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Abstract: Histiocytic sarcoma (HS) is a rare and highly aggressive cancer in humans and dogs. In dogs,
it has a high prevalence in certain breeds, such as Bernese mountain dogs (BMDs) and flat-coated
retrievers. Hemophagocytic histiocytic sarcoma (HHS) is a unique form of HS that presents with
erythrophagocytosis. Due to its rareness, the study of HHS is very limited, and mutations in canine
HHS patients have not been studied to date. In previous work, our research group identified two
major PTPN11/SHP2 driver mutations, E76K and G503V, in HS in dogs. Here, we report additional
mutations located in exon 3 of PTPN11/SHP2 in both HS and HHS cases, further supporting that
this area is a mutational hotspot in dogs and that mutations in tumors and liquid biopsies should be
evaluated utilizing comprehensive methods such as Sanger and NextGen sequencing. The overall
prevalence of PTPN11/SHP2 mutations was 55.8% in HS and 46.2% in HHS. In addition, we identified
mutations in KRAS, in about 3% of HS and 4% of HHS cases. These findings point to the shared
molecular pathology of activation of the MAPK pathway in HS and HHS cases. We evaluated the
efficacy of the highly specific MEK inhibitor, cobimetinib, in canine HS and HHS cell lines. We found
that the IC50 values ranged from 74 to 372 nM, which are within the achievable and tolerable ranges for
cobimetinib. This finding positions cobimetinib as a promising potential candidate for future canine
clinical trials and enhances our understanding of the molecular defects in these challenging cancers.

Keywords: histiocytic sarcoma; hemophagocytic histiocytic sarcoma; PTPN11; SHP2; KRAS; cobime-
tinib; MAPK pathway; MEK inhibitors; cancer genetics; myeloid tumors; comparative oncology

1. Introduction

Histiocytic sarcoma (HS) is an aggressive and rare cancer, occurring in less than 1% of
human and canine cancer patients. Due to the rarity of HS, the development of effective
treatments is an ongoing challenge. In dogs, although rare overall, HS is common in Bernese
mountain dogs (BMDs) and flat-coated retrievers (FCRs), where a genetic predisposition is
documented [1,2]. HS is also overrepresented in Rottweilers and golden retrievers [3,4].
While several loci have been identified to contribute to the risk of HS in BMDs [5] and
FCRs [6], causative predisposing mutations have been elusive so far.

In both dogs and humans, histiocytic disorders range from benign proliferative lesions
to highly aggressive sarcomas. In dogs, these include localized benign cutaneous masses
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(histiocytomas), reactive cutaneous or systemic histiocytosis, and benign proliferative dis-
eases, but also overt malignancies that can present as localized or highly disseminated
aggressive lesions involving multiple major organs (histiocytic sarcomas). Additionally,
an HS subtype, hemophagocytic histiocytic sarcoma (HHS), presents with marked ery-
throphagocytosis. While most canine HS cases show evidence of dendritic cell lineage
(being positive for CD11a, CD11b, and CD11c), HHS cases display CD11d, indicating
macrophage lineage. A series of studies have identified driver mutations in the MAPK
pathway in histiocytic diseases in humans [7,8] and dogs [9,10] in recent years. The use
of targeted small molecule inhibitors of the MAPK pathway has shown promising results
in humans [8], with some studies showing prolonged clinical response [11]. In dogs, our
team was the first to report MAPK pathway activating mutations in PTPN11 gene encoding
the protein SHP2, and KRAS in histiocytic sarcomas [9,10]. In addition, we were able to
demonstrate the efficacy of trametinib and dasatinib, both inhibitors of the MAPK path-
way, in canine HS cell lines and in mouse models of canine HS [12,13]. In addition, after
evaluating the safety of trametinib in a phase I study of tumor bearing dogs [14], we have
initiated a clinical trial evaluating the efficacy of the drug in HS canine patients, which
is ongoing. Other groups, have since reported various mutations in PTPN11/SHP2 and
KRAS in canine HS [15,16].

In order to evaluate responses to therapies and effectively employ tools such as liquid
biopsies, it is important to appreciate the full spectrum of mutations in driver genes in
tumors. In the current study, we report our findings of extensive variation in a mutational
hotspot region of exon 3 of PTPN11 in canine HS, including the frequency of mutations
in PTPN11/SHP2 and KRAS in canine hemophagocytic histiocytic sarcoma (HHS). The
frequency of driver mutations in HHS cases has not been previously studied. Further-
more, we evaluated the response of various HHS and HS cell lines to cobimetinib, a dual
MEK1/MEK2 inhibitor approved by the FDA for use on advanced melanoma patients in
2015 [17], as cobimetinib has also been successfully used to treat human HS patients [7,11].
As the MEK proteins (mitogen-activated protein kinase (MAPK)/extracellular signal-
regulated kinase 1 and 2) integrate the cellular response to many growth factors and
activation of signals in the MAPK pathway, their inhibition has proven effective in the
growth of various tumors. As an orally available, highly specific inhibitor, cobimetinib is a
powerful anti-cancer agent, whether used alone or in combination with other drugs [18–20].

2. Materials and Methods
2.1. Animal Use Statement

All Tissue Samples and Cell Lines Used in This Study Were Obtained Using Protocols
Approved or Deemed Exempt by the Michigan State University IACUC (AUF#08/15-127-00).

2.2. Histiocytic Sarcoma (HS) Samples

All cases of HS included in this study were diagnosed by histopathology and were
confirmed positive for CD204 by immunohistochemistry (IHC). Samples were either de-
rived from cases directly submitted to the Michigan State University Veterinary Diagnostic
Laboratory (MSU-VDL) or were part of our MSU BMD DNA and Tissue Repository as
frozen tissues, stored in small pieces at −80 ◦C. Each frozen tumor tissue sample was
sectioned into two pieces, one embedded in OCT and later transferred to paraffin and
processed for histopathology, including IHC, and the other section used for DNA extraction.
In total, 129 HS cases were analyzed, among which 96 were also included in a previous
study [10].

2.3. Hemophagocytic Histiocytic Sarcoma (HHS) Samples

Fourteen HHS frozen BMD tumor tissue samples from the MSU BMD Tissue and
DNA Repository and 12 cases from various breeds archived at MSU-VDL were included in
the study. All samples were confirmed by histopathology by a board-certified pathologist
(TTN) and were positive for CD11d expression by IHC.



Genes 2024, 15, 1050 3 of 13

2.4. Cell Lines

The cell lines used in the study included two HS cell lines from Bernese mountain
dogs (BD and OD) previously established in our laboratory [21] and one HHS cell line,
DH82, obtained from ATCC (CRL-3590). Cells were maintained in RPMI 1640 medium
(Life Technologies, Carlsbad, CA, USA; ThermoFisher Scientific Inc., Waltham, MA, USA),
supplemented with 10% fetal bovine serum (FBS), 1% anti-anti, antibiotic/antifungal agent
(Gibco), and 0.1% Gentamicin. All cell lines were incubated at 37 ◦C at 5% CO2.

