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Abstract

Current chemotherapy for treatment of pediatric acute leukemia, although generally suc-
cessful, is still a matter of concern due to treatment resistance, relapses and life-long side
effects for a subset of patients. Inhibition of dynamin, a GTPase involved in clathrin-medi-
ated endocytosis and regulation of the cell cycle, has been proposed as a potential anti-can-
cer regimen, but the effects of dynamin inhibition on leukemia cells has not been extensively
addressed. Here we adopted single cell and whole-population analysis by flow cytometry
and live imaging, to assess the effect of dynamin inhibition (Dynasore, Dyngo-4a, MitMAB)
on pediatric acute leukemia cell lines (CCRF-CEM and THP-1), human bone marrow biop-
sies from patients diagnosed with acute lymphoblastic leukemia (ALL), as well as in a model
of lymphoma (EL4)-induced tumor growth in mice. All inhibitors suppressed proliferation
and induced pronounced caspase-dependent apoptotic cell death in CCRF-CEM and THP-
1 cell lines. However, the inhibitors showed no effect on bone marrow biopsies, and did not
prevent EL4-induced tumor formation in mice. We conclude that dynamin inhibition affects
highly proliferating human leukemia cells. These findings form a basis for evaluation of the
potential, and constraints, of employing dynamin inhibition in treatment strategies against
leukemia and other malignancies.

Introduction

Acute leukemia is characterized by a rapid expansion of hematopoietic precursors (blast cells),
which remain partially differentiated and proliferate in the bone marrow and peripheral blood
as the disease progresses [1]. Two of the most common types of pediatric acute leukemias are
acute lymphoblastic leukemia (ALL) and acute myeloid leukemia (AML). ALL is the most
prevalent type of cancer in children (80% of leukemias and 25% of childhood cancers) (2, 3],
and 10-15% of these cases represent T-cell ALL (T-ALL). T-ALL arises from T-lymphoblasts
in the thymus as a result of an accumulation of mutations in immature thymocytes, altering
inter alia cell proliferation and differentiation. The lymphoblasts leave the thymus and access
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the circulation, from where other organs such as the bone marrow or central nervous system
are invaded [2]. AML constitutes about 20% of all childhood leukemias [4] and is caused by
abnormal myeloblasts (immature leukocytes of the myeloid lineage). Cancerous myeloblasts
have the ability of constant proliferation and avoidance of cell death, leading to an expansion
in the myeloblast population and to a disturbed hematopoiesis [5].

Standard treatment of acute leukemia involves combination chemotherapy. Improved
treatment strategies and reduced relapse has increased the 5-year survival to 90% [6]. However,
in ALL, still 15% of the patients relapse [3] and AML has an overall survival rate of only 60—
70% [7]. In addition, a major obstacle for the standard treatments are adverse side effects lead-
ing to long term organ damage associated with osteonecrosis, thrombosis, neurotoxicity, or
chronic pancreatitis [8]. Therefore, new therapeutics with higher specificity are needed to
increase the survival and quality of life for patients with childhood leukemia.

One potential chemotherapeutic strategy in leukemia would be to inhibit dynamin, a key
component of the machinery for clathrin-mediated endocytosis and also for cytokinesis [9-
11]. Indeed, this strategy has been evaluated previously, but only to a limited extent in leukemia
and other cell types [12-16]. The most well-studied inhibitor of dynamin is Dynasore, which
inhibits the GTP-hydrolase activity of dynamin [17]. Dynasore has been shown to affect multi-
ple biological processes [18]. However, comparative studies employing interference with dyna-
min expression demonstrated that the observed effects might depend partially or completely
on targets other than dynamin [19]. Due to other unfavorable properties of Dynasore, such as
binding to serum proteins or loss of activity due to binding to detergents, multiple derivatives
of Dynasore have been assessed. These efforts have resulted in the development of Dyngo-4a,
which acts by a similar mechanism as Dynasore, but with a higher bioavailability [20]. Myristyl
trimethyl ammonium bromide (MitMAB) is another, small molecule dynamin inhibitor,
which reversibly targets the interaction of dynamin with phospholipids and thereby blocks the
recruitment of dynamin to the membrane [21]. MitMAB was shown to inhibit dynamin’s
GTPase-activity, and to inhibit receptor-mediated endocytosis in several cell types [22].

