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Abstract

Background

Human angiosarcoma and canine hemangiosarcoma are thought to arise from vascular tissue or vascular
forming cells based upon their histological appearance. However, recent evidence indicates a
hematopoietic or angioblastic cell of origin for these tumors. In support of this idea, we previously
identified an endothelial-myeloid progenitor cell population with high expression of endothelial cell
markers and the myeloid cell marker, colony stimulating factor 1 receptor (CSF-1R). Here, we further
characterized these cells to better understand how their cellular characteristics may impact current
therapeutic applications.

Methods

We performed cell enrichment studies from canine hemangiosarcoma and human angiosarcoma cell lines
to generate cell populations with high or low CSF-1R expression. We then utilized flow cytometry, side
population and cell viability assays, and fluorescence based approaches to elucidate drug resistance
mechanisms and to determine the expression of hematopoietic and endothelial progenitor cell markers.

Results

We demonstrated that cells with high CSF-1R expression enriched from hemangiosarcoma and
angiosarcoma cell lines are more drug resistant than cells with little or no CSF-1R expression. We
determined that the increased drug resistance may be due to increased ABC transporter expression in
hemangiosarcoma and increased drug sequestration within cellular lysosomes in both hemangiosarcoma
and angiosarcoma.

Conclusions

We identified drug sequestration within cellular lysosomes as a shared drug resistance mechanism in
human and canine vascular sarcomas marked by high CSF-1R expression. Taken together, our results
demonstrate that studies in highly prevalent canine hemangiosarcoma may be especially relevant to
understanding and addressing drug resistance mechanisms in both the canine and human forms of this
disease.
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Introduction

Human angiosarcoma and canine hemangiosarcoma are aggressive malignancies of vascular tissue or
vascular forming cells [ 1, 2], and their morphology and pathological progression are virtually indistinct.
Although doxorubicin remains the foundation of chemotherapy for humans and dogs, it provides minimal
tumor control or survival benefit for angiosarcoma patients as only 16-36% of patients respond to
treatment and over 50% of affected dogs still die within four to six months of their diagnosis [ 1, 2]. In
addition to their poor response rates, tumors in both species can be highly drug resistant. Thus, the
outcomes of people and dogs are not likely to improve without an increased understanding of the biology
and pathogenesis of these tumors. To complicate matters further, angiosarcomas occur infrequently
restricting the study of their basic biology and clinical treatment [ 3]. However, the frequent occurrence of
hemangiosarcomas in dogs (up to 7% of all canine malignancies) [ 4] provides a readily available
resource to investigate tumor biology and explore related treatment options.

Identifying more successful treatment approaches may lie in addressing the cellular origin of these tumors
rather than their histological appearance. Canine hemangiosarcoma and human angiosarcoma have been
classified historically as tumors of malignant endothelium due to their histology and the expression of
endothelial cell surface markers [ 2, 5]. Based on the expression of early hematopoietic and endothelial
progenitor markers, other studies have challenged this idea, suggesting instead that hemangiosarcomas
might arise from bone marrow-derived angioblastic progenitors [ 6— 8]. A similar analogy of progenitor
cell origin has been drawn for human angiosarcoma [ 9].

In a more recent analysis, we identified and characterized a myeloid subpopulation from
hemangiosarcoma cell lines that showed the expression of markers associated with bone marrow-derived
myeloid progenitors (CD14 and CD115 or the colony stimulating factor 1 receptor, CSF-1R) co-expressed
with surface markers associated with endothelial progenitor (CD34 and CD133) and endothelial cell
differentiation (CD105, CD146, and a 3 3) [ 8]. These cells also possessed phagocytic activity, and the
co-expression of endothelial markers suggests a role in angiogenesis. Yoder ef al. described a similar
population of human myeloid cells that express a variety of hematopoietic (CD14, CSF-1R, and CD45)
and endothelial markers (CD133, CD34, VEGFR?2) and participate in blood vessel formation [ 10]. These
cells possessed a myeloid progenitor cell activity and differentiated into phagocytic macrophages, but
failed to contribute to the capillary endothelial layer in vivo . These similarities suggest that the myeloid-
endothelial cell phenotype in hemangiosarcoma may represent a viable target for therapeutic intervention,
and more specifically, targeting of CSF-1R.

CSF-1R and its ligands, CSF-1 and IL.-34, are commonly associated with the survival, proliferation,
differentiation, and activation of mononuclear phagocytes [ 11— 15]. CSF-1R expressed by tumor
associated macrophages (TAMSs) can have therapeutic implications since TAMs impact tumor growth by
promoting myeloid cell-mediated angiogenesis, chemoresistance, and metastatic spread [ 16— 20].
However, expression of CSF-1R by tumor cells also indicates a non-macrophage functional role for the
receptor. In this regard, Cioce et al. reported increased expression of CSF-1R mRNA in mesothelioma
versus normal tissue specimens and demonstrated that CSF-1R expression identified chemoresistant cells
in both primary cultures and mesothelioma cell lines [ 21]. Thus, CSF-1R expression may serve as a
marker to identify drug resistant populations in some cancers.

For this study, we demonstrate that both hemangiosarcoma and angiosarcoma cells with high expression
of CSF-1R are more drug resistant than their CSF-1R low-expressing counterparts, indicating a shared
mechanism for the observed treatment failures and subsequent drug resistance. Our data also suggest that
part of this resistance may be achieved through drug sequestration within cellular lysosomes. Intriguingly,
drug resistance in canine hemangiosarcoma is associated with CD133 expression, suggesting that
resistance may be associated with a stem or progenitor cell phenotype and may be related to the degree of
cellular differentiation. Further characterization of these cells and utilization of approaches to disrupt
lysosomal drug trapping could improve drug responses as well as treatment outcomes.

Materials and methods

Cell culture



The DD-1 cell line was derived from a splenic hemangiosarcoma [ 22], and the COSB line was derived
from a xenograft of the original cell line, SB-HSA [ 23]. The AS5 human angiosarcoma cell line was
derived from a primary angiosarcoma of the thigh [ 24]. All cell lines were cultured as described
previously [ 6,22, 25]. Cells were maintained in culture for up to 8 weeks before new vials were thawed
to ensure similar passage numbers were used for all experiments.

Flow cytometry and magnetic enrichment

The primary antibodies used were: anti-CSF-1R (CD115)-Cy5.5 (Bioss Inc., Woburn, MA), anti-CD34-
Alexa Fluor 647, anti-CSF-1R-RPE (AbD Serotec, Raleigh, NC); anti-CD117(c-kit)-PE and APC, anti-
CD34-PE, anti-CD243(ABCB1)-PE and APC, anti-CD338 (ABCG?2)-PE and APC (eBioscience, San
Diego, CA), anti-CD34-APC (human) (eBioscience), anti-CD34-PE and APC (canine) (eBioscience), and
anti-CD133/AC133-PE and APC (Miltenyi Biotech, Auburn, CA). The detection of cell surface markers
was carried out as described, previously [ 8]. Data were collected on a BD FACS Calibur or a BD Accuri
C6 flow cytometer (BD Biosciences, San Jose, CA) and then analyzed using FlowJo software. To exclude
dead cells from analysis, 7-AAD was added to cells 10 minutes before acquisition, and compensation was
performed to account for 7-AAD fluorescence in FL2. CSF-1R°" and CSF-1RM2" populations were
enriched from hemangiosarcoma and angiosarcoma cells by staining 2 x 107 to 4 x 10 cells with anti-
CD115-RPE antibody followed by magnetic separation using the EasySep PE-Selection Kit (Stemcell
Technologies, British Columbia, Canada) according to the manufacturer’s instructions. Cells were
analyzed immediately after enrichment by flow cytometry to determine the percent enrichment from the
original cell line culture.

Phagocytosis assay

Cells were plated in triplicate using 10,000 cells per well in 100 pL of culture medium. FITC-conjugated,
rabbit-IgG-coated latex beads (Cayman Chemical Company, Ann Arbor, MI) were added to the cells. No
beads were added to negative control wells. The emission at 535 nm was measured for each well after

24 hours using a Wallac Victor2 1420 Multilabel Counter. Relative phagocytosis for each cell line was
determined by dividing the fluorescence of the wells with beads by the fluorescence of the respective
negative controls.

Cytotoxicity assays

Cells were plated in triplicate at 2,500 (DD-1), 5,000 (COSB) or 10,000 (ASS5) cells per well in 100 pL. of
culture medium and exposed to increasing concentrations of doxorubicin (Bedford Laboratories, Bedford,
OH). Cell viability was determined 72 hours later using the colorimetric Cell Titer 96® Aqueous Non-
Radioactive Cell Proliferation Assay (MTS Assay; Promega, Madison, WI) according to the
manufacturer’s instructions. In order to compare the percent viability between the CSF-1R'°Y and the
CSF-1R"#" populations and reduce artifacts due to potential differences in metabolic properties between
cell populations, standard curves were generated for each CSF-1R population in each cell line, and the
cell viability was determined based upon the total cell number from the standard curve. A separate
standard curve for the CSF-1R'°" and the CSF-1RM&" populations was generated for each experiment.

Side population analysis

Filtered DD-1 or COSB cells were incubated in the presence or absence of 10 uM verapamil for

15 minutes at 37°C. DyeCycle Violet (DCV) (Life Technologies, Eugene, OR) was added to a final
concentration of 10 pM, and the cells were incubated for an additional 60 minutes at 37°C with
intermittent mixing. Cells were washed, filtered, and maintained on ice until analysis. Propidium iodide
was added to each sample immediately before collection to exclude dead cells from analysis. DCV
emission was detected using a BD LSRII flow cytometer (BD Biosciences). Verapamil was used to
determine the SP gates, and data were analyzed using FlowJo software (Tree Star Inc.).

Doxorubicin assays and detection

Cells were plated at 100,000 cells per well in 3 mL of culture medium in a 6-well plate. After 2 hours,
cells were treated with 1 uM doxorubicin for 1 hour, washed with PBS, and stained for CSF-1R
expression using a Cy5.5 labeled CSF-1R antibody at t=0 and 24 hours. Intracellular doxorubicin was
measured according to established methods [ 26, 27]. To exclude dead cells from analysis, 7-AAD was



added to filtered cells 10 minutes before data acquisition and compensation was used to account for the
fluorescence of 7-AAD in FL2.

To determine the percent viable cells positive for CSF-1R expression after doxorubicin exposure, COSB
cells were plated in triplicate as described for the cytotoxicity assays. Cells were exposed to increasing
concentrations of doxorubicin (Bedford Laboratories) for 72 hours and then harvested. Cells were stained
for CSF-1R expression using a Cy5.5 labeled CSF-1R antibody and 7-AAD was added to the cells before
analysis.

LysoTracker detection

Cell lines were grown until they were approximately 80% confluent and then harvested for analysis. The
cells were blocked with normal rat serum in cold PBS containing 2% fetal bovine serum (Atlanta
Biologicals, Atlanta, GA) and 2 mmol/L EDTA (Sigma, St. Louis, MO) for 2 minutes, and then incubated
with an anti-CSF-1R-RPE antibody (AbD Serotec) for 30 minutes on ice. After incubation, the cells were
washed with cold PBS to remove serum and incubated with increasing concentrations of LysoTracker®
Deep Red (Life Technologies) in serum free medium on ice for 10 minutes. The cells were centrifuged
and washed with cold PBS. To exclude dead cells from analysis, 7-AAD or LIVE/DEAD® Cell Stain
(Life Technologies) was added to the cells before acquisition on an Accuri or BD LSRII flow cytometer
(BD Biosciences). The CSF-1RM2" population (~1-2% of the total cell population) was identified using
anti-CSF-1R RPE labeling. Approximately 3-5% of the dimmest cell population was used to represent the
CSF-1R"Y population. The CSF-1R populations were normalized for comparison by subtracting the
background (cells without LysoTracker, negative control) and then dividing the median fluorescence
intensity of each concentration of LysoTracker by the median fluorescence intensity of the each cell
population without LysoTracker (negative control). Values are presented as relative fluorescence levels for
comparison.

Statistical analysis and data presentation

All EC 5pcalculations were made using Prism 5 Software (GraphPad Inc. San Diego, CA) using a 4-
parameter curve fit. Bar graphs are presented as blank-subtracted (adjusted) means+SD. Comparisons
between groups were made using a two-sided Student’s ¢- test to evaluate statistical significance, and a p-
value <0.05 was considered significant.

Results

CSF-1R"2" populations can be enriched from hemangiosarcoma and angiosarcoma
cell lines and hemangiosarcoma CSF-1R"2h cells display increased phagocytosis

Cell surface expression levels of CSF-1R were determined for the canine hemangiosarcoma cell lines
COSB and DD-1 and the human angiosarcoma cell line AS5 by flow cytometry. Flow cytometry analysis
showed that a small percentage of cells (typically 1-2% of the cell monolayer) expressed high levels of
CSF-I1R in each cell line whereas the majority of the cells showed little to no expression (Figure 1). To
obtain a greater number of cells expressing high levels of CSF-1R (CSF-1RMg" ) for phenotypic and
functional assays, we used CSF-1R antibody staining and enrichment with magnetic beads to select for
cells with high CSF-1R expression as well as to obtain a subset of cells with low expression (CSF-1R"Y )
(Figure 1). The percentage of CSF-1RM&" cells in the enriched populations ranged from ~20-40%
depending on the cell line. As an example, a summary of the enriched populations presented in Figure

1 is presented in Additional file 1: Table S1.

Figure 1
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Enrichment of cells expressing CSF-1R (CSF-1R"#" ) from canine hemangiosarcoma and human
angiosarcoma cell lines.Monolayer cells were labeled with an RPE-CSF-1R antibody and enriched for
CSF-1R expression using magnetic bead separation. Cell populations were assessed by flow cytometry
to determine the percentages of cells in each population showing low (CSF-1R™" ) or high (CSF-1R
high y expression of the receptor.

To determine if the CSF-1R"" cells had retained or acquired myeloid cell properties, we determined the
capacity of CSF-1R!°" and CSF-1RMe" cells for phagocytosis. Significant increases in phagocytic activity
in the CSF-1RMeM cells enriched from the COSB (p=0.003) and the DD-1 (p=0.034) cell lines were
observed when compared to their CSF-1R'°Y counterparts, reaching a level comparable to that observed
in the mouse macrophage cell line RAW 264.7 (Figure 2 A). Phagocytosis also was evident for the CSF-
IR!°Y and CSF-1RM&" populations from the ASS cell line. Although the levels of phagocytosis were
similar to those observed for the DD-1 CSF-1R'Y cell population, the difference between the CSF-1R
high and the CSF-1R°¥ cell populations was not significant (p=0.08) (Figure 2B). These results
demonstrate that enriched CSF-IRFligh populations from hemangiosarcoma and angiosarcoma cell lines
can be obtained, and that CSF-1RM2" cell populations from the hemangiosarcoma cell lines retain a
myeloid-like character. Phagocytosis by endothelial cells also has been described [ 28], and this is in
keeping with the myeloid-endothelial phenotype previously identified for hemangiosarcoma cell lines [ 6,

8].

Figure 2
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CSF-1RMeM cells exhibit increased phagocytosis.Phagocytosis of FITC-conjugated, IgG-coated latex
beads was assessed in (A)CSF-1R!°% and CSF-1RM&" cells in hemangiosarcoma cell lines and (B)in
the angiosarcoma cell line, ASS. Phagocytosis is represented as relative fluorescence intensity by each
cell line. The macrophage cell line, RAW264.7, was used a positive control for the assay. The
increased phagocytic activity in the CSE-1RM&" populations from the hemangiosarcoma cell lines was
significant (COSB, p*=0.003 DD-1, p*=0.034) compared to the activity detected in CSF-1R

low bopulations. Statistical significance was not detected (p=0.08) between the CSF-1R'®Y and the
CSF-1RMg" cell populations enriched form the ASS5 cell line.

High CSF-1R expression correlates with increased resistance to doxorubicin

To determine if CSF-1RM2" cells display differential drug sensitivities versus the monolayer cell and CSF-
IRY cell populations, we conducted comparative assays using doxorubicin, which is used commonly to



treat both canine hemangiosarcoma and human angiosarcoma [ 1, 2]. The relative viabilities of the
monolayer, CSF-1R'*% , and CSF-1RMg" cell populations in the presence of increasing doxorubicin
concentrations are shown in Figure 3. In each case, the CSF-1RMe" cell populations were more resistant
to doxorubicin when compared to both the monolayer and CSE-1R!°¥ cell populations. The approximate
EC 5gvalues for each population are shown in parentheses. The EC 5yvalues for the monolayer cell
populations were similar to, yet always slightly higher than, those determined for the CSF-1R!°¥ cells.
This result is consistent with the idea that the CSF-1R'°% cells make up the bulk of the monolayer cell
culture, but that the contribution of the CSF-1RM¢g" cells to drug resistance can be observed. Non-
overlapping 95% confidence interval values for the CSF-1R'®" and CSF-1RMg" cell populations enriched
from the COSB and DD-1 cell lines (A dditional file 1: Table S2) provide support for the observed drug
sensitivities. While overlap of the 95% confidence intervals for the CSF-1R'" and CSF-1R"g" cell
populations from the AS5 cell line was noted, the differences in drug sensitivities were consistently

reproducible in our assays.

Figure 3
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CSF-1R"2M cells show increased resistance to standard chemotherapy agents.Unenriched monolayer
cells, CSF-1R®Y | or CSF-1RMg" cells enriched from hemangiosarcoma or angiosarcoma cell lines
were treated with increasing concentrations of doxorubicin for 72 hours. The relative viability was
assessed using an MTS assay. The approximate EC sgvalues for each subpopulation are shown in
parenthesis from representative experiments. All conditions were performed in triplicate and error bars

represent standard deviation.

To further verify that the CSF-1RM& cells are responsible for the observed increase in drug resistance, we

treated the COSB cell line with the increasing concentrations of doxorubicin for 72 hours and determined



the CSF-1R-expression by the cells remaining after treatment (Additional file 2: Figure S1A and B). At
the lowest concentrations of doxorubicin, CSF-1R'®Y cells comprised the majority of the cell population,
but the number of CSF-1R'Y cells diminished as the concentration of doxorubicin increased. At the
highest concentrations, the cell populations were comprised predominately of cells expressing CSF-1R,
indicating that CSF-1R expression can be utilized as a marker for drug resistant cell populations.

CSF-1R"h cells from hemangiosarcomas express high levels of ABCB1 and
ABCG?2 but show limited dye efflux from their side populations

ABC transporters can efflux chemotherapy agents from cancer cells to reduce intracellular drug
accumulation and prevent high level of drugs from reaching their intended intracellular targets. Because
doxorubicin can be effluxed by the transporters ABCB1 (P-glycoprotein or P-gp) or ABCG2 (breast
cancer resistance protein or BCRP) [ 29, 30], we chose to examine the expression of ABCB1 and
ABCG?2 in our cell lines and determine if drug efflux might contribute to the observed resistance in the
CSF-1RMe" populations.

We first examined ABC transporter expression in the canine hemangiosarcoma cell lines (Figure 4 A and
4 B). The expression levels of ABCB1 and ABCG2 in the monolayer and the CSF-1R"Y cell populations
from the COSB cell line were relatively low (Figure 4 A). However, high expression of ABCB1 was
displayed by a small percentage of the cells (approximately 5-8% of the total cell population), and these
cells were designated as "bright" on the histograms to distinguish highly positive cells from those with
low ("dim") transporter expression. ABCB1 and ABCG2 expression was detected in the monolayer and
the CSF-1R!°Y cell populations from the DD-1 cell line, and the expression patterns between the
monolayer and CSF-1R'°Y cells were similar (Figure 4 B). The COSB and DD-1 CSF-1R"#" cell
populations showed increased expression of ABCB1 and ABCG?2 overall, and both populations displayed
a bimodal expression pattern with substantial increases in the percentage of "bright" cells. In contrast,
ABCB1 and ABCG?2 expression was low or not detected in the populations from the AS5 cell line, and
the expression was restricted to the monolayer and CSF-1R®Y cell populations (Additional file 2: Figure
S2). Our results suggest that ABCB1 and ABCG2 expression might contribute to the higher doxorubicin
resistance observed for the hemangiosarcoma CSF-1RM2" cell populations; however, other transporters or
mechanisms appear to be involved in drug resistance in the ASS5 cell line.

Figure 4
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Canine hemangiosarcoma cells express ABCB1 and ABCG2. (A)Cell surface expression of the ABC
transporters by COSB and (B)DD-1 cells was assessed using flow cytometry. Positive staining is
indicated by the solid black lines, and the isotype controls are represented as shaded regions. MFI=
mean fluorescence intensity.

To further clarify the potential roles of ABCB1 and ABCG2 in the CSF-1RMg" cell-associated drug
resistance, we performed side population analysis using DyeCycle Violet (DCV). DCV is a viable dye
known to be effluxed from cells by ABCB1 and ABCG2 [ 31, 32]. We did not perform this assay using
the ASS cells due to the low cell surface expression of the ABC transporters. Both the monolayer and
CSF-1R"Y cell populations from the COSB and DD-1 cell lines contained dye effluxing populations
ranging from approximately 2.2% (DD-1, monolayer cells) up to about 4.7% (COSB CSF-1R!°% ) of the

total cells (Figure 5 A and B). These side populations were highly sensitive to verapamil, which is a
broad inhibitor of ABC transporter activity that primarily affects ABCB1 activity but affects ABCG2

activity at high concentrations [ 30, 32].

Figure 5
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populations. A. DyeCycle Violet efflux was measured in monolayer, CSF-1R'®Y | and CSF-1RMe" cells
to identify side population (SP) and dye retaining (DR) cells by COSB and (B)DD-1 cells. Verapamil
was used to inhibit dye efflux. Propidium iodide was added immediately before analysis of all samples
in order to exclude dead cells from analysis.

Although the side populations were almost completely eliminated by verapamil in all cases, the dye
excluding populations identified in the CSF-1RM2? cells (~1%) were smaller than those observed in the
monolayer and the CSF-1R"Y cells (~2-5%). This was unexpected given the more abundant expression of
ABCBI1 and ABCG2 by the CSF-1RM2" populations. This result prompted us to look for other



mechanisms of drug resistance since the level of dye efflux (and potentially the level of ABC transporter
expression) by these cells may not correspond to drug sensitivity.

CSF-1RMh cells show higher levels of intracellular doxorubicin and LysoTracker
suggesting increased lysosomal drug sequestration

Doxorubicin has been shown to accumulate in cellular lysosomes in a variety of cell types, including
those of myeloid lineage [ 33, 34]. Based on the drug resistant and myeloid-like character of the CSF-1R
high cells, we compared intracellular doxorubicin levels in CSF-1RY and CSF-1R"gM cells from the
COSB cell line. Cells were incubated with doxorubicin for 1 hour followed by washing and further
incubation for 24 hours in drug-free medium. The relative levels of doxorubicin remaining in both
subpopulations were analyzed by flow cytometry to detect doxorubicin fluorescence. The levels of
doxorubicin were significantly higher in the CSF-1R"£" cells than in the CSF-1R¥ cells at t=0 (p=
0.005) and t=24 hours (p=0.03) (Figure 6).
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CSF-1R"#M cells show increased retention of doxorubicin.COSB cells were incubated with 1 pM
doxorubicin and the levels of doxorubicin and CSF-1R expression were measured by flow cytometry
immediately after incubation (t=0) and 24 hours later (t=24). The levels of doxorubicin were
significantly higher in the CSF-1R"" cells than in the CSF-1R°¥ cells at t=0 (p=0.005) and t=

24 hours (p=0.03).

Based on these data, we surmised that the CSF-1RM2" cells might have a higher lysosomal capacity for
drug sequestration than their CSF-1R!°" counterparts. To test this, we labeled the CSF-1RM" cells in the
COSB and ASS cell lines with the same antibody used for the cell enrichment process. This was followed
by incubation with increasing concentrations of LysoTracker DeepRed in order to compare the relative
ly sosomal sequestration capacity between the cell subpopulations. Both the CSF-1R"Y and the CSF-1R
high cell populations showed an increase in relative fluorescence as the LysoTracker concentration was
increased; however, the relative LysoTracker fluorescence in the CSF-1RMgh cells ranged from
approximately 1.5- to 2.5-fold higher between all concentrations tested (Figure 7 A and B and Additional
file 1: Table S3). Our data also indicate that the CSF-1RM&" cell population is more heterogeneous than
the CSF-1R!°% population. This is evident in the COSB CSF-1RMe" cell population (Figure 7 A) where a
bimodal distribution becomes pronounced as the concentration of LysoTracker is increased; however a



small "high" population also is evident in the CSF-1R!Y cells. For the ASS5 cell line, the histograms were
broader for the CSF-1R"&" populations compared to those from the CSF-1R!°% populations, potentially

indicating a wider distribution of lysosomal capacity and heterogeneity.

Figure 7
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CSF-1RMgM cells preferentially accumulate higher levels of LysoTracker. (A)COSB and AS5 were
stained for cell surface CSF-1R expression using an RPE-labeled CSF-1R antibody followed by
incubation with increasing concentrations of LysoTracker DeepRed. LysoTracker fluorescence was
assessed in the CSF-1RM2" cell population (approximately 1-2% of all cells), and this fluorescence
was compared to the CSF-1R'°Y cell population (dimmest 3-5% of all cells) in each cell line. The
fluorescence intensity of cells without LysoTracker or with increasing concentrations of LysoTracker



added to the CSF-1R!°" and CSF-1RMe" cell populations is shown. For the AS5 studies, the coefficient
of variation (CV) values are provided as [LysoTracker concentration (CSF-1R!®Y | CSF-1RMgh )] for
comparison of the histograms: [0 nm (39.4, 88.9); 5 nm (61.2, 109); 25 nM (78.3, 97.6); 50 nM (65.2,
86.3] (B)The relative fluorescence levels for each population compared to the untreated controls were
plotted against the increasing LysoTracker concentrations. The graphs represent the data presented
from each cell line in panel A.

Our results show that cells with high CSF-1R expression enriched from hemangiosarcoma and
angiosarcoma cell lines are more drug resistant than cells with low expression of the receptor. The data
suggest that this resistance may be achieved, in part, through increased ABC transporter expression
and/or drug sequestration within cellular lysosomes. Our results also suggest the idea that the CSF-1R
high cells have a greater lysosomal capacity, and further isolation via cell sorting and characterization these
cells might be achieved using dual staining of CSF-1RM&" in combination with LysoTracker analysis.

CSF-1R"2" cells show exclusive expression of CD133

Finally, we sought to determine if CSF-1R was co-expressed with the stem and progenitor cell markers
CD34,CD117, and CD133, since these markers have been associated with tumor initiating cells and as
well as drug resistance [ 35, 36]. A bimodal expression pattern for CD34 was noted in all of the canine
hemangiosarcoma cell populations (Figure 8 A and B). In particular, CSF-1R"2" cells had a higher
percentage of CD347ght cells than cells from the unenriched monolayers and CSF-1R!°Y subsets.
Expression of CD117 was variable in the CSF-1R'°Y populations from COSB and DD-1, but higher
expression was noted in the CSF-1R"" populations. A bimodal expression pattern for CD117 also was
observed in the DD-1 cell line, indicating heterogeneity within the CSF-1RM2" cell population.
Interestingly, CD133 expression was restricted to the CSF-1RM2" cell population in both canine cell lines,
indicating the CD133 expression also may be used to distinguish drug resistant cells. In contrast,
expression of CD133 was not observed in the ASS5 angiosarcoma cell line (Additional file 2: Figure S3).
However, CD34 and CD117 were expressed in all of the cell populations although higher expression was
observed in the monolayer and CSF-1R!*V cell populations.

Figure 8
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Canine hemangiosarcoma cells express CD34, CD117, and CD133. (A)Cell surface expression of
CD34,CD117, and CD133 by COSB and (B)DD-1 cells was assessed using flow cytometry. Positive
staining is indicated by the solid black lines, and the isotype controls are represented as shaded
regions. MFI = mean fluorescence intensity.

Discussion

Human angiosarcoma and canine hemangiosarcoma are aggressive vascular tumors where there are
currently no effective treatments [ 2, 3, 37]. Angiogenesis and inflammation are key features of
hemangiosarcoma [ 7, 8], and progenitor cell populations expressing markers of both endothelial and
myeloid progenitors support this premise [ 8]. Because these cells may participate in both the angiogenic
and inflammatory responses, a better understanding of the cell biology would provide insight into new
therapeutic opportunities. Here, we show that cell populations enriched for the myeloid marker, CSF-1R,
are highly drug resistant in hemangiosarcoma and angiosarcoma, and this resistance may be mediated
through drug sequestration within cellular lysosomes.

Lysosomes have been shown to be involved in the sequestration of amine-containing drugs such as
doxorubicin [ 38, 39]. The sequestration of drugs away from cellular target sites into cytoplasmic
organelles prevents the drugs from reaching their targets of interest, leading to ineffective drug therapy. In
support of this mechanism, our results suggest that a small population of cells identified by CSF-1R
expression is more resistant due to doxorubicin sequestration into what are likely cellular lysosomes.
While further studies are needed, the more myeloid-like character of the CSF-1RM2" cells may play a role.
Prior studies using human myeloid leukemia cell lines demonstrated that the more drug resistant variants
of the lines showed increased drug sequestration within lysosomes [ 33, 34]. As a consequence of the
increased lysosomal drug trapping, nuclear accumulation of the drug was decreased leading to lower

cytotoxicity [ 34].

More recently, Sukhai ef al. showed that lysosomes isolated from primary human acute myeloid leukemia
(AML) cells, CD34* AML progenitor cells, as well as human and mouse AML cell lines contained larger
lysosomes when compared to lysosomes found in normal human CD34* hematopoietic cells [ 40].
Although larger in size, the number of lysosomes per cell did not differ significantly between AML cells
and normal cells. Alterations in lysosomal size may be indicative of altered metabolic processes,
specifically alterations in fatty acid metabolism [ 41], which may be important for altered energy needs of
cancer cells. Furthermore, primary human AML and AML progenitor cells were more sensitive to the
antimalarial agent mefloquine, a quinoline approved for the treatment of malaria and known to
accumulate in the lysosomes of the malarial parasite [ 42]. These observations provide the rationale for
therapeutically targeting the lysosomal compartment in AML, and they also support the investigation of
the effects of lysosomal disruption on hemangiosarcomas and angiosarcomas since this approach may
target the more drug resistant CSF-1R"2" cells.

While it is likely that doxorubicin is sequestered in cellular lysosomes largely due to its lysosomotropic
properties [ 34], drug sequestration within lysosomes also may be due to ABC transporter activity.
Chapuy et al. determined that the ABCA3 transporter expression was localized to lysosome and
multivesicular body membranes in AML, and that ABCA3 expression was associated with unfavorable
treatment outcomes for AML patients [ 43]. Further analysis in chronic myeloid leukemia (CML) showed
that lysosomal storage capacity was increased with increases in ABCA3 expression, indicating that
ABCA3 may contribute to drug resistance by facilitating lysosomal drug sequestration [ 44]. ABCA3
expression appeared to be low across a population of cells with high CSF-1R expression enriched from
hemangiosarcoma cell lines when expression was examined using microarray anlaysis (J-H. Kim,
unpublished observation). Thus ABCA3 may not contribute to lysosomal sequestration in
hemangiosarcomas. In contrast, ABCB1 expression on lysosomes has been identified and may contribute



to doxorubicin sequestration since doxorubicin accumulation was inhibited in the presence of the ABCB1
inhibitor valspodar [ 45]. Thus, further studies examining ABCB1 expression and localization in CSF-1R
low yersus CSF-1RMe cells are warranted, and additional candidates may be identified through microarray
analysis.

Although the hemangiosarcoma and angiosarcoma cell lines showed similar drug resistance mechanisms
and these populations could be enriched by targeting CSF-1R expression, the cell surface marker
expression profiles differed between species. Previous studies using hemangiosarcoma cell lines
demonstrated expression of early hematopoietic (CD34, CD117, and CD113) and endothelial progenitor
(CD34 and CD133) markers [ 6]. While expression of CD34 and CD117 by both the CSF-1R"Y and CSF-
1RMigh cells was observed in the hemangiosarcoma cell lines, expression of CD133 was exclusive to the
CSF-1RMz" cell subpopulation. The retention of CD133 expression by the CSF—IRhigh cell population
brings up the intriguing possibility in hemangiosarcomas that the CSF-1RM&" cell population possesses
the potential for differentiation into CSF-1R!°V cells and may be responsible for maintaining tumor
growth autocrine or paracrine loops since we previously determined that the ligands for CSF-1R, CSF-1
and IL-34, are expressed by these and other canine hemangiosarcoma cell lines (B. H. Gorden,
unpublished data). Studies using cell sorting of lineage markers or single cell isolation followed by clonal
expansion would address both hypotheses, but our group has not yet undertaken these approaches.

In contrast, expression of CD34 and CD117 were observed mainly in the monolayer and the CSF-1R

low cell population from the ASS5 cell line, although some expression was observed in the CSF-1RMe cells.
We did not detect expression of CD133. Our results are similar to those reported by Lui et al. where the
expression of both CD34 and CD117 was detected in angiosarcomas by immunohistochemistry. In
keeping with our observations for CD133, detection of CD133 expression by immunohistochemistry was
negative overall [ 9]. In both cases, the expression levels of CD133 may have been below the detection
limit by immunohistochemistry due to cellular differentiation or tumor heterogeneity and this may also be
the case for flow cytometry [ 9]. Regardless, the overall expression of these markers in the AS5 cell line
reflects previous findings, and they also highlight that differences do exist between human angiosarcomas
and canine hemangiosarcomas at the cellular and molecular level even though their overall pathologies
appear to be virtually indistinct. Further studies are needed to characterize the potential differences as
well as the noted similarities between these tumors.

Conclusions

We present the finding that cells with high CSF-1R expression are more drug resistant than cells with low
levels of CSF-1R expression in hemangiosarcoma and angiosarcoma cell lines. Investigation of the
mechanistic basis of the selective resistance revealed increased lysosomal capacity in CSF-1R"2" cells
enriched from canine hemangiosarcoma and human angiosarcoma cell lines as a potential mechanism.
Our results highlight drug resistance as a common feature in representative cell lines from both sarcomas,
further justifying how studies in dogs may be especially relevant to understanding drug resistance
mechanisms of the human disease. The identification of these populations also offers a unique model to
study the development and progression of vascular sarcomas in addition to providing a way to predict
responses to therapy and identify new treatment approaches.

Additional file 1: Table S1: Distribution of CSF-1R"2" cells before and after the cell enrichment
process. Table S2.Approximate EC spand confidence interval values (95%) for the monolayer,
CSF-1R!°% and CSF-1RM&" cell populations in response to doxorubicin treatment. Table
S3.Intracellular LysoTracker fluorescence detected in CSF-1R cell populations presented as the
range of fold change in CSF-1RM" /CSE-1R°¥ relative fluorescent values (n=2 for each cell
line). (PDF 53 KB)

Additional file 2: Figure S1: Assessment of CSF-1R expression after doxorubicin treatment.
COSB cells were exposed to increasing concentrations of doxorubicin for 72 hours, and the
remaining viable cells were assessed for the expression of CSF-1R by flow cytometry. 7-AAD
was added to the cells before analysis to exclude nonviable cells. The overall percentages of
CSF1-R°" and CSF-1R"2" cells remaining after treatment is shown in (A)while the cell
numbers remaining after treatment are shown in (B). Figure S2.Measurement of ABCB1 and
ABCG?2 expression by ASS5 cells. Cell surface expression of ABCB1 and ABCG2 by ASS5 cells
was assessed using flow cytometry. Positive staining is indicated by the solid black lines, and



the isotype controls are represented as shaded regions. MFI =mean fluorescence intensity.
Figure S3.Measurement of CD34, CD117, and CD133 expression by ASS5 cells. Cell surface
expression of CD34, CD117, and CD133 was assessed using flow cytometry. Positive staining is
indicated by the solid black lines, and the isotype controls are represented as shaded regions.
MFI =mean fluorescence intensity. (PDF 273 KB)
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e DCV:
DyeCycle Violet
o TAM:
Tumor associated macrophage.

Declarations

Acknowledgements

We thank Drs. Aric M. Frantz, and Daisuke Ito for their technical assistance. We also thank Dr. Jaime F.
Modiano for helpful comments and the critical reading of this manuscript.

Authors’ original submitted files for images

Below are the links to the authors’ original submitted files for images.
Authors’ original file for figure 1
Authors’ original file for figure 2
Authors’ original file for figure 3
Authors’ original file for figure 4
Authors’ original file for figure 5
Authors’ original file for figure 6
Authors’ original file for figure 7
Authors’ original file for figure 8

Competing interests
The authors declare that they have no competing interests.
Authors’ contributions

BHG conceived parts of the project, contributed to the writing of the manuscript, performed the
experiments using the canine hemangiosarcoma cell lines, and analyzed and prepared data for publication.
JS performed the flow cytometry and cytotoxicity experiments for the AS5 cell line, generated the
LysoTracker data, and helped analyze and prepare date for publication. AK assisted with some of the flow
cytometry experiments, data analyses, and interpretation, GKS conceived parts of the project and edited
the manuscript, and EBD conceived parts of the project, contributed to the writing of the manuscript,
analyzed and interpreted data, and coordinated the project. All authors read and approved the final
manuscript.




References

10

11.

12.

. Andersen NJ, Froman RE, Kitchell BE, Duesbery NS. Clinical and Molecular Biology of

Angiosarcoma. Soft Tissue Tumors. 2011;:149-174.
View Article Google Scholar

. Clifford CA, Mackin AJ, Henry CJ. Treatment of canine hemangiosarcoma: 2000 and beyond.

J Vet Intern Med. 2000;14:479-485.
View Article Google Scholar

. Cioffi A, Reichert S, Antonescu CR, Maki RG. Angiosarcomas and other sarcomas of

endothelial origin. Hematol Oncol Clin North Am. 2013;27:975-988.
View Article Google Scholar

. Vail DM, MacEwen EG. Spontaneously occurring tumors of companion animals as models

for human cancer. Cancer Invest. 2000;18:781-792.
View Article Google Scholar

. Cohen SM, Storer RD, Criswell KA, Doerrer NG, Dellarco VL, Pegg DG, Wojcinski ZW,

Malarkey DE, Jacobs AC, Klaunig JE, Swenberg JA, Cook JC. Hemangiosarcoma in rodents:
mode-of-action evaluation and human relevance. Toxicol Sci. 2009;111:4-18.
View Article Google Scholar

. Lamerato-Kozicki AR, Helm KM, Jubala CM, Cutter GC, Modiano JF. Canine

hemangiosarcoma originates from hematopoietic precursors with potential for endothelial
differentiation. Exp Hematol. 2006;34:870-878.

View Article Google Scholar

. Tamburini BA Phang TL Fosmire SP Scott MC Trapp SC Duckett MM Robinson SR

Slansky JE Sharkey LC Cutter GR Wojcieszyn JW Bellgrau D Gemmill RM Hunter LE
Modiano JF Gene expression profiling identifies inflammation and angiogenesis as

distinguishing features of canine hemangiosarcoma BMC Cancer 2010 10 6192994824
10.1186/1471-2407-10-619

.Gorden BH Kim JH Sarver AL Frantz AM Breen M Lindblad-Toh K O’Brien TD Sharkey

LC Modiano JF Dickerson EB Identification of three molecular and functional subtypes in
canine hemangiosarcoma through gene expression profiling and progenitor cell
characterization Am J Pathol 2014 184 4 985 9953969990 10.1016/j.ajpath.2013.12.025

.Liu L, Kakiuchi-Kiyota S, Arnold LL, Johansson SL, Wert D, Cohen SM. Pathogenesis of human

hemangiosarcomas and hemangiomas. Hum Pathol. 2013:44:2302-2311.
View Article Google Scholar

. Yoder MC Mead LE Prater D Krier TR Mroueh KN Li F Krasich R Temm CJ Prchal JT

Ingram DA Redefining endothelial progenitor cells via clonal analysis and hematopoietic
stem/progenitor cell principals Blood 2007 109 5 1801 18091801067 10.1182/blood-2006-
08-043471

Chitu V, Stanley ER. Colony-stimulating factor-1 in immunity and inflammation. Curr Opin
Immunol. 2006;18:39-48.

View Article Google Scholar

Lin H, Lee E, Hestir K, Leo C, Huang M, Bosch E, Halenbeck R, Wu G, Zhou A, Behrens D,
Hollenbaugh D, Linnemann T, Qin M, Wong J, Chu K, Doberstein SK, Williams LT. Discovery of

a cytokine and its receptor by functional screening of the extracellular proteome. Science.
2008;320:807-811.



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

View Article Google Scholar

Liu H Leo C Chen X Wong BR Williams LT Lin H He X The mechanism of shared but
distinct CSF-1R signaling by the non-homologous cytokines IL-34 and CSF-1 Biochim
Biophys Acta 2012 1824 7 938 9453372767 10.1016/j.bbapap.2012.04.012

Nandi S Gokhan S Dai XM Wei S Enikolopov G Lin H Mehler MF Stanley ER The CSF-1
receptor ligands IL.-34 and CSF-1 exhibit distinct developmental brain expression patterns
and regulate neural progenitor cell maintenance and maturation Dev Biol 2012 367 2 100
1133388946 10.1016/j.ydbio.2012.03.026

Wei S Nandi S Chitu V Yeung YG Yu W Huang M Williams LT Lin H Stanley ER
Functional overlap but differential expression of CSF-1 and IL-34 in their CSF-1 receptor-
mediated regulation of myeloid cells J Leukoc Biol 2010 88 3 495 5052924605
10.1189/j1b.1209822

Mitchem JB Brennan DJ Knolhoff BL Belt BA Zhu Y Sanford DE Belaygorod L
Carpenter D Collins L Piwnica-Worms D Hewitt S Udupi GM Gallagher WM Wegner C
West BL Wang-Gillam A Goedegebuure P Linehan DC DeNardo DG Targeting tumor-
infiltrating macrophages decreases tumor-initiating cells, relieves immunosuppression, and
improves chemotherapeutic responses Cancer Res 2013 73 3 1128 11413563931
10.1158/0008-5472.CAN-12-2731

Priceman SJ Sung JL Shaposhnik Z Burton JB Torres-Collado AX Moughon DL Johnson
M Lusis AJ Cohen DA Iruela-Arispe ML Wu L Targeting distinct tumor-infiltrating

myeloid cells by inhibiting CSF-1 receptor: combating tumor evasion of antiangiogenic
therapy Blood 2010 115 7 1461 14712826767 10.1182/blood-2009-08-237412

Aharinejad S, Abraham D, Paulus P, Abri H, Hofmann M, Grossschmidt K, Schafer R, Stanley ER,
Hofbauer R. Colony-stimulating factor-1 antisense treatment suppresses growth of human
tumor xenografts in mice. Cancer Res. 2002;62:5317-5324.

View Article Google Scholar

Aharinejad S, Paulus P, Sioud M, Hofmann M, Zins K, Schafer R, Stanley ER, Abraham D.
Colony-stimulating factor-1 blockade by antisense oligonucleotides and small interfering

RNAs suppresses growth of human mammary tumor xenografts in mice. Cancer Res.
2004;64:5378-5384.

View Article Google Scholar

Paulus P, Stanley ER, Schafer R, Abraham D, Aharinejad S. Colony-stimulating factor-1
antibody reverses chemoresistance in human MCF-7 breast cancer xenografts. Cancer Res.
2006;66:4349-4356.

View Article Google Scholar

Cioce M, Canino C, Goparaju C, Yang H, Carbone M, Pass HI. Autocrine CSF-1R signaling
drives mesothelioma chemoresistance via AKT activation. Cell Death Dis. 2014;5:e1167-.
View Article Google Scholar

Fosmire SP, Dickerson EB, Scott AM, Bianco SR, Pettengill MJ, Meylemans H, Padilla M, Frazer-
Abel AA, Akhtar N, Getzy DM, Wojcieszyn J, Breen M, Hefland SC, Modiano JF. Canine

malignant hemangiosarcoma as a model of primitive angiogenic endothelium. Lab Invest.
2004:84:562-572.

View Article Google Scholar

Akhtar N Padilla ML Dickerson EB Steinberg H Breen M Auerbach R Helfand SC
Interleukin-12 inhibits tumor growth in a novel angiogenesis canine hemangiosarcoma
xenograft model Neoplasia 2004 6 2 106 1161502086 10.1593/ne0.03334



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34

35.

36

Italiano A Chen CL Thomas R Breen M Bonnet F Sevenet N Longy M Maki RG Coindre
JM Antonescu CR Alterations of the p53 and PIK3CA/AKT/mTOR pathways in

angiosarcomas: a pattern distinct from other sarcomas with complex genomics Cancer
2012 118 23 5878 58873434269 10.1002/cncr.27614

Tamburini BA Trapp S Phang TL Schappa JT Hunter LE Modiano JF Gene expression
profiles of sporadic canine hemangiosarcoma are uniquely associated with breed PLoS
One 2009 4 5 55492680013 10.1371/journal.pone.0005549

Kim DW Kim KO Shin MJ Ha JH Seo SW Yang J Lee FY siRNA-based targeting of
antiapoptotic genes can reverse chemoresistance in P-glycoprotein expressing
chondrosarcoma cells Mol Cancer 2009 8 282689171 10.1186/1476-4598-8-28

Wyman JJ, Hornstein AM, Meitner PA, Mak S, Verdier P, Block JA, Pan J, Terek RM. Multidrug
resistance-1 and p-glycoprotein in human chondrosarcoma cell lines: expression correlates

with decreased intracellular doxorubicin and in vitro chemoresistance.J Orthop Res.
1999;17:935-940.

View Article Google Scholar

Dini L, Lentini A, Diez GD, Rocha M, Falasca L, Serafino L, Vidal-Vanaclocha F. Phagocytosis
of apoptotic bodies by liver endothelial cells. J Cell Sci. 1995;108:967-973.
View Article Google Scholar

Dean M, Fojo T, Bates S. Tumour stem cells and drug resistance. Nat Rev Cancer. 2005;5:275-
284.

View Article Google Scholar

Sharom FJ. ABC multidrug transporters: structure, function and role in chemoresistance.
Pharmacogenomics. 2008;9:105-127.

View Article Google Scholar

Mathew G Timm EA Jr Sotomayor P Godoy A Montecinos VP Smith GJ Huss WJ
ABCG2-mediated DyeCycle Violet efflux defined side population in benign and malignant
prostate Cell Cycle 2009 8 7 1053 10612848479 10.4161/cc.8.7.8043

She JJ, Zhang PG, Wang ZM, Gan WM, Che XM. Identification of side population cells from
bladder cancer cells by DyeCycle violet staining. Cancer Biol Ther. 2008;7:1663-1668.
View Article Google Scholar

Hindenburg AA, Gervasoni JE, Krishna S, Stewart VJ, Rosado M, Lutzky J, Bhalla K, Baker MA,
Taub RN. Intracellular distribution and pharmacokinetics of daunorubicin in anthracycline-
sensitive and -resistant HL-60 cells. Cancer Res. 1989:49:4607-4614.

View Article Google Scholar

. Hurwitz SJ, Terashima M, Mizunuma N, Slapak CA. Vesicular anthracycline accumulation in

doxorubicin-selected U-937 cells: participation of lysosomes. Blood. 1997;89:3745-3754.
View Article Google Scholar

Honoki K. Do stem-like cells play a role in drug resistance of sarcomas?. Expert Rev
Anticancer Ther. 2010;10:261-270.

View Article Google Scholar

. O’Brien CA, Kreso A, Dick JE. Cancer stem cells in solid tumors: an overview. Semin Radiat

Oncol. 2009;19:71-77.
View Article Google Scholar




37.

38.

39.

40.

41.

42.

43.

44,

45.

Antonescu CR Yoshida A Guo T Chang NE Zhang L Agaram NP Qin LX Brennan MF
Singer S Maki RG KDR activating mutations in human angiosarcomas are sensitive to
specific kinase inhibitors Cancer Res 2009 69 18 7175 71792763376 10.1158/0008-
5472.CAN-09-2068

Gong Y, Duvvuri M, Krise JP. Separate roles for the Golgi apparatus and lysosomes in the

sequestration of drugs in the multidrug-resistant human leukemic cell line HL-60.J Biol
Chem. 2003;278:50234-50239.

View Article Google Scholar

Lee CM Tannock IF Inhibition of endosomal sequestration of basic anticancer drugs:
influence on cytotoxicity and tissue penetration Br J Cancer 2006 94 6 863 8692361369
10.1038/sj.bjc.6603010

Sukhai MA Prabha S Hurren R Rutledge AC Lee AY Sriskanthadevan S Sun H Wang X
Skrtic M Seneviratne A Cusimano M Jhas B Gronda M MacLean N Cho EE Spagnuolo PA
Sharmeen S Gebbia M Urbanus M Eppert K Dissanayake D Jonet A Dassonville-Klimpt A
Li X Datti A Ohashi PS Wrana J Rogers I Sonnet P Ellis WY Lysosomal disruption
preferentially targets acute myeloid leukemia cells and progenitors J Clin Invest 2013 123
1 315 3283533286 10.1172/1C164180

Samudio I Harmancey R Fiegl M Kantarjian H Konopleva M Korchin B Kaluarachchi K
Bornmann W Duvvuri S Taegtmeyer H Andreeff M Pharmacologic inhibition of fatty acid
oxidation sensitizes human leukemia cells to apoptosis induction J Clin Invest 2009 120 1
142 1562799198 10.1172/JCI38942

Glaumann H, Motakefi AM, Jansson H. Intracellular distribution and effect of the antimalarial
drug mefloquine on lysosomes of rat liver. Liver. 1992;12:183-190.
View Article Google Scholar

Chapuy B, Koch R, Radunski U, Corsham S, Cheong N, Inagaki N, Ban N, Wenzel D, Reinhardt D,
Zapf A, Schweyer S, Kosari F, Klapper W, Truemper L, Wulf GG. Intracellular ABC transporter

A3 confers multidrug resistance in leukemia cells by lysosomal drug sequestration.
Leukemia. 2008;22:1576-1586.

View Article Google Scholar

Chapuy B Panse M Radunski U Koch R Wenzel D Inagaki N Haase D Truemper L Wulf
GG ABC transporter A3 facilitates lysosomal sequestration of imatinib and modulates
susceptibility of chronic myeloid leukemia cell lines to this drug Haematologica 2009 94
11 1528 15362770963 10.3324/haematol.2009.008631

Yamagishi T Sahni S Sharp DM Arvind A Jansson PJ Richardson DR P-glycoprotein
mediates drug resistance via a novel mechanism involving lysosomal sequestration J Biol
Chem 2013 288 44 31761 317713814770 10.1074/jbc.M113.514091