2.5. Genomic DNA Extraction

Tumor genomic DNA was extracted from formalin-fixed paraffin-embedded (FFPE)
tissue using 5 to 8 10-micron sections and a QIAamp DNA FFPE Tissue Kit (Qiagen,
Germantown, MD, USA). For frozen tumor tissue samples, a DNeasy blood and tissue
kit (Qiagen, Germantown, MD, USA) was used with an input of about 25 mg of tissue.
Quantification of DNA was carried out using a Qubit dsDNA HS kit (ThermoFisher,
Waltham, MA, USA) and a Qubit 2.0 fluorometer (ThermoFisher, Waltham, MA, USA).

2.6. Genotyping using the TaqMan Custom SNP Genotyping Assay

Genotyping was performed using custom TaqMan SNP genotyping assays, listed in
Table 1. Samples were genotyped for PTPN11/SHP2 G503V and KRAS Q61H, as described
earlier [10]. For each TaqMan genotyping assay run, 5 µL of each tumor DNA sample, at
2 ng/µL, was mixed with 0.5 µL of the 20X TaqMan custom SNP Assay and 5 µL of the
TaqMan Genotyping Master Mix (ThermoFisher, Waltham, MA, USA) in a 96-well plate.
Two no-template negative controls with DNase-free water and three positive controls with
known genotypes, previously confirmed by Sanger sequencing, were included in each run.
The assays were run using a QuantStudio 3 (ThermoFisher, Waltham, MA, USA) real-time
PCR machine, following the manufacturer’s recommended cycling conditions. All samples
were analyzed in duplicate. The assays and details of the mutations analyzed are presented
in Table 1.

Table 1. Custom-TaqMan SNP primers used in genotyping.

Gene (Protein) Name Mutation Assay ID Genomic Coordinates
of Mutations * Location in cDNA

PTPN11 (SHP2)
E76K ANT2AD7

(Lot P180405-000 B02) Chr26: 10,340,007 c.440G>A
(XM_038575149.1)

G503V ANDJ2M3
(Lot P180403-001 E05) Chr26: 10,377,939 c.1,508G>T

(XM_038575149.1)

KRAS Q61H AN47YG4
(Lot P180307-008 A08) Chr27: 24,263,793 c.183A>C

(XM_038577089.1)

* CanFam4 reference genome used for genomic coordinates.

2.7. Genotyping by Sanger Sequencing

Sanger sequencing was performed on all HHS samples, as well as on samples from
our previous study that are either wildtype for PTPN11E76 or were not previously geno-
typed. Amplicons containing known multiallelic variant sites in PTPN11 and KRAS were
sequenced using primers indicated in Table 2. After DNA was amplified and visualized
on a gel, the PCR products were isolated using an Exo-CIP Rapid PCE Cleanup Kit (New
England Biolabs, Ipswich, MA, USA) and submitted for Sanger sequencing to the MSU
Genomics Core, where they were sequenced in both directions.
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Table 2. Primers for amplicons of PTPN11 and KRAS used for Sanger sequencing.

Gene Name Forward Primer Sequence
(5′ -> 3′)

Reverse Primer Sequence
(5′ -> 3′)

Amplicon
Size

Amplicon
Coordinates *

PTPN11
(exon 3) GGAAAGGAGCCAGGCAACAA TGGCATGGAAGAGGTGCATT 395 bp chr26:

10339752+10340146

KRAS
(exon 2) AAAGGTGTTGATAGAGTGGGT AGCCAATGGAACCCAAGTACA 380 bp chr27:

24279858-24280237

* CanFam4 reference genome used for genomic coordinates.

2.8. Determination of IC50 Values

Cells were seeded on flat-bottom 96-well culture plates (Alkali Scientific, Fort Laud-
erdale, FL, USA) at a density of 3000 cells/well. After 24 h, cell culture media was replaced
by complete media with the compound at the given concentration, and cells were treated
with compounds for 72 h, after which the MTS reagent was added. Cell viability was
analyzed using a CellTiter 96 Aqueous Non-Radioactive Cell Proliferation Assay (Promega,
Fitchburg, WI, USA) and determined by the amount of colored formazan dye produced
by live cells. The absorbance of formazan dye was measured at a 490 nm wavelength, and
IC50 values were calculated using Graph Pad Prism 9.2.0 (Graph Pad Software Inc., San
Diego, CA, USA). Each IC50 data point was obtained in triplicate, and each assay was run
in three biological replicates.

2.9. Analysis of Amino Acid Substitution Effects

The predicted effects of the resulting amino acid substitutions in PTPN11/SHP2 were
determined in silico using AlphaMissense for the human protein [22] and PolyPhen2 for
the dog [23]. There is 99.3% identity between the human and dog proteins (based on
NP_002825.3 and A0A4D6PF96, respectively), with no difference in predicted protein
structure. The only differences in amino acid residues occur at residue 449 and in three
residues in the region that codes for the C-terminal tail. For AlphaMissense, a value of
>0.564 indicates a likely pathogenic outcome. For PolyPhen2, a value >0.908 indicates a
“probably damaging” outcome, and a value between 0.446 and 0.908 indicates a “possibly
damaging” outcome [22,23].

2.10. Statistical Methods

Categorical age parameters between groups were analyzed by an unpaired t-test using
Graph Pad Prism 9.2.0 (Graph Pad Software Inc., San Diego, CA, USA). The p values were
determined by two-tailed analysis with significance set at <0.05. The normal distribution of
the data was verified with the Shapiro–Wilk test module in Graph Pad Prism 9.2.0.

3. Results
3.1. PTPN11/SHP2 and KRAS Mutational Status in HS Cases

Sanger sequencing of 129 HS samples around the E76 residue in exon 3 of canine
PTPN11 revealed the presence of multiple mutations. Some of these mutations were
previously reported, but additional mutations were found. Fourteen of the 96 samples
previously found to be wildtype at E76 when tested with TaqMan genotyping, were
found to carry other PTPN11 exon 3 mutations when Sanger sequencing was used. The
additional mutations within these samples included 1 G60V, 1 D61V, 2 E69K, 4 E76A,
3 E76G, 1 E76Q, and 1 A72T. The frequency of each mutation is presented in Table 3
below and schematically depicted in Figure 1. For the Sanger results, analysis of sequence
chromatograms using IGV [24] was performed to determine the presence of variants.
Heterozygosity was determined when a variant signal was at least 20% the strength of the
wild-type signal at the same nucleotide. Figure S1 depicts representative chromatograms
showing the presence of the PTPN11/SHP2 variants G60V, D61V, A72T, and E76K in BMD
HS samples.
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Table 3. PTPN11/SHP2 Mutations in Canine HS Samples in BMDs.