In vivo studies employing MitMAB are lacking to date. However, an ex vivo approach using
rat kidneys did not result in visible symptoms of toxicity [23]. Chircop and colleagues per-
formed a number of studies evaluating MitMAB as a potential anti-cancer agent. They
reported that MitMAB inhibited the dynamin-dependent abscission in cytokinesis, leading to
suppressed proliferation and polyploidy in a wide range of human cancer cell lines, while
showing less toxicity for primary fibroblasts [24]. Dynamin inhibition is thereby emerging as a
potential chemotherapeutic strategy, but its mechanism of action is not completely under-
stood. Moreover, its effects on hematopoietic cancers have not been extensively evaluated to
date. Here we addressed the effects of dynamin inhibition on leukemia cells, focusing on lym-
phoblastic and monocytic leukemia cells. Moreover, we addressed the mechanism through
which dynamin acts on leukemia cells, and evaluated the in vivo toxicity and effect of dynamin
inhibition in an EL4 lymphoma tumor model in mice.

Materials and methods
Cell lines and culture

We used CCRF-CEM (ATCC, CCL-19), a T-lymphoblast cell line derived from peripheral
blood as model for ALL. THP-1 (ATCC, TIB-202) is a monocytic cell line representing AML.
Cells were kept in RPMI-1640 (Sigma-Aldrich, #R5886), supplemented with 10% FBS (Gibco,
#10500-064), 2 mM L-glutamine (Sigma-Aldrich, #G7513), 100 U/ml penicillin and 100 pg/ml
streptomycin (Sigma-Aldrich, #P0781) in 5% CO, at 37°C. For THP-1 cell culture, 50 uM
2-mercaptoethanol (Gibco, #31350-010) was added to the medium. Cell numbers were
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determined by trypan blue (Gibco, #15250-061) exclusion and quantified by an automated
cell counter (Countess™ I FL; Life Technologies). EL4 (ATCC, TIB-39), a mouse T-lympho-
blast leukemia cell line, was used for tumor generation in mice. EL4 cells were cultured as indi-
cated for CCRF-CEM cells above, but at a 4 mM L-glutamine concentration in the medium.
K562 (ATCC, CCL-243), a cell line representing chronic myelogenous leukemia, was cultured
in RPMI-1640 with glutamax (Gibco, #72400) supplemented with 1 mM sodium pyruvate
(Gibco, # 11360-070), FBS and streptomycin and penicillin as above. All centrifugations were
performed at room temperature (RT) for 5 min, 300 x g.

Human peripheral blood-derived mononuclear cells

Blood was obtained from healthy donors (Ethical permission: Etikprévningsmyndigheten,
Dnr 2020-05080) after having obtained written consent. Mononuclear cells were purified with
Percoll (Sigma-Aldrich, P1644) gradient centrifugation (30 min, 1000 x g, RT). Cells were
washed 3 x in PBS (5 min, 300 x g, RT) and cell viability was determined by trypan blue stain-
ing. Mononuclear cells were used for experiments directly after isolation, and were kept in
RPMI-1640 with Glutamax supplemented with sodium pyruvate, FBS and streptomycin and
penicillin as described above for K562 cells.

Human bone marrow cells

Bone marrow samples were obtained from ALL pediatric patients (Ethical permission: Etik-
prévningsmyndigheten, Dnr 2014/233; Uppsala Biobank application no BbA-827-2019-067),
after having obtained written consents from parents/caretaker and from the child (where
applicable). After thawing, bone marrow cells were washed and cultured in complete Stem-
Pro-34 SFM (Gibco, #10639011), including 2 mM L-glutamine, 100 U/ml Penicillin and

100 pg/ml Streptomycin. Viability was assessed by trypan blue exclusion. The cell concentra-
tions were adjusted to 0.5 x 10° cells/ml. Cells were treated with medium or MitMAB diluted
in medium for 8 h and 24 h, followed by flow cytometry analysis.

Mice and EL4 tumor model

C57BL/6] mice (8-16 weeks old) were used for experiments. All experiments were approved
by the local ethics committee (Uppsala djurférsoksetiska ndmnd, Dnr 5.8.18-04096/2019).
Prior to injection, EL4 cells were resuspended in Hanks’ balanced salt solution (Sigma-Aldrich,
#H6648) and the cell concentration was adjusted to 0.5 x 10° cells/ml. A total of 5 x 10* EL4
cells (100 pl of cell suspension) were injected subcutaneously in the hip region (both sides).
From day 3 or 7 post-injection, intraperitoneal treatment with 5 or 10 mg/kg/day (3-4 times/
week) MitMAB in PBS, or PBS only (vehicle) (100-200 pl per mouse) was initiated and the
mice were examined for weight loss/gain. Tumor size was determined with a caliper (tumor
volume = (a x b%)/2, with a: length, b: width). Mice were sacrificed when one tumor reached
1100 mm”’.

Viability assay

0.05-0.15 x 10° cells/ml in 100 pl/well were transferred to 96-well plates (Sarstedt, #83.3924)
and treated with Dyngo-4a (Selleck Chemicals, #8047), Dynasore monohydrate (Sigma-
Aldrich, #D763) or MitMAB (Tocris, #4224). Where indicated, 20 uM of the pan-caspase
inhibitor Z-VAD-FMK (BioVision, #1140) was added 1 h prior to treatment with dynamin
inhibitors. As controls served the respective diluent (Cyclodextrin; Sigma-Aldrich, #C-4805)
or PBS (Medicago, #009-9400-100, for MitMAB). At different time points, 10 pl of PrestoBlue
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(Invitrogen, #A13261) was added and the plate was incubated for 1-3 h before measurement
of fluorescence on an Infinite M200 (TECAN). Fluorescence after blank subtraction (medium)
were normalized to controls.

Cell cycle analysis

1 ml of 0.15 x 10° cells/ml suspensions of CCRE-CEM or THP-1 cells were treated with 40 uM
Dynasore, 10 uM Dyngo-4a, 3 uM MitMAB, 10 pM RO-3306 (Sigma-Aldrich, # ML0569),

0.5 pg/ml Paclitaxel (Taxol, Sigma-Aldrich, T7402) and 2 ug/ml Cytochalasin D (Sigma-
Aldrich, # C8273) or vehicle (DMSO for cell cycle inhibitors, otherwise as above) for 18 h
before processing cells for flow cytometry.

Transferrin uptake assay

CCRF-CEM and THP-1 cells were washed once in RPMI-1640 containing 1% BSA (Sigma-
Aldrich, #A9418) and serum starved for 1 h and an additional 1 h after addition of 5 uM Mit-
MAB in round bottom 96 well plates (Thermo Scientific, #163320); 200 ul/well, 0.15 x 10°
cells/ml. 25 pug/ml (final concentration) Transferrin- AlexaFluor 488 (Thermo Fisher Scientific,
#T13342) was added for the indicated time periods, followed by washing in RPMI-1640 1%
BSA and measurement of cell-associated fluorescence intensity by flow cytometry.

Flow cytometry

For viability, cells were stained in annexin V-binding buffer (BD, #556454) with 0.5% annexin
V-FITC (BD, #556419) and 150 nM DRAQ7 (Biostatus, #DR71000) prior to measurement by
either a MACSQuant VYB (Miltenyibiotec), an Accuri C6 Plus (BD) or a Cytoflex S (Beckman
Coulter). For proliferation, the Click-iT™ EdU Cell Proliferation Kit was used with Alexa Fluor
647 (Invitrogen, #C10424) according to the manufacturer’s protocol, but using half of the
staining reagents in the click reaction step. 10 uM EdU was added 2 h prior to the assay. For
caspase-3/7 detection, cells were resuspended in PBS containing 500 nM caspase-3/7 probe
(Thