Gastro-intestinal stromal tumors and acute myeloid leukemia induced by activating stem cell factor
receptor tyrosine kinase (K/IT) mutations are highly malignant. Less clear is the role of KIT mutations in
the context of breast cancer. Treatment success of KIT-induced cancers is still unsatisfactory because
of primary or secondary resistance to therapy. Mouse models offer essential platforms for studies

on molecular disease mechanisms in basic cancer research. In the course of the Munich N-ethyl-N-
nitrosourea (ENU) mutagenesis program a mouse line with inherited polycythemia was established.

It carries a base-pair exchange in the Kit gene leading to an amino acid exchange at position 824

in the activation loop of KIT. This KIT variant corresponds to the N822K mutation found in human
cancers, which is associated with imatinib-resistance. C3H Kit"®2*WT mice develop hyperplasia of
interstitial cells of Cajal and retention of ingesta in the cecum. In contrast to previous Kit-mutant
models, we observe a benign course of gastrointestinal pathology associated with prolonged survival.
Female mutants develop mammary carcinomas at late onset and subsequent lung metastasis. The
disease model complements existing oncology research platforms. It allows for addressing the role

of KIT mutations in breast cancer and identifying genetic and environmental modifiers of disease
progression.

The proto-oncogene KIT, a cell surface receptor tyrosine kinase, plays an important role in the development
of many cell types including erythrocytes, mast cells and interstitial cells of Cajal (ICCs)!~. Gain-of-function
mutations are responsible for neoplasms originating from these cell types. These include gastrointestinal stromal
tumors (GIST) originating from ICCs*®, mastocytosis, acute myeloid leukemia (AML), malignant melanoma
and germ cell neoplasms®®. Further, certain types of malignant breast cancer are associated with KIT overex-
pression, but the relevance of KIT mutations for mammary carcinoma development is unclear, since activating
KIT mutations are rarely found in this context™'’. In humans, the KITN** mutation potentially induces several
cancer types, and is associated with resistance to tyrosine kinase inhibitor (TKI) treatment using imatinib'".
During the past ten years several mouse models carrying activating Kit mutations were established and signifi-
cantly contributed to the current knowledge about the role of KIT in cancer development'>™°. One of the achieve-
ments within the Munich ENU mouse mutagenesis program was the establishment of a mouse line (preliminary

Institute of Experimental Genetics, German Mouse Clinic, Helmholtz Zentrum Minchen, German Research
Center for Environmental Health, Neuherberg, Germany. 2Research Unit Comparative Medicine, Helmholtz
Zentrum Minchen, German Research Center for Environmental Health, Neuherberg, Germany. 3Institute
of Molecular Animal Breeding and Biotechnology, Gene Center, Ludwig-Maximilians-Universitdt Munchen,
Munich, Germany. “Section of Molecular Hematology, Department of Hematology/Oncology, Universitats
Klinikum Freiburg, Freiburg, Germany. °German Center for Diabetes Research (DZD), Neuherberg,
Germany. ®Chair of Experimental Genetics, TUM School of Life Sciences, Technische Universitdt Miinchen, Freising,
Germany. ®Present address: amcure GmbH, Herrman-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen,
Germany. ZThese authors jointly supervised this work: Martin Hrabe de Angelis and Birgit Rathkolb. *A list of
authors and their affiliations appears at the end of the paper. “‘email: birgit.rathkolb@helmholtz-muenchen.de

Scientific Reports|  (2022) 12:19793 | https://doi.org/10.1038/s41598-022-23218-5 nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-022-23218-5&domain=pdf

www.nature.com/scientificreports/

laboratory name MVDO013) representing microcytic polycythemia'®. Here we report on its comprehensive char-

acterization concerning hematopoietic abnormalities, development of neoplasms and unexpected side effects.
Details on the identification of the causative genetic alteration, a Kit¥*K mutation, which is homologous to the
KITY®22K mutation of human patients, and a comparison to previously established models are presented. As a
consequence of the high conservation of the KIT protein between human and mouse'” the obtained phenotypic
data is expected to add valuable information about the role of KIT mutations as a primary cause of cancer and
other disorders. A potential application is given in the accompanying paper by Kraiger et al. characterizing the
disease progression in C3H Kit™**/"WT mice across a life span of twelve month by in-vivo magnetic resonance
imaging'®. This novel disease model is expected to facilitate future studies addressing the identification of genetic
and environmental factors affecting disease progression in KIT-induced cancer.

Results

A heterozygous Kit\82K mutation is associated with polycythemia in MVD013 mice. Micro-
cytic polycythemia in ENU-induced mouse line MVDO13 is inherited as a monogenic, dominant trait'®. Het-
erozygous mutant animals show increased red blood cell counts with marked microcytosis (Fig. 1a—c) result-
ing in significantly increased hemoglobin (males: 16.8+0.26 g/dl vs. 14.2+0.48 g/dl in WT males; females:
16.7+0.12 g/dl vs. 15.0+0.13 g/dl in WT females; p<0.001) and hematocrit values (males: 60.8+0.82% vs.
53.2+0.46% in WT males; females: 59.2+0.35% vs. 52.1+0.4% in WT females; p <0.001). Additionally, platelet
counts were mildly decreased in mutants compared to controls (Fig. 1d). Although total white blood cell counts
were similar in samples collected from mutant and control mice (Fig. le), automated leukocyte pre-differen-
tiation and FACS analysis of peripheral blood leukocytes indicated an increased proportion of granulocytic
cells (Fig. 1f, Supplement 1). Also, MPO-immunohistochemistry revealed an increased proportion of neutrophil
granulocytes in spleens of mutant animals (Fig. 1g, Fig. S1). Additional phenotypic deviations from controls
obtained from the systematic phenotyping at the German Mouse Clinic (GMC) are summarized and described
in Supplement 1.