Frequency of All Mutations
in PTPN11/SHP2

55.8%
(72/129)

Frequency of PTPN11/SHP2
Mutations in 2 Exons

Exon 3
47.3%

(61/129)

Exon 13
8.5%

(11/129)

PTPN11/SHP2 Mutations G60V D61V E69K E76A E76G E76K E76Q A72T G503V

Number of dogs 2 1 4 4 3 44 1 2 11

Frequency in 129 HS cases
(current study) 1.6% 0.8% 3.1% 3.1% 2.3% 34.1% 0.8% 1.6% 8.5%

Status: New or previously
reported

[reference] (species)

[15]
(dog) New [15]

(human)
[16]

(dog)
[15]

(dog)
[9]

(dog)
[16]

(dog) New [10]
(dog)

Reported in
human cancers:
(per cBioportal)

yes no yes yes no yes no yes yes

Amino Acid Substitution Effects:

AlphaMissense (human) 1.000 0.999 0.998 0.998 0.997 1.000 0.997 0.998 1.000

PolyPhen2
(dog protein) 1.000 0.997 0.012 0.999 1.000 0.997 0.997 0.967 1.000
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Figure 1. A lollipop plot of somatic mutations found in the HS samples diagramed on a PTPN11/SHP2
protein domain map, modeled after similar plots on cbioportal.org (accessed on 6 January 2024). The
two Src homology domains are indicated with the label SH2, the N-terminal SH2 domain is indicated
in blue, the C-terminal SH2 domain is indicated in green, and the phosphatase domain is indicated in
red. The numbers along the x axis indicate the amino acid (aa) residues from the N to the C terminal
of the SHP2 protein.

3.2. PTPN11/SHP2 and KRAS Mutational Status in HHS Cases

A total of 26 HHS cases were analyzed. Of the 26 cases, 14 were BMDs; other breeds
included golden retrievers (n = 4), mixed breed (n = 3), and one dog each of the poodle,
Labrador retriever, French bulldog, Welsh corgi, and rat terrier breeds. The average
age at diagnosis was 7.7 ± 2.9 years. There were 12 males and 14 females. Among the
26 cases, 12 dogs carried either one PTPN11/SHP2, one KRAS, or one PTPN11/SHP2 and
a KRAS mutation.

The prevalence of PTPN11/SHP2 mutations in HHS cases was found to be 46.2% in
the 26 cases analyzed. As summarized in Table 4, four HHS cases (15.4%) were positive for
the E76K variant, and five (19.2%) were positive for the G503V variant. Other mutations
in PTPN11/SHP2 included E69K (n = 1, 3.8%), E76V (n = 1, 3.8%), and A72V (n = 1, 3.8%).
In the current study, we found one dog (3.8%) with a KRAS mutation, the G12D variant.
However, we did not identify any cases with the KRASQ61H mutation in the current study.
The prevalence of mutations in HHS cases is illustrated in Figure 2 and summarized in
Table 5 (PTPN11/SHP2) and Table 6 (KRAS). The variants are noted on a three-dimensional
model of the protein illustrated in Figure 3.

http://cbioportal.org
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Table 4. PTPN11/SHP2 mutations in canine HHS samples in BMDs and other breeds.

Frequency of All Mutations
in PTPN11/SHP2 Total Percentage: 46.2% (12/26 dogs)

Frequency of PTPN11/SHP2
Mutations in 2 Exons Exon 3 Frequency: 26.9% (7/26)

Exon 13
Frequency:
19.2% (5/26)

PTPN11/SHP2 Mutations E69K A72V E76K E76V G503V

Number of dogs 1 1 4 1 5

Frequency in 26 HHS cases 3.8% 3.8% 15.4% 3.8% 19.2%

[reference] (species) [15] (human) New variant [9] (dog) New variant [10] (dog)

Reported in human
cancers:

(per cBioportal)
yes yes yes no yes

Amino Acid Substitution Effects:

AlphaMissense
(human) 0.998 0.999 1.000 1.000 1.000

PolyPhen2
(dog protein) 0.012 0.962 0.997 0.998 1.000
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Figure 2. A lollipop plot of mutations found in the HHS samples diagramed on a PTPN11/SHP2
protein domain map, modeled after similar plots on cbioportal.org (accessed on 6 January 2024). The
two Src homology domains are indicated with the label SH2, the N-terminal SH2 domain is indicated
in blue, the C-terminal SH2 domain is indicated in green, and the phosphatase domain is indicated in
red. The numbers along the x axis indicate the amino acid (aa) residues from the N to the C terminal
of the SHP2 protein.

Table 5. Frequency of tumor PTPN11/SHP2 mutations based on tumor type, breed, and age.

Groups N Avg Age PTPN11/SHP2
Mutant E76K G503V Other Variants

HS BMD 129 8.4 72 (56%) 44 (34%) 11 (9%) 17 (13%)
HHS all cases 26 7.7 12 (46%) 4 (15%) 5 (19%) 3 (12%)

HHS BMD 14 6.6 9 (64%) 4 (29%) 4 (29%) 1 (7%)
HHS other breeds 12 8.9 3 (25%) 0 1 (8%) 2 (17%)

Table 6. Frequency of tumor KRAS mutation status based on tumor type, breed, and age.

Groups N KRAS
Mutant Q61H G12A G12D

HS BMD 129 4 (3%) 3 (2%) 1 (0.8%) 0
HHS all cases 26 1 (4%) 0 0 1 (4%)

HHS BMD 14 1 (7%) 0 0 1 (7%)
HHS other breeds 12 0 0 0 0

http://cbioportal.org
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Figure 3. Cartoon and 3D model representation of the canine SHP2 protein. The protein transcript 
used is the 593 amino acid peptide (A0A4D6PF96). (A) A schematic domain map depicting the lo-
cations of the N- and C-terminal SRC homology 2, or SH2, domains (blue and green) and phospha-
tase, or PTP, domain (red), with depictions of the auto-inhibited inactive and “open” active confor-
mations of the SHP2 protein. In its inactive state, the N-SH2 domain binds to the PTP domain 
around the PTP catalytic site. Mutations in the N-SH2 and PTP domains help to promote the “open” 
conformation. Pink stars represent SNPs that result in the promotion of the active state and in-
creased catalytic activity. Additionally, an exon map of the SHP2 protein highlights the exon 3 mu-
tational hotspot. (B) 3D model of the SHP2 protein depicting the auto-inhibited conformation. The 
catalytic cleft is bounded by a red box. (C) Zoomed in view of a portion (highlighted in panel (B)) 
of the cleft encompassing numerous known mutation sites, including the mutations presented here. 
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Figure 3. Cartoon and 3D model representation of the canine SHP2 protein. The protein transcript
used is the 593 amino acid peptide (A0A4D6PF96). (A) A schematic domain map depicting the loca-
tions of the N- and C-terminal SRC homology 2, or SH2, domains (blue and green) and phosphatase,
or PTP, domain (red), with depictions of the auto-inhibited inactive and “open” active conformations
of the SHP2 protein. In its inactive state, the N-SH2 domain binds to the PTP domain around the PTP
catalytic site. Mutations in the N-SH2 and PTP domains help to promote the “open” conformation.
Pink stars represent SNPs that result in the promotion of the active state and increased catalytic
activity. Additionally, an exon map of the SHP2 protein highlights the exon 3 mutational hotspot.
(B) 3D model of the SHP2 protein depicting the auto-inhibited conformation. The catalytic cleft
is bounded by a red box. (C) Zoomed in view of a portion (highlighted in panel (B)) of the cleft
encompassing numerous known mutation sites, including the mutations presented here. The residues
G60, D61, A72, and E76 are located in the N-SH2 domain (E69 not captured in panel (C)). The G503
residue is located in the PTP domain. Cartoon inspired by Chen et al. [25]. 3D protein models were
generated from AlphaFold [26,27] and UCSF ChimeraX [28].

3.3. Age and Sex Status in HS and HHS Cases

The average age at diagnosis of HS in the 129 BMDs was 8.4 ± 2.1 years old, includ-
ing 64 males and 65 females. The average age of BMDs with identified mutations was
8.1 ± 2.2 years.
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In the HHS group, the average age at diagnosis was 6.6 ± 3.0 years old in BMDs,
whereas the average age at diagnosis of other breeds was 8.9 ± 2.3, which is significantly
higher (p < 0.05). Of the 26 HHS cases, there were 12 male and 14 female dogs.

3.4. Cobimetinib Inhibits HS and HHS Cell Growth

The MEK1/MEK2 inhibitor cobimetinib demonstrated effective inhibition of cell
growth in the three cell lines tested. The IC50 values in 2 HS and 1 HHS cell lines are
summarized in Table 7. The IC50 values are 74, 91, and 372 nM, respectively, for the BD,
OD, and DH82 cell lines. The values for Cmax, the maximum concentration of cobimetinib
achievable in humans [18] and dogs [29], are presented in the last column. The IC50 values
for cobimetinib in all three cell lines are well below the Cmax of 1640 nM in dogs, indicating
the high potential for use of cobimetinib in the clinic. The three cell lines have distinct
mutational profiles, as presented in Table 7, and yet their IC50 values are all well below the
achievable concentration of cobimetinib in dogs.

Table 7. Mutational characteristics of the HS and HHS cell lines and IC50 values for cobimetinib.

BD (HS) OD (HS) DH82 (HHS) Cmax

Cobimetinib 74 nM 91 nM 372 nM

550 nM in
humans [18]

1640 nM
in dogs [29]

PTPN11E76K Homozygous
Mutant Wild-Type Wild-Type

PTPN11G503V Wild-Type Heterozygous Homozygous
Mutant

4. Discussion

Mutations in PTPN11/SHP2 have been previously documented in human and canine
HS [7,10,15]. Our current study expands the spectrum of mutations identified in canine
HS and presents the first report of PTPN11/SHP2 and KRAS mutations in canine HHS
patients. With the additional mutations we have identified in PTPN11/SHP2, the frequency
of PTPN11 mutations in canine HS is 55.8%, while that of KRAS is 3% in 129 HS cases.
Among these cases, 74 BMDs carried either a PTPN11 or KRAS mutation, constituting
56.9% of all HS cases. PTPN11/SHP2 mutation status in canine HHS has been limited in
the literature to that of the DH82 cell line, which harbors the G503V allele, as we have
reported [10]. The current study is the first to address the mutation status in an HHS
patient cohort. Our findings demonstrate that somatic mutations in PTPN11 are common
in canine HHS, with an overall frequency of 46.2% in 26 cases, with a frequency of 64.3%
in BMDs (9/14) and 25% in other breeds (3/12). The prevalence of PTPN11 mutations in
HHS is similar to our findings in the HS patient cohort. Interestingly, BMDs displayed a
significantly higher rate of PTPN11 mutations, 64.3% vs. 25%, than dogs of other breeds.
In addition, our findings include the identification of two novel mutations not previously
reported in canine HS, D61V and A72T. In HHS samples, two novel mutations, A72V and
E76V, were identified in our study.

As depicted in Figure 3, the SHP2 protein is composed of three main functional do-
mains: two N-terminal Src-homology 2 domains (N-SH2 and C-SH2) preceding a catalytic
PTP domain, and a C-terminal tail with two potential phosphorylation sites [25,30]. In
its inactive state, the SHP2 protein is in a “closed” state, with the N-SH2 domain, en-
coded by exons 2 and 3 of PTPN11, binding to the phosphatase (PTP) domain (encoded
by exons 7–13), blocking the catalytic site [25,30]. All of the mutations reported are in
residues located in and around the catalytic cleft [25,30]. Residues G60, D61, A72, E76,
and G503 are involved in forming hydrogen bonds to maintain the protein in the closed
conformation [30], with the mutations being predicted to disrupt the closed state, making
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the substrates accessible to the phosphatase domain and increasing phosphatase activity. A
full table of our identified PTPN11 variants and their predicted consequences is found in
Table S3.

As seen in Table 4, the E69K variant is predicted to be deleterious by AlphaMissense,
yet PolyPhen2 predicts a tolerated substitution in both the dog and human proteins. While
in silico predictions are conflicting, a previous in vivo study demonstrated that the E69K
variant leads to an increase in SHP2 phosphatase activity compared to wild-type [31].

Our findings point to PTPN11 exon 3 as a hotspot of mutations in HS and HHS
in canines, as depicted in Figures 1 and 2. One of the difficulties of screening through
the presence of variants in the major hotspots is to distinguish variants in multiallelic
hotspots, potentially harboring one of many single-nucleotide variants, in close proxim-
ity to each other. This aspect is problematic when using TaqMan genotyping assays or
droplet PCR methods [32] to detect variants. This is especially true for the PTPN11E76

position, where droplet PCR methods as reported, as well as TaqMan genotyping, would
miss a significant number of variants [16]. Using Sanger sequencing, we could distin-
guish PTPN11E76K, PTPN11E76A, PTPN11E76G, and PTPN11E76Q. In addition, we were
able to identify mutations in nearby spots on exon 3, including PTPNE69K, PTPN11A72V,
PTPN11A72T, PTPN11G60V, and PTPN11D61V mutations. Among the 85 samples that were
previously WT for PTPN11E76K with the TaqMan genotyping, we identified 17 additional
PTPN11 variants, which account for 13% of the 129 HS patient cohort. This population
would have been missed if Sanger sequencing had not been used. In addition, 3 out of
26 HHS cases presented with a PTPN11 variant other than E76K, which accounts for 11.5%
of all HHS cases. Therefore, for HS and HHS cases, using Sanger sequencing or targeted
NextGen sequencing is recommended for the detection of mutations in tumors.

In HHS patients, our data shows the frequency of KRASQ61H mutations to be 4%, very
similar to our previous findings of 3.1% in 96 HS dogs [10]. Clearly, the PTPN11 and KRAS
mutation frequencies in HS and HHS are similar. The similarity of mutation frequencies
further indicates that regardless of cell lineage, the molecular pathology is similar, implying
that effective treatments can be developed for both HS and HHS targeting the same altered
pathways. While the frequency of the KRASQ61H mutation is low, it has an activating role
in the same pathway as PTPN11/SHP2, specifically the MAPK pathways. The frequency of
KRAS mutations varies across cancer types, being particularly high in pancreatic, colorectal,
and lung cancers. In one study of human HS patients, 4 of 28 cases reported (14%) [7] carried
KRAS mutations, including one of each of KRASG12D and KRASG13D, and two KRASA146T

mutations. In another paper on human histiocytic neoplasms, Diamond et al. reported 3
out of 18 patients (17%) having KRAS mutations, including KRASG12R, KRASG13C, and
KRASR149G [33]. Interestingly, in a recent case report, a positive response to treatment with
cobimatinib was observed in a human Rosai–Dorfman disease patient with the KRASG12R

mutation [34]. Therefore, the identification of even rare mutations may be consequential for
the treatment of patients. Other genes in MAPK may also contribute to tumorigenesis in
HS and HHS. We are continuing to characterize alterations across key pathways in canine
HS and HHS tumor samples.

Hemophagocytic histiocytic sarcoma is a rare but highly aggressive type of histi-
ocytic sarcoma, with most cases presenting with anemia and splenomegaly [35]. In
dogs, HHS cases have been reported in various breeds, including Bernese mountain
dogs [36], flat-coated retrievers [35,37,38], English setters [39], Cavalier King Charles
Spaniel dogs [40], greyhounds [41], golden retrievers [36], Rottweilers [36], Labrador re-
trievers [36], Schnauzers [36], and mixed breeds [36]. In humans, reported cases of HHS are
very rare, with only a few documented case reports of splenic HS patients presenting with
additional hemophagocytic features [42,43]. The rarity of cases poses additional challenges
for enhancing our understanding of the disease. Furthermore, full immunohistochemical
characterization with CD11d is not universally available [38]. Current treatments are lack-
ing in efficacy for both HS and HHS. In a case report, one canine patient was reported to
show clinical benefit from the combination treatment of doxorubicin and zoledronate [41].
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In the study of lomustine in 10 flat-coated retrievers with HHS, Elliot et al. reported no
significant improvement in clinical outcomes [38]. The mean survival time for HHS has
been reported to be less than 2 months [36]. Clearly, novel and more effective therapeutic
strategies are needed for HS and HHS patients.

The establishment of tumor cell lines is a critical step in drug screening. So far,
only one cell line, DH82, derived from an HHS patient, is commercially available from
ATCC [44,45]. Identifying and understanding the key mutations in canine HS and HHS
will aid clinicians and researchers in developing more effective therapeutic strategies,
discovering potential target therapies, and identifying patients that would benefit from
personalized treatments. Previous studies in our laboratory have identified trametinib
and dasatinib as effective against HS in in vitro and in vivo preclinical studies [12,13].
Trametinib is a MEK inhibitor, and dasatinib inhibits multiple kinases, including SRC
family kinases in the MAPK signaling pathway. In our current study, we evaluate the use
of the MEK1/MEK2 inhibitor, cobimetinib, on HS and HHS cell lines. We found the IC50
values in two HS and one HHS cell lines to be 74, 91, and 372 nM, respectively. These
concentrations are well below the reported plasma achievable concentration (Cmax) in
human patients treated with 60 mg and 100 mg doses, with the Cmax reported as 231 nM
(273 ng/mL) and 550 nM (649 ng/mL), respectively [18], and within tolerated limits. In
dogs, the Cmax was reported as 1.6 µM in dogs receiving 5 mg/kg [29], which strongly
indicates the potential of using cobimetinib in canine HS and HHS patients.

In a recent review of human cases, targeted therapy with a MEK or BRAF inhibitor or
dual MEK/BRAF inhibitors used on histiocytic neoplasms has shown benefit to patients
with and without a BRAFV600E variant, with treatments lasting over 6 months [46]. An-
other study reported effective treatment with trametinib for the Erdheim–Chester disease
(ECD) and Rosai–Dorfman disease (RDD) subgroups of human histiocytic disorders with
mutations in BRAF or other MAPK pathway-associated genes [11]. A human clinical trial
(NCT02649972) of cobimetinib has recently been carried out, and a preliminary report
indicates a positive response to treatment [47] in patients with histiocytic neoplasms [33].
Therefore, further studies evaluating a range of MAPK inhibitors, including cobimetinib,
are warranted in dogs with HS and HHS.

5. Conclusions

Mutations in PTPN11/SHP2 are frequent in canine HS and HHS. Mutations in KRAS
are found in 3–4% of cases. As both sets of mutations point to the activation of the MAPK
pathway, rational treatment approaches, including targeting of this pathway, provide hope
for the development of effective therapies. Our study adds cobimetinib to the potential
arsenal of agents we can employ in future canine clinical trials. These findings further
support the relevance of studying spontaneous canine cancers for human malignancies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/genes15081050/s1: Figure S1: Sanger sequencing chromatograms
depicting PTPN11 variants; Table S1: Information on HS cases; Table S2: Information on HHS cases:
Table S3: Predicted amino acid substitution effects of PTPN11 variants determined by AlphaMissense
and PolyPhen2.

Author Contributions: Conceptualization, V.Y.-G., Y.-T.Y. and A.I.E.; methodology, V.Y.-G., Y.-T.Y. and
A.I.E.; validation, V.Y.-G., Y.-T.Y. and A.I.E.; formal analysis, V.Y.-G., Y.-T.Y. and A.I.E.; investigation,
Y.-T.Y., A.I.E., I.K., K.K., S.A.H. and T.T.-N.; resources, V.Y.-G.; data curation, V.Y.-G., Y.-T.Y. and
A.I.E.; writing—original draft preparation, Y.-T.Y.; writing—review and editing, V.Y.-G., Y.-T.Y. and
A.I.E.; visualization, Y.-T.Y. and A.I.E.; supervision, V.Y.-G.; project administration, V.Y.-G.; funding
acquisition, V.Y.-G. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported in part by the Berner-Garde Foundation and the Bernese Moun-
tain Dog Club of America.

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

https://www.mdpi.com/article/10.3390/genes15081050/s1
https://www.mdpi.com/article/10.3390/genes15081050/s1


Genes 2024, 15, 1050 11 of 13

Informed Consent Statement: Not applicable.

Data Availability Statement: All data reported are in the body and Supplemental Files of this manuscript.

Acknowledgments: We thank the many dogs, dog owners, breeders, and veterinarians who con-
tributed samples. We thank the Berner-Garde Foundation and the Bernese Mountain Dog Club of
America for supporting our work and for their initiative to support the advancement of research on
disorders affecting Bernese mountain dogs. We thank Marlee Richter for her help with the MSU-BMD
DNA and Tissue Repository and Eda D. Gur for her help with some of the KRAS analysis.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Boerkamp, K.M.; van der Kooij, M.; van Steenbeek, F.G.; van Wolferen, M.E.; Groot Koerkamp, M.J.; van Leenen, D.; Grinwis,

G.C.M.; Penning, L.C.; Wiemer, E.A.C.; Rutteman, G.R. Gene expression profiling of histiocytic sarcomas in a canine model: The
predisposed flatcoated retriever dog. PLoS ONE 2013, 8, e71094. [CrossRef] [PubMed] [PubMed Central]

2. Dobson, J.; Hoather, T.; McKinley, T.J.; Wood, J.L. Mortality in a cohort of flat-coated retrievers in the UK. Vet. Comp. Oncol. 2009,
7, 115–121. [CrossRef] [PubMed]

3. 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] [PubMed Central]

4. Moore, P.F. A review of histiocytic diseases of dogs and cats. Vet. Pathol. 2014, 51, 167–184. [CrossRef] [PubMed]
5. Shearin, A.L.; Hedan, B.; Cadieu, E.; Erich, S.A.; Schmidt, E.V.; Faden, D.L.; Cullen, J.; Abadie, J.; Kwon, E.M.; Gröne, 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] [PubMed Central]

6. Evans, J.M.; Parker, H.G.; Rutteman, G.R.; Plassais, J.; Grinwis, G.C.M.; Harris, A.C.; Lana, S.E.; Ostrander, E.A. Multi-omics
approach identifies germline regulatory variants associated with hematopoietic malignancies in retriever dog breeds. PLoS Genet.
2021, 17, e1009543. [CrossRef] [PubMed] [PubMed Central]

7. 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] [PubMed]

8. Bahar, M.E.; Kim, H.J.; Kim, D.R. Targeting the RAS/RAF/MAPK pathway for cancer therapy: From mechanism to clinical
studies. Signal Transduct. Target. Ther. 2023, 8, 455. [CrossRef] [PubMed] [PubMed Central]

9. 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] [PubMed]

10. 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] [PubMed] [PubMed Central]

11. Aaroe, A.; Kurzrock, R.; Goyal, G.; Goodman, A.M.; Patel, H.; Ruan, G.; Ulaner, G.; Young, J.R.; Li, Z.; Dustin, D.; et al. Successful
treatment of non-Langerhans cell histiocytosis with the MEK inhibitor trametinib: A multicenter analysis. Blood Adv. 2023, 7,
3984–3992. [CrossRef] [PubMed]

12. 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 Ther. 2018, 17, 2439–2450. [CrossRef] [PubMed]

13. Takada, M.; Smyth, L.A.; Hix, J.M.; Corner, S.M.; O’Reilly, S.; 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] [PubMed Central]

14. Takada, M.; Kitagawa, K.; Zhang, Y.; Bulitta, J.B.; Moirano, S.; Jones, A.; Borgen, J.; Onsager, A.; Thaiwong, T.; Vail, D.M.
Population Pharmacokinetics, Pharmacodynamics and Safety Properties of Trametinib in Dogs With Cancer: A Phase I Dose
Escalating Clinical Trial. Vet. Comp. Oncol. 2024. ahead of print. [CrossRef] [PubMed]

15. 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]
[PubMed]

16. Tani, H.; Kurita, S.; Miyamoto, R.; Ochiai, K.; Tamura, K.; Bonkobara, M. Canine histiocytic sarcoma cell lines with SHP2
p.Glu76Gln or p.Glu76Ala mutations are sensitive to allosteric SHP2 inhibitor SHP099. Vet. Comp. Oncol. 2020, 18, 161–168.
[CrossRef] [PubMed]

17. U.S. Food and Drug Administration (FDA). 2015. Available online: https://www.accessdata.fda.gov/drugsatfda_docs/nda/20
15/206192Orig1s000PharmR.pdf (accessed on 1 July 2024).

18. Rosen, L.S.; LoRusso, P.; Ma, W.W.; Goldman, J.W.; Weise, A.; Colevas, A.D.; Adjei, A.; Yazji, S.; Shen, A.; Johnston, S.; et al. A
first-in-human phase I study to evaluate the MEK1/2 inhibitor, cobimetinib, administered daily in patients with advanced solid
tumors. Investig. New Drugs 2016, 34, 604–613. [CrossRef] [PubMed] [PubMed Central]

https://doi.org/10.1371/journal.pone.0071094
https://www.ncbi.nlm.nih.gov/pubmed/23936488
https://www.ncbi.nlm.nih.gov/pmc/PMCPMC3731289
https://doi.org/10.1111/j.1476-5829.2009.00181.x
https://www.ncbi.nlm.nih.gov/pubmed/19453365
https://doi.org/10.1093/jhered/esp039
https://www.ncbi.nlm.nih.gov/pubmed/19531730
https://www.ncbi.nlm.nih.gov/pmc/PMCPMC3139364
https://doi.org/10.1177/0300985813510413
https://www.ncbi.nlm.nih.gov/pubmed/24395976
https://doi.org/10.1158/1055-9965.EPI-12-0190-T
https://www.ncbi.nlm.nih.gov/pubmed/22623710
https://www.ncbi.nlm.nih.gov/pmc/PMCPMC3392365
https://doi.org/10.1371/journal.pgen.1009543
https://www.ncbi.nlm.nih.gov/pubmed/33983928
https://www.ncbi.nlm.nih.gov/pmc/PMCPMC8118335
https://doi.org/10.1038/s41379-018-0200-x
https://www.ncbi.nlm.nih.gov/pubmed/30626916
https://doi.org/10.1038/s41392-023-01705-z
https://www.ncbi.nlm.nih.gov/pubmed/38105263
https://www.ncbi.nlm.nih.gov/pmc/PMCPMC10725898
https://doi.org/10.1111/vco.12357
https://www.ncbi.nlm.nih.gov/pubmed/28929581
https://doi.org/10.3390/genes10070505
https://www.ncbi.nlm.nih.gov/pubmed/31277422
https://www.ncbi.nlm.nih.gov/pmc/PMCPMC6678586
https://doi.org/10.1182/bloodadvances.2022009013
https://www.ncbi.nlm.nih.gov/pubmed/36857436
https://doi.org/10.1158/1535-7163.MCT-17-1273
https://www.ncbi.nlm.nih.gov/pubmed/30135215
https://doi.org/10.30802/AALAS-CM-18-000065
https://www.ncbi.nlm.nih.gov/pubmed/30717820
https://www.ncbi.nlm.nih.gov/pmc/PMCPMC6382049
https://doi.org/10.1111/vco.12989
https://www.ncbi.nlm.nih.gov/pubmed/38889903
https://doi.org/10.1002/ijc.32991
https://www.ncbi.nlm.nih.gov/pubmed/32212266
https://doi.org/10.1111/vco.12524
https://www.ncbi.nlm.nih.gov/pubmed/31339650
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2015/206192Orig1s000PharmR.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2015/206192Orig1s000PharmR.pdf
https://doi.org/10.1007/s10637-016-0374-3
https://www.ncbi.nlm.nih.gov/pubmed/27424159
https://www.ncbi.nlm.nih.gov/pmc/PMCPMC6863157


Genes 2024, 15, 1050 12 of 13

19. Ram, T.; Singh, A.K.; Kumar, A.; Singh, H.; Pathak, P.; Grishina, M.; Khalilullah, H.; Jaremko, M.; Emwas, A.-H.; Verma, A.; et al.
MEK inhibitors in cancer treatment: Structural insights, regulation, recent advances and future perspectives. RSC Med. Chem.
2023, 14, 1837–1857. [CrossRef] [PubMed] [PubMed Central]

20. Signorelli, J.; Shah Gandhi, A. Cobimetinib. Ann. Pharmacother. 2017, 51, 146–153. [CrossRef] [PubMed]
21. 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]
[PubMed] [PubMed Central]

22. Cheng, J.; Novati, G.; Pan, J.; Bycroft, C.; Zemgulyte, A.; Applebaum, T.; Pritzel, A.; Wong, L.H.; Zielinski, M.; Sargeant, T.;
et al. Accurate proteome-wide missense variant effect prediction with AlphaMissense. Science 2023, 381, eadg7492. [CrossRef]
[PubMed]

23. Adzhubei, I.A.; Schmidt, S.; Peshkin, L.; Ramensky, V.E.; Gerasimova, A.; Bork, P.; Kondrashov, A.S.; Sunyaev, S.R. A method and
server for predicting damaging missense mutations. Nat. Methods 2010, 7, 248–249. [CrossRef] [PubMed] [PubMed Central]

24. Robinson, J.T.; Thorvaldsdottir, H.; Winckler, W.; Guttman, M.; Lander, E.S.; Getz, G.; Mesirov, J.P. Integrative genomics viewer.
Nat. Biotechnol. 2011, 29, 24–26. [CrossRef] [PubMed] [PubMed Central]

25. Chen, X.; Keller, S.J.; Hafner, P.; Alrawashdeh, A.Y.; Avery, T.Y.; Norona, J.; Zhou, J.; Ruess, D.A. Tyrosine phosphatase
PTPN11/SHP2 in solid tumors—Bull’s eye for targeted therapy? Front. Immunol. 2024, 15, 1340726. [CrossRef] [PubMed]

26. Jumper, J.; Evans, R.; Pritzel, A.; Green, T.; Figurnov, M.; Ronneberger, O.; Tunyasuvunakool, K.; Bates, R.; Žídek, A.; Potapenko,
A.; et al. Highly accurate protein structure prediction with AlphaFold. Nature 2021, 596, 583–589. [CrossRef] [PubMed] [PubMed
Central]

27. Varadi, M.; Bertoni, D.; Magana, P.; Paramval, U.; Pidruchna, I.; Radhakrishnan, M.; Tsenkov, M.; Nair, S.; Mirdita, M.; Yeo, J.;
et al. AlphaFold Protein Structure Database in 2024: Providing structure coverage for over 214 million protein sequences. Nucleic
Acids Res. 2024, 52, D368–D375. [CrossRef] [PubMed] [PubMed Central]

28. Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Meng, E.C.; Couch, G.S.; Croll, T.I.; Morris, J.H.; Ferrin, T.E. UCSF ChimeraX:
Structure visualization for researchers, educators, and developers. Protein Sci. 2021, 30, 70–82. [CrossRef] [PubMed] [PubMed
Central]

29. Takahashi, R.H.; Ma, S.; Yue, Q.; Kim-Kang, H.; Yi, Y.; Ly, J.; Boggs, J.W.; Fettes, A.; McClory, A.; Deng, Y.; et al. Absorption,
metabolism and excretion of cobimetinib, an oral MEK inhibitor, in rats and dogs. Xenobiotica 2017, 47, 50–65. [CrossRef]
[PubMed]

30. Hof, P.; Pluskey, S.; Dhe-Paganon, S.; Eck, M.J.; Shoelson, S.E. Crystal structure of the tyrosine phosphatase SHP-2. Cell 1998, 92,
441–450. [CrossRef] [PubMed]

31. Bentires-Alj, M.; Paez, J.G.; David, F.S.; Keilhack, H.; Halmos, B.; Naoki, K.; Maris, J.M.; Richardson, A.; Bardelli, A.; Sugarbaker,
D.J.; et al. Activating mutations of the noonan syndrome-associated SHP2/PTPN11 gene in human solid tumors and adult acute
myelogenous leukemia. Cancer Res. 2004, 64, 8816–8820. [CrossRef] [PubMed]

32. Prouteau, A.; Denis, J.A.; De Fornel, P.; Cadieu, E.; Derrien, T.; Kergal, C.; Botherel, N.; Ulvé, R.; Rault, M.; Bouzidi, A.; et al.
Circulating tumor DNA is detectable in canine histiocytic sarcoma, oral malignant melanoma, and multicentric lymphoma. Sci.
Rep. 2021, 11, 877. [CrossRef] [PubMed] [PubMed Central]

33. 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] [PubMed] [PubMed Central]

34. Jacobsen, E.; Shanmugam, V.; Jagannathan, J. Rosai-Dorfman Disease with Activating KRAS Mutation—Response to Cobimetinib.
N. Engl. J. Med. 2017, 377, 2398–2399. [CrossRef] [PubMed]

35. Dobson, J.; Villiers, E.; Roulois, A.; Gould, S.; Mellor, P.; Hoather, T.; Watson, P. Histiocytic sarcoma of the spleen in flat-coated
retrievers with regenerative anaemia and hypoproteinaemia. Vet. Rec. 2006, 158, 825–829. [CrossRef] [PubMed]

36. Moore, P.F.; Affolter, V.K.; Vernau, W. Canine hemophagocytic histiocytic sarcoma: A proliferative disorder of CD11d+
macrophages. Vet. Pathol. 2006, 43, 632–645. [CrossRef] [PubMed]

37. Soare, T.; Noble, P.J.; Hetzel, U.; Fonfara, S.; Kipar, A. Paraneoplastic syndrome in haemophagocytic histiocytic sarcoma in a dog.
J. Comp. Pathol. 2012, 146, 168–174. [CrossRef] [PubMed]

38. Elliott, J. Lomustine chemotherapy for the treatment of presumptive haemophagocytic histiocytic sarcoma in Flat-coated
Retrievers. Aust. Vet. J. 2018, 96, 502–507. [CrossRef] [PubMed]

39. Kerboeuf, M.; Brun-Hansen, H.; Oscarson, M.; Sjetne Lund, H. Case report: Haemophagocytic histiocytic sarcoma in an english
setter. Vet. Med. Sci. 2021, 7, 1154–1158. [CrossRef] [PubMed] [PubMed Central]

40. Clarke, L.L.; Kelly, L.S.; Garner, B.; Brown, C.A. Atypical cytologic presentation of a histiocytic sarcoma in a Cavalier King Charles
Spaniel dog. J. Vet. Diagn. Investig. 2017, 29, 541–543. [CrossRef] [PubMed]

41. Soileau, A.M.; Neto, R.; Jimenez, P.T.; Hamersky, J.; Smith, A.A. Doxorubicin and zoledronate treatment in a dog with hemophago-
cytic histiocytic sarcoma. Can. Vet. J. 2023, 64, 1103–1108. [PubMed] [PubMed Central]

42. Montalvo, N.; Lara-Endara, J.; Redroban, L.; Leiva, M.; Armijos, C.; Russo, L. Primary splenic histiocytic sarcoma associated
with hemophagocytic lymphohistiocytosis: A case report and review of literature of next-generation sequencing involving FLT3,
NOTCH2, and KMT2A mutations. Cancer Rep. (Hoboken) 2022, 5, e1496. [CrossRef] [PubMed]

43. Audouin, J.; Vercelli-Retta, J.; Le Tourneau, A.; Adida, C.; Camilleri-Broet, S.; Molina, T.; Diebold, J. Primary histiocytic sarcoma
of the spleen associated with erythrophagocytic histiocytosis. Pathol. Res. Pract. 2003, 199, 107–112. [CrossRef] [PubMed]

https://doi.org/10.1039/D3MD00145H
https://www.ncbi.nlm.nih.gov/pubmed/37859720
https://www.ncbi.nlm.nih.gov/pmc/PMCPMC10583825
https://doi.org/10.1177/1060028016672037
https://www.ncbi.nlm.nih.gov/pubmed/27701080
https://doi.org/10.1186/s12885-018-4132-0
https://www.ncbi.nlm.nih.gov/pubmed/29490634
https://www.ncbi.nlm.nih.gov/pmc/PMCPMC5831740
https://doi.org/10.1126/science.adg7492
https://www.ncbi.nlm.nih.gov/pubmed/37733863
https://doi.org/10.1038/nmeth0410-248
https://www.ncbi.nlm.nih.gov/pubmed/20354512
https://www.ncbi.nlm.nih.gov/pmc/PMCPMC2855889
https://doi.org/10.1038/nbt.1754
https://www.ncbi.nlm.nih.gov/pubmed/21221095
https://www.ncbi.nlm.nih.gov/pmc/PMCPMC3346182
https://doi.org/10.3389/fimmu.2024.1340726
https://www.ncbi.nlm.nih.gov/pubmed/38504984
https://doi.org/10.1038/s41586-021-03819-2
https://www.ncbi.nlm.nih.gov/pubmed/34265844
https://www.ncbi.nlm.nih.gov/pmc/PMCPMC8371605
https://www.ncbi.nlm.nih.gov/pmc/PMCPMC8371605
https://doi.org/10.1093/nar/gkad1011
https://www.ncbi.nlm.nih.gov/pubmed/37933859
https://www.ncbi.nlm.nih.gov/pmc/PMCPMC10767828
https://doi.org/10.1002/pro.3943
https://www.ncbi.nlm.nih.gov/pubmed/32881101
https://www.ncbi.nlm.nih.gov/pmc/PMCPMC7737788
https://www.ncbi.nlm.nih.gov/pmc/PMCPMC7737788
https://doi.org/10.3109/00498254.2016.1157645
https://www.ncbi.nlm.nih.gov/pubmed/27055783
https://doi.org/10.1016/S0092-8674(00)80938-1
https://www.ncbi.nlm.nih.gov/pubmed/9491886
https://doi.org/10.1158/0008-5472.CAN-04-1923
https://www.ncbi.nlm.nih.gov/pubmed/15604238
https://doi.org/10.1038/s41598-020-80332-y
https://www.ncbi.nlm.nih.gov/pubmed/33441840
https://www.ncbi.nlm.nih.gov/pmc/PMCPMC7806858
https://doi.org/10.1038/s41586-019-1012-y
https://www.ncbi.nlm.nih.gov/pubmed/30867592
https://www.ncbi.nlm.nih.gov/pmc/PMCPMC6438729
https://doi.org/10.1056/NEJMc1713676
https://www.ncbi.nlm.nih.gov/pubmed/29236635
https://doi.org/10.1136/vr.158.24.825
https://www.ncbi.nlm.nih.gov/pubmed/16782856
https://doi.org/10.1354/vp.43-5-632
https://www.ncbi.nlm.nih.gov/pubmed/16966440
https://doi.org/10.1016/j.jcpa.2011.05.006
https://www.ncbi.nlm.nih.gov/pubmed/21741052
https://doi.org/10.1111/avj.12767
https://www.ncbi.nlm.nih.gov/pubmed/30478839
https://doi.org/10.1002/vms3.480
https://www.ncbi.nlm.nih.gov/pubmed/33750030
https://www.ncbi.nlm.nih.gov/pmc/PMCPMC8294398
https://doi.org/10.1177/1040638717701521
https://www.ncbi.nlm.nih.gov/pubmed/28381106
https://www.ncbi.nlm.nih.gov/pubmed/38046421
https://www.ncbi.nlm.nih.gov/pmc/PMCPMC10637697
https://doi.org/10.1002/cnr2.1496
https://www.ncbi.nlm.nih.gov/pubmed/34292677
https://doi.org/10.1078/0344-0338-00362
https://www.ncbi.nlm.nih.gov/pubmed/12747473


Genes 2024, 15, 1050 13 of 13

44. Heinrich, F.; Contioso, V.B.; Stein, V.M.; Carlson, R.; Tipold, A.; Ulrich, R.; Puff, C.; Baumgärtner, W.; Spitzbarth, I. Passage-
dependent morphological and phenotypical changes of a canine histiocytic sarcoma cell line (DH82 cells). Vet. Immunol.
Immunopathol. 2015, 163, 86–92. [CrossRef] [PubMed]

45. Wellman, M.L.; Krakowka, S.; Jacobs, R.M.; Kociba, G.J. A macrophage-monocyte cell line from a dog with malignant histiocytosis.
In Vitro Cell Dev. Biol. 1988, 24, 223–229. [CrossRef] [PubMed]

46. Reiner, A.S.; Durham, B.H.; Yabe, M.; Petrova-Drus, K.; Francis, J.H.; Rampal, R.K.; Lacouture, M.E.; Rotemberg, V.; Abdel-Wahab,
O.; Panageas, K.S.; et al. Outcomes after interruption of targeted therapy in patients with histiocytic neoplasms. Br. J. Haematol.
2023, 203, 389–394. [CrossRef] [PubMed] [PubMed Central]

47. Diamond, E.L.; Durham, B.; Dogan, A.; Yabe, M.; Petrova-Drus, K.; Rampal, R.K.; Ulaner, G.; Lacouture, M.; Rotemberg, V.; Covey,
A.; et al. Phase 2 Trial of Single-Agent Cobimetinib for Adults with Histiocytic Neoplasms. Blood 2023, 142 (Suppl. S1), 1812.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.vetimm.2014.11.006
https://www.ncbi.nlm.nih.gov/pubmed/25534080
https://doi.org/10.1007/BF02623551
https://www.ncbi.nlm.nih.gov/pubmed/3350786
https://doi.org/10.1111/bjh.18964
https://www.ncbi.nlm.nih.gov/pubmed/37400251
https://www.ncbi.nlm.nih.gov/pmc/PMCPMC10615682
https://doi.org/10.1182/blood-2023-187508

	Introduction 
	Materials and Methods 
	Animal Use Statement 
	Histiocytic Sarcoma (HS) Samples 
	Hemophagocytic Histiocytic Sarcoma (HHS) Samples 
	Cell Lines 
	Genomic DNA Extraction 
	Genotyping using the TaqMan Custom SNP Genotyping Assay 
	Genotyping by Sanger Sequencing 
	Determination of IC50 Values 
	Analysis of Amino Acid Substitution Effects 
	Statistical Methods 

	Results 
	PTPN11/SHP2 and KRAS Mutational Status in HS Cases 
	PTPN11/SHP2 and KRAS Mutational Status in HHS Cases 
	Age and Sex Status in HS and HHS Cases 
	Cobimetinib Inhibits HS and HHS Cell Growth 

	Discussion 
	Conclusions 
	References