Bone marrow total cell counts were similar in six months old mutant and control females, but significantly
elevated compared to controls at 12 months in mutants (Fig. 1h). In line with this, more hematopoietic and fewer
fat cells were observed histologically in femoral bone marrow of one year old mutant animals (Fig. 1i). Colony
assays revealed increased proliferative activity of stem cells from younger heterozygous mice, but decreased
proliferation and elevated apoptosis rates of stem cells from older mutants (Supplement 2, Fig. S2).

A classical linkage analysis based on genotyping of 161 single nucleotide polymorphisms (SNPs) evenly
distributed on chromosomes 1-19 was carried out in 61 N2-hybrid mice including 23 animals showing poly-
cythemia and 38 littermates showing a wild-type phenotype. The strongest linkage of polycythemia with C3B6
heterozygosity was observed for two SNPs on chromosome 5: rs29635956 at about 67.73 mbp and rs31585424
at about 79.10 mbp. No other chromosomal region showed remarkable linkage of the phenotype to C3B6
heterozygosity.

Exome sequencing identified three heterozygous mutations affecting amino-acid sequence in the respective
gene products, which were present in the exomes of the two mutant MVDO013 mice but not in any wild-type or
mutant mouse from other lines on C3H background: A missense mutation in Ifi203 on chromosome 1, a mis-
sense mutation in Kit on chromosome 5 and a missense mutation in Myh13 on chromosome 11. Only the Kit
mutation, a T to A substitution in exon 17, was localized within the identified mapping region on chromosome
5. It was confirmed by sequencing of the respective region in two additional animals with mutant and control
phenotype (Fig. 2a). According to international rules of nomenclature the mutant line was renamed C3H KifN$24%/
WT since the mutation results in the replacement of an asparagine residue by lysine in amino acid position 824.
Alignment of the mouse and human KIT amino acid sequences reveals that the mutation is homologous to the
N822K mutation found in human patients.

Genotyping procedures based on PCR with restriction enzyme fragment length polymorphism (PCR-RFLP,
Fig. 2b upper panel) or PCR followed by heteroduplex detection (Fig. 2b lower panel) were established. In 76 ani-
mals classified by PCR-RFLP and CBC genotypic and phenotypic classification as mutant or wild-type matched
for all but 2 animals. In 53 animals subjected to blood cell count analysis and genotyping by heteroduplex
analysis, the outcomes for one animal did not fit together. These results demonstrate an almost complete match
of the mutation with the aberrant phenotype and indicate, that CBC phenotyping and genotyping yield similar
accuracy concerning correct classification of mutant animals and wild-type littermates in this line.

Polycythemia in Kit"82*WT mytant mice is fully penetrant and homozygosity is most likely
lethal. Microcytic polycythemia in mouse line MVDO13 is inherited as a monogenic, dominant trait, with
the expected proportion (50.1% mutant vs. 49.9% WT) of offspring derived from matings of heterozygous
mutant mice to wild-type mates showing the mutant phenotype. Together with the almost complete genotype-
phenotype match for animals classified by CBC and genotyping these results indicate, that polycythemia is fully
penetrant in heterozygous mutant animals. Polycythemic progeny in litters derived from mating heterozygous
male and female animals (57.5% mutant and 42.5% W), however, did not reach the proportion of around 75%
of offspring with mutant phenotype expected in case of full viability of homozygous and heterozygous mutant
offspring. The proportion of mutant animals was even lower than 66% that would have been expected according
to Mendel in case of full viability of heterozygous offspring and complete pre- or perinatal lethality of homozy-
gous animals. This observation suggests homozygous lethality and reduced viability of heterozygous offspring
when derived from heterozygous parents. The assumption of homozygous lethality is also supported by the find-
ing of a decreased mean litter size with in average 4.5 living offspring per litter instead of 5.2 in C3H-WT main-
tenance breeding. However, since litters derived from heterozygous parents mated to wild-type partners were
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Figure 1. Hematological characterization of C3H Kif¥****"T mutant mice. Red blood cell counts (a), mean
corpuscular volume (b) and mean corpuscular hemoglobin (c), platelet counts (d), total white blood cell counts
(e) and percentage of granulocytic cells (f) of controls (WT) and heterozygous (Het) mutant animals (n=9-11
per group, age 20-21 weeks), representative pictures of IHC for MPO of the spleen of a control (upper panel)
and a mutant animal (lower panel) at age 6 months (g), Cell counts of femoral bone marrow derived from
female control and heterozygous mutant mice collected at age 6 (n=10 per group) or 12 months (n=4 per
group) (1 h), representative picture of bone marrow histology in the femoral epiphysis of 12 months old control
(upper panel) and mutant (lower panel) animals (i). ****p <0.0001; ***p>0.001, **p <0.01, *p <0.05 (Wilcoxon

Rank Sum Test).
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Figure 2. Genetic characterization of C3H Kit™****WT mutant mice. Sequence tracing of the mutation in exome
17 of the Kit gene (a) sequence obtained from a control animal (upper panel) and from heterozygous animal
showing the mutant phenotype (lower panel), (b) exemplary depiction of genotyping results using PCR-RFLP
method (upper panel) or heteroduplex detection using the lightscanner device (lower panel).

rather bigger than mean litter size obtained from C3H maintenance breeding (6.1 born, 5.8 weaned per litter vs.
5.4 born, 5.2 weaned in C3H), fertility of heterozygous mutants in general appeared unaffected.

Mutant animals develop hyperplasia of ICCs and retention of ingesta in the cecum. Macro-
scopic and histological evaluation of 76 mutant animals ranging from age less than 2 months up to 20 months
revealed signs of abnormal cecum morphology and altered intestinal passage.

Hyperplasia of ICCs in the myenteric plexus region was detected in all male and female Kit mutants, older
than 2 months, which equates to 100% penetrance of this gastrointestinal pathology. Except two very young
female mutant mice (aged 2 months) all mutants displayed diffuse ICC hyperplasia in the stomach involving
the complete glandular region and the limiting ridge separating glandular region and forestomach (Fig. 3 a-c).
In around 50% of the animals, independent of age and sex, also the lamina muscularis of the glandular stomach
was affected (Fig. 3d-i). Immunohistochemistry revealed KIT-positivity of the hyperplastic cells (Fig. 3j-1).
Additional hyperplastic regions were found in cecum and colon of all but two mutant mice (Fig. 3m,n,q), while
the small intestine was not affected. The hyperplastic cells displayed a spindle-shaped morphology with low if
any mitotic activity. Thickness of the hyperproliferative layer was only slightly increased in old compared to
young mutants.

While in three young mutant animals sacrificed at 2 months of age the cecum was small compared to wild-
type animals of the same age (not shown), congestion of ingesta in the cecum was found in almost all het-
erozygous mutant animals older than 10 months (Fig. 30). Old animals displayed a megacecum with intense
distensions also involving parts of the proximal colon. Histological examination revealed atrophy of the normal
mucosal folds and acute inflammatory reactions (Fig. 3r).

Protruding Peyer s patches (PPs) were found in the cecum of control animals aged more than five months
(Fig. 3p), but were already present in the cecum of mutant animals at 2-5 months of age (Fig. 3n). In older mutant
animals these were flattened due to cecal obstipation (Fig. 30,r).

No nodular lesions or tumors comparable to GISTs in humans were detected in C3H KitN4¥WT mice,

Aged female C3H KitN82*“WT mytant mice develop mammary carcinomas with high pene-
trance. At the age of 8 months the first subcutaneous tumors were detected in a female Kit¥****WT mutant
mouse during necropsy. Out of 24 female mutant animals aged 8 or more months, 18 animals displayed such
neoplasms (Fig. 4a, Table S1). More than one tumor (2 or 3) were observed in five of these mice. Histological
analysis of tumors derived from 14 different mice including three with more than one tumor revealed these neo-
plasms to be KIT-expressing mammary carcinomas (Fig. 4 b, d-e). Transformed mammary epithelial cells were
obvious in the subcutaneous areas analyzed, with normal ducts surrounded by lesions corresponding to differ-
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Figure 3. Pathology of the gastrointestinal tract of C3H KifN?*¢"T mutant mice: Representative pictures of

the forestomach wall of a control (a) and two mutant animals (b,c) showing a layer of hyperproliferating cells
between the inner circular and outer longitudinal muscle layer (arrows), the glandular stomach wall of a control
(d) and two mutant animals (e,f), higher magnification in g-i shows the thin layer of ICCs between the muscular
layers (g, arrow), which is thickened due to ICC hyperplasia in mutant animals (h,i, arrows), IHC for KIT of the
gastric wall in a control (j) and a mutant (k) animal—higher magnification in I —demonstrating KIT-positivity
of ICCs in the wild-type and hyperproliferating cells (arrow) in the mutant animal, macroscopic (inserted
picture) and histologic appearance of the cecum in a 6 months old wild-type animal (m) and a 12 months old
control (p) compared to a 6 months old mutant with prominent Peyer s patches (star) (n,q) and a 12 months old
mutant animal with ingesta retention and extensive inflammation (star) (o,r).
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Figure 4. Pathology of mammary tumors found in older female C3H KifN$24¢"T mutant mice: Macroscopic (a)

and histological (b,c) appearance of mammary tumors found in older female mutant mice. A high magnification
of a region in the periphery of the tumor (c) shows normal mammary ducts (black arrows) and mammary
intraepithelial neoplasia (MIN) lesions (bright pink arrows). Overview of immunohistochemistry staining
results (negative =blue, positive =brown) and schematic depiction of observed staining patterns (membranous,
cytoplasmic, nuclear) and staining intensities (dark brown = strong, light brown =weak) in 14 investigated
tumors (d). Representative IHC pictures of KIT (e), ER (f,g), PR (h,i) and ERBB2 (j) in the mammary tumors.
Examples of a negative (left) and a positive (right) staining for ER and PR are shown. Nuclear ER was also
detected in some tumors (d). Mammary tumor Giemsa staining representative images for the identification of
mast cells (k1). H&E-stained representative picture of a lung metastasis found in an old mutant female with a
mammary tumor (m).
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ent mammary transformation stages: hyperplasia, adenoma/mammary intraepithelial neoplasia and early/late
carcinoma (Fig. 4b,c). Immunohistochemical characterization of human breast cancer markers (ER, PR, ErbB2/
Her2) in mammary tumors from 14 heterozygous mutant female mice revealed heterogeneity in their expression
(Fig. 4d). After Allred scoring, estrogen receptor (ER) was found positive (and mainly cytoplasmic) in 8 out of
14 analyzed tumors (Fig. 4f,g). Progesterone receptor (PR) was predominantly negative (Fig. 4h) except for scat-
tered nuclear staining in 4 out of 14 tumors (Fig. 4i). Herceptest scoring for ErbB2/Her2 expression revealed no
positivity as the characteristic ErbB2 membrane staining was mainly detected in stromal (data not shown) but
not in tumor cells (Fig. 4j). Numerous mast cells were observed in the stroma and in the tumor microenviron-
ment (Fig. 4k-1). Although we did not see indications of invasive growth and also did not identify tumor cells in
adjacent lymph nodes, tumor metastases were found in the lung of six out of 18 mutants with mammary neopla-
sia after analyses of H&E-stained sections (Fig. 4m). A higher magnification of such a lesion and representative
immunohistochemical stainings demonstrating that the same markers are expressed in both, the primary tumor
and the metastasis are provided in supplementary Fig. S3.

A more detailed analysis of histologic features according to the recommendations published by Cardiff et al.”®
identified solid tumors (Fig. 5a) and tumors classified as glandular type (Fig. 5b). However, most tumors showed
a mixed type (Fig. 5¢) composed of solid areas often with central necrosis reminiscent of comedonecrosis also
found in human breast cancer, and tubular (glandular) parts, partly with fat droplets indicating secretory activity,
and large fluid-filled cysts in the periphery (Fig. 5d). Irrespective of histological appearance, proliferation rate
according to the Ki67 staining was very high (Fig. 5a—c). Less frequent histologic findings were sclerotic areas,
which are a common finding in human breast cancer, areas with keratin deposition, possibly indicating squa-
mous differentiation (Fig. 5e), and papillary structures (Fig. 5f). An overview of the histological classifications
is given in supplementary table 1 online. Only two tumors each showed only solid or glandular type structures,
respectively, in the cut surface.

Further, we observed indications of leucosis in one female mutant animal. Liver tumors were found in single
male animals from both groups, mutant and control mice. We did not detect melanomas or tumors of the ova-
ries or testes in any of the mutant animals, but cystic masses at the ovaries of three female control animals. An
overview of the macroscopic and histological findings is given in supplementary table 2 online.

Macroscopic pathology of four mutant animals and histopathology of one tumor reveal varia-
bility of gut pathology with protruding GIST development in mutant N2-hybrid mice. Dissec-
tion of four N2-hybrid littermates showing polycythemia from the backcross to C57BL/6]Ico at the age of eight
months revealed considerable variability concerning the cecum phenotype (Fig. 6a-d). In one animal, the cecum
was similarly small as it was observed in young mutant animals on C3H background, but with a general thicken-
ing of the cecal wall and small tumors at the cecum-colon junction (Fig. 6a). One animal showed obstipation of
the cecum and mild thickening of the cecal wall, similar to older mutants on C3H background (Fig. 6b). In the
remaining two animals exophytic tumors were found at the cecum (Fig. 6¢,d). The bigger one was subjected to
histopathology, which revealed a GIST-like phenotype (Fig. 6e,f).

Discussion

Gain-of-function mutations in KIT have been found in germ cell tumors, mastocytosis, AML and GIST in
humans®-?. Patients with hematopoietic diseases like AML mostly show mutations in the A-loop region of the
KIT gene, the most prominent ones being mutations at D816 and N8222%. The C3H KitN2*'WT mice carry a Kit
mutation in the A-loop region, which corresponds to the human N822K mutation first described in an AML cell
line with an 8;21 chromosome translocation, named Kasumi 1%.

The most prominent phenotype found is the microcytic polycythemia with significantly increased hemoglobin
and hematocrit values observed in all heterozygous mice. This was associated with increased proliferation rates
of bone marrow stem cells in six months old and reduced proliferation in one year old mutant animals. KIT
signaling is known to be important for survival and proliferation of erythroid progenitors and so this phenotype
is in line with the importance of the A-loop region for hematopoiesis®. Nevertheless, no clear signs of leukemia
or increased incidence of leukemic neoplasias as compared to littermate controls were seen. The mutant pheno-
type rather resembles polycythemia vera (PV) in humans. Interestingly, rare cases of PV patients carrying KIT
mutations have been reported®. Additionally, in C3H Kit¥*2*®WT mjce an increased proportion of granulocytes
in peripheral blood leukocytes and in the spleens of mutant mice was observed. Comparable phenotypes were
described for KitV>*84T66%l+ mijce, bearing a mutation in the juxtamembrane domain of KIT and an additional
“gatekeeper” second site mutation'?. Interestingly, both phenotypes, microcytic erythrocytosis and an increase in
granulocytes and monocyte-macrophage populations in the spleen and bone marrow were found in Kif">>84T6691+
mice, suggesting that proliferation of the myeloerythroid lineage is affected by this double mutation in a similar
way as in the KitN*'WT single A-loop mutation?’.

Further observed in double mutant Kit">**+T¢I* mjce was a hyperplasia of ICCs in the large intestine and
stomach. KIT-activating mutations are found in 60-90% of GIST patients®®. Most often these mutations are local-
ized in the juxtamembrane domain of the receptor. Only around 2% of activating point mutations in GISTs reside
in the TKII domain in exon 17, where the N822K mutation is located>?°. Most of the mouse models established
so far, are characterized by development of GIST lesions at the cecum in heterozygous or homozygous mutant
animals'*"". ICC hyperplasia is a generic term of microscopic KIT expressing spindle cell lesions detected during
surgery of patients suffering from larger GISTs or other non-GIST lesions®**'. It is described as a thin layer of
spindle-shaped proliferating cells between the inner circular and the outer longitudinal muscle layer*>*. Agaimy
et al. reported on cases of diffuse Cajal cell hyperplasia with involvement of the complete layer of the muscularis
propria in the distal colon, which is an uncommon region for GISTs*. Kit">*84+ and Kit-K641E mice also develop
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Figure 5. Histological characterization of mammary tumors in C3H Kit¥***VT mutant mice: Tumors showed

solid (a), glandular (b) or mixed (c) morphology, with strong Ki67 positivity observed in all types (a—c).
Representative pictures of different mixed morphological tumor types (d-f), the most frequent type (d) with
solid and glandular morphologies present in the same tumor (upper left), with necrotic areas (lower left), cysts
(upper right) and fat droplet infiltration (lower right) were observed (d). A sclerotic/solid tumor is shown (e),
with keratin deposition (upper right) and connective-tissue-rich sclerotic areas surrounding solid sheets (lower
right), and an example of a papillary/solid tumor (f) with solid areas (upper right) and papillary (finger-like)
tumor growth projections (lower right).
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Figure 6. Phenotypic variability of the cecum in mutant N2-hybrid animals. Macroscopic pictures of the cecum
derived from four 8 months old N2-hybrid littermates showing polycythemia (a-d), histopathology of the
tumor depicted in (d) in 10-fold (e) and 40-fold (f) magnification.

ICC hyperplasia and neoplastic lesions in the cecum, with Kit'****/* mice showing normal cell counts in blood

recapitulating the main characteristics of human GIST patients'*'*. The C3H Kit™***®WT mouse line mimics a
mixture of observations made in humans. The ICC hyperplasia is of 100% penetrance with stomach, cecum and
colon being affected. It is localized either between the two muscular layers or replacing the complete muscularis
propria. While in humans and also in the double mutant Kit¥>*84T6V+ mice GISTs develop from ICC hyperplasia,
there was no tumor progression in the GI tract of Munich C3H KifN$2#</WT mjce, even in advanced age.

However, KitN32#"WT animals suffer from slowly progressing constipation of the cecum with a penetrance of
100% in animals older than 10 months. ICCs are known to be pacemakers for different motor activities in the
gut. In patients suffering from chronic idiopathic constipation or megacolon the number of ICCs is decreased™®.
In the Munich Kit¥82*"WT mice the network seems to be disturbed leading to motility problems, although the
animals show an ICC hyperplasia. The KitV>***'* mice also argue for this because distended ileum and cecum
were found in this mutant as well™®.

An interesting phenotype we observe in our mice, which to our knowledge has not been described for any
other KIT-activating mutation model, is the development of mammary tumors in female mice aged 8 months and
older. Since the background strain C3HeB/Fe] does not carry the mammary tumor virus (https://www.jax.org/
strain/000658) and age matched control mice display no tumors this pathology is genotype-related. The tumor-
type pattern was ranging from solid, sometimes with comedonecrosis, to glandular with partially large lumina.
A study of Mayr et al. in 2019 investigated the correlation between GIST and additional neoplasms, and 37% of
patients with GIST showed at least one additional tumor, with 20% of these being neoplasms of breast/female
genital system. The reason for this association remains unknown?. KIT is highly expressed in normal mammary
gland tissue and is described as a progenitor marker in the mouse mammary gland®. However, carcinogenesis is
mostly associated with a loss of its expression®®. In human breast cancer KIT expression is downregulated during
epithelial transformation by KIT promoter hypermethylation®. Other published data suggest that KIT has a dual
role in cancer, acting both as an oncogene via its kinase domain or as a tumor suppressor through induction of
apoptosis®®. Meanwhile an association of strong KIT expression with high-grade breast carcinomas of the basal-
like subtype has been shown*°. Although a majority of triple-negative mammary carcinomas shows strong
expression of KIT, activating mutations of KIT in this type of cancers seem to be rare in humans'®*". On the
other hand, Hussain et al. report on KIT mutations in more than 20% of mammary carcinoma biopsy samples,
and most of these mutations have been detected before in other tumor types*. In another study Funkhouser
et al. found KIT mutations in more than 11% of investigated breast tumor samples and an association with serum
galactin levels and occurrence of brain metastasis*’. These observations suggest a role of KIT mutations in breast
tumorigenesis or disease progression. However, the N822K mutation has as yet not been reported in human
breast cancer. Our immunohistochemical characterization results of the mammary tumors of this mouse model
go in line with those of Eroglu et al. in human breast cancer, where KIT expression was linked to ER positivity but
was found independent of ErbB2*. In summary, our results indicate that activating Kit mutations are a potential
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primary cause of mamma carcinoma development in mice. Further studies are required to characterize these
tumors in more detail and elucidate underlying pathomechanisms.

While mutations in the A-loop region of KIT are known to be associated to human mastocytosis®, we did not
observe an increase in mast cells neither in skin nor in any organ except in the subcutaneous fat surrounding the
mammary tumors in female mutant mice. Mast cell (MC) infiltration is known in a range of tumors including
breast cancer where they are common components of the tumor stroma. Huang et al. showed that MC infiltration
and activation in breast tumors is mainly mediated by stem cell factor and the KIT receptor*®. However, the role
of increased MCs in cancer is controversial and high numbers of MCs have been associated with good prognosis
as well as with poor prognosis and distant metastasis in breast cancer*®. Our mice are a valuable model to study
the impact of Kit mutation on MC infiltration and tumor progression in mammary tumors.

The homologous amino acid exchange at position 822 in humans was also been found in testicular semi-
noma in humans®. Although we did not observe germ cell tumors in C3H Kit"V8**/WT mice, the observations of
apparently increased fertility of heterozygous mutant animals and the hint towards homozygous lethality could
be interesting in this respect. Further studies are required to investigate effects on germ cell development and
embryogenesis in detail.

Our model shares several phenotypes described for other rodent Kit-mutant models carrying activating
mutations. However, slowly progressing constipation of the cecum and especially development of mammary
tumors were not reported for any of these models. Instead, all of the models developing ICC hyperplasia also
suffered from GIST tumors at the cecum with ileo-cecal obstruction leading to early killing or spontaneous
death. Therefore, mutant animals of these models might not get old enough to develop mammary carcinomas,
since these occurred in our model in 8 months old or even older females.

Preliminary results from mice with mixed genetic background suggest that the genetic background signifi-
cantly affects disease phenotype progression. The Kit¥**WT mice were bred on a pure C3HeB/Fe] background,
except for the hybrid animals produced for linkage analysis. While enteric wall thickening but no protruding
GIST tumors were found in mutants on C3H background, three out of four mutant hybrid animals sacrificed
and dissected with an age of eight months showed bulging tumors at the cecum. One of these tumors was histo-
pathologically analyzed and displayed typical GIST morphology. This difference likely resulted from background-
specific variants in modifying genes that influence disease progression in Kit¥$2**WT mutant mice, and the model
could probably be used to identify these factors. However, since this observation is based on accidental findings
in a small number of animals, additional studies are required to confirm the influence of a distinct genetic
backgrounds on disease progression.

The present study has limitations. Since the majority of analyses performed for phenotypic characterization
was conducted before the causative mutation was identified, animals for these studies were assigned to the mutant
and wild-type groups according to their hematopoietic abnormalities. Since tissue samples were not available later
from all of these animals, correct classification could not be confirmed for each individual animal by genotyping.
However, genotype assessment of a part of the animals used in the phenotyping studies and of additional animals
from the maintenance breeding colony indicated an almost complete match of hematological abnormalities and
heterozygous genotype of the causative mutation. Single mismatches could be due to a mix-up of individual mice
during sample collection. Further, only a small number of mutant mice younger than five months was examined
in pathology, and the same holds true for hybrid mutant animals. Therefore, it is difficult to final conclude,
whether the abnormally small cecum found in young mutants is a general feature of this model. However, we
were able to confirm this observation in the follow-up disease monitoring study'®. Similarly, we cannot draw final
conclusions concerning the effects of genetic background on tumor development in our model from only four
mutant animals investigated in this study. Nevertheless, the observation of GIST tumor development in three out
of these four mice on the background of numerous investigated mutants on C3H-background not showing this
phenotype, clearly indicates a significant influence, that is worth to follow up in future studies. Using this model
it might be possible to identify modifying genes, with protective or oncogenic alleles in different mouse strains.

In summary, the slow, predictable and traceable age-related disease progression of the presented mice bearing
an activating Kit mutation render C3H KifN*248WT mice an essential platform for studying disease modifying
genes and assessing novel therapeutic strategies against cancer. It is especially expected to help shedding light
on the yet still unclear role of KIT mutations and KIT signaling in mammary carcinoma.

Materials and methods

Mice. MVDO013 mice were bred on a pure C3HeB/Fe] (C3H) inbred background by mating heterozygous
phenotypic mutants to C3H wild-type (C3H-WT) animals for more than 10 generations before in depth genetic
and phenotypic characterization was started. The animals were maintained in the German Mouse Clinic (GMC)
in groups of 2-5 animals in individually ventilated cages with standard chow (Breeding diet for mice 1314,
Altromin, Lage, Germany) and water accessible ad libitum under standard housing conditions (room tempera-
ture 23+ 1 °C, humidity 50+ 10%) in a 12/12-h light-dark regime.

Homozygous viability was investigated in the offspring of 20 matings of heterozygous male and female mice.
Fertility assessment was done by retrospective analysis of the breeding outcome of maintenance and cohort
breeding for mouse line MVDO013 in the GMC in comparison to maintenance breeding of the C3HeB/Fe] wild-
type colony.

In total, five cohorts of heterozygous mutant mice and wild-type littermates were used for the genetic and
phenotypic characterization of this mutant line: One cohort of 100 mice on N2-hybrid mixed genetic background
for linkage analysis to map the causative mutation, and 4 cohorts on C3H background for the phenotypic char-
acterization: two cohorts of 8-11 mutant and wild-type animals each per sex were used for the two pipeline
phenotyping procedure in the German Mouse Clinic (GMC)*, one cohort of 10 animals of each sex and genotype
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for the pathology of 12-14 months old animals, and one cohort of 10 six months old female and four 12 months
old female animals of each genotype for bone marrow analyses.

Most of the animals used for clinical phenotyping and additional animals from the maintenance breeding
colony, from the accompanying disease monitoring study'® and few animals bred for linkage analysis of the
mutation were used for macroscopic and histopathological investigations.

All experimental procedures were conducted according to the German Animal Welfare Act, they were
approved by the respective authorities of the Government of Upper Bavaria “Regierung von Oberbayern, Sach-
gebiet 54 - Tierschutz, Miinchen, Germany” (Ref. No. 55.2-1-54-2531-78-06; 55.2-1-54-2531-70-07) and carried
out and reported in compliance with ARRIVE guidelines.

Genetic characterization. Chromosomal mapping of the mutation by linkage analysis. Heterozygous
mutant animals were mated to C57BL/6]Ico wild-type mice to generate F1 hybrid animals. Offspring showing
the characteristic mutant phenotype of the peripheral complete blood cell count (CBC) were backcrossed to
C57BL/6]Ico wild-type animals to generate N2 hybrid oftspring used for a classical linkage analysis. Animals
were grouped according to CBC characteristics in mice showing the mutant, the wild-type or an ambiguous
phenotype. Subsequently mice were sacrificed, and DNA isolated from tail tip tissue was used for genome wide
SNP genotyping as previously described*** followed by classical linkage analysis.

Exome sequencing. 'We performed in-solution targeted enrichment of exonic sequences from spleens of two
heterozygous MVDO013 mice on C3H background together with six mutants and two wild-type controls from
three other lines on the same genetic background using the SureSelectXT Mouse All Exon 50 Mb kit (Agilent
Technologies, Santa Clara, CA). The generated libraries were indexed, pooled and sequenced as 100 bp paired-
end runs on a HiSeq2000 system (Illumina, San Diego, CA), as previously described™. Read alignment to the
mouse genome assembly mm9 was done with Burrows-Wheeler Aligner (BWA, version 0.6.1). Single nucleotide
variants (SNV) and small insertions and deletions (indel) were detected with SAMtools (version 0.1.18). Subse-
quently results were filtered for heterozygous variants present in both MVD013 mutant mice but not in any of
the other mice on C3H background analysed in parallel or any of 145 control mice with unrelated phenotypes
in the in-house exome sequence database.

Genotyping of the mutants. 'The causative mutation found by exome sequencing in the chromosomal region
linked to the mutant phenotype was subsequently confirmed by sequence analysis in two mutant animals and
PCR-RFLP based genotyping of heterozygous mutant and wild-type littermates. PCR-RFLP was conducted using
5'-AAACGGGAATATCACTTGCACC-3'" and 5'-CATGTGACATTACAAGGTAGGAG-3' as primers and the
restriction enzyme “Tasl” with the cutting sequence “AATT”. Due to the mutation, the cutting sequence “‘AATT”
in wild-type is changed to “AAAT” in mutants, resulting in differentially sized restriction fragments of 251 nt
and 88 nt for the wild-type and 335 nt for the mutant allele. In addition, genotyping by heteroduplex detection
was performed with a LightScanner® device originally from Idaho Technology Inc. (distributed by Bioke, Leiden,
Netherlands) as described previously®’, from PCR-products of the respective region obtained with the following
primer pair: forward TTCCTGTGAATGGAAGGAAG, and reverse AAAGCACCCTGGGTAGACTC.

Systematic phenotyping at the GMC. A systematic GMC phenotype screen using a two-pipeline pro-
cedure as described by Fuchs et al. 2012 and additional pathological investigations on aged animals were carried
out for clinical phenotype assessment of mutant mice*’. Animals were derived from heterozygous mutant to
wild-type matings and assigned as polycythemic mutant and normal controls according to their hematologi-
cal phenotype determined at 10-12 weeks, since the causative mutation was still unknown. Groups of eight to
eleven male and female mice of each phenotype (mutant or wild-type) were analyzed in each test, starting with
first tests at age 14-15 weeks and finishing at 22-23 weeks. Only tests which detected polycythemia-associated
phenotypes are described in detail.

Blood collection. Blood collection: Blood samples obtained by puncture of the retrobulbar vein plexus from
mice anesthetized with isoflurane were collected in Li-heparin coated tubes (Kabe Labortechnik GmbH, Niim-
brecht-Elsenroth, Germany) for clinical chemistry analyses and EDTA-coated tubes (Kabe Labortechnik GmbH,
Nimbrecht-Elsenroth, Germany) for the determination of hematological values. Heparinized blood samples
were stored at room temperature for 1-2 h before being separated by centrifugation (5000xg, 10 min, 8 °C) and
plasma transferred to plain sample tubes for analysis.

Clinical chemistry analyses. Plasma samples were used diluted 1:2 with deionized water to determine plasma
parameters with an AU400 analyzer (Olympus Deutschland GmbH, Hamburg, Germany) as described®.

Hematological investigations. Hematological investigations: EDTA-blood samples were agitated at room tem-
perature on a rotary until analyzed with an abc-animal blood counter (Scil Animal Care Company, Viernheim,
Germany) to determine parameters of the peripheral complete blood count (CBC) including automated cell
size-dependent pre-differentiation of leukocytes.

FACS analysis of peripheral blood leukocytes. FACS analysis of peripheral blood leukocytes: Subpopulations of
peripheral blood leukocytes were analyzed using a BD LSR II flow cytometer (BD Biosciences, San Jose, USA)
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and fluorescence-conjugated antibodies against CD45, CD3, CD4, CD8, CD19, CD25, B220, CD5, IgD, CD11b,
Gr-1, MCH-class II, Ly6C, CD44 and CD62L as described previously>.

Analysis of bone marrow characteristics.  FACS analysis of hematopoietic stem and progenitor cells.  To-
tal bone marrow (BM) from one femur and two tibiae was isolated by flushing. After cell counting 1x 10° cells
were stained with a cocktail for lineage markers (CD3, CD11b, B220, Ter119, and Ly6G/6C; BioLegend), and
lineage-negative cells (Lin-) were analyzed for c-Kit (clone 2B8; eBioscience) and Sca-1 (clone D7; BioLegend)
expression to discriminate Kit+Sca-1- (KL) and Kit+Sca-1+ (KSL) cells. Progenitor and stem cell subpopula-
tions were identified by staining with the following additional markers: CD34 (clone MEC14.7; BioLegend),
Fc-gamma-II/III-R (clone 93; eBioscience).

Histology of bone marrow. Femurs were fixed in 10% formalin, subsequently decalcified in 10% buffered EDTA,
pH 7.2, and afterwards embedded in paraffin. Sections were stained with hematoxylin and eosin (H&E) for
histological analysis.

Additional phenotyping methods. Further analyses during systemic phenotype assessment are
described in supplement 1, and additional analyses on proliferation of bone marrow cells and apoptosis rates of
stem cells can be found in supplement 2.

Statistical analyses. Data displayed in Fig. 1 and Fig. S1 were evaluated separately for males and females
by a Wilcoxon-Rank-Sum test performed with GraphPad Prism. In general, data obtained from systematic phe-
notype analyses (Supplement 1 and tables therein) were analyzed by T-test or Wilcoxon-Rank-Sum-Test for
genotype-effects and, if appropriate, by 2-way ANOVA analysis for effects of sex and genotype. The level of
significance was set at p <0.05. We do not apply multiple testing correction during evaluation of primary pheno-
typing results, since this analysis is a screening procedure for the generation of hypotheses.

Macroscopic pathology, histology and immunohistochemistry. In total we investigated 106 ani-
mals on C3H background macroscopically (76 heterozygous mutant and 30 wild-type littermates) and mutants
from one litter N2-hybrid animals (n=4). Organs of 60 mutant animals on C3H background and the cecum of
one N2-hybrid mutant were subjected to histopathological analysis. During necropsy macroscopical analysis
was performed previous to histological examination of H&E stained, formalin-fixed, paraffin-embedded tissues.
Images were taken by the slide scanning system NanoZoomer® 2.0 HT (Hamamatsu, Japan). Giemsa staining
was carried out for visualization of mastocytes in 3 um paraffin sections of 8 mutant and 4 control animals. All
organs were analysed, including tumors of female mice.

Immunohistochemical staining was carried out on 1 pum tissue section in automated immunostainers
(Discovery®XT, Roche, Penzberg, Germany, and Leica Bond, Wetzlar, Germany) using the streptavidin-peroxi-
dase method. The following primary antibodies were used: anti-B220 (catalog n0.550286, 1:50, BD PharMingen,
California, USA), anti-KIT antibody (catalog no. AF1356, 1:40, R&D Systems,Minnesota, USA), anti-CD3 (cata-
log no. ZYT-RBGO024, 1:8, diagnostic-Biosystems, California, USA), anti-estrogen receptor alpha (catalog no.
ab75635, 1:100, Abcam, Berlin, Germany) anti-ErbB2 (catalog no. RB-103-P0200 1:200, Thermo Scientific, Mas-
sachusetts, USA), anti-myeloperoxidase (MPO) (catalog no. ab208670, 1:1200, Abcam, Berlin, Germany), anti-
progesterone receptor (catalog no. RM-9102-S0, 1:400, Thermo Scientific), anti-TER-119 (catalog no. 550565,
1:50, BD PharMingen, California, USA) and anti-Ki67 (catalog no. ab15580, 1:500, Abcam, Berlin, Germany). To
confirm antibody specificity positive controls with known protein expression as well as negative controls without
primary antibody were used. The slides were analyzed independently by two pathologists.

Data availability

All phenotypic data generated and analyzed during the current study are included in this published article and
its supplementary information files. Result overviews of genetic analyses (linkage analysis, Exome sequencing)
are also displayed in the supplementary data file. Raw data of SNP genotyping-based linkage analysis, exome
sequencing results and additional histopathology images are stored in in-house repositories at the Helmholtz
Zentrum Miinchen and will be made available from the co-author H. Fuchs on reasonable request.
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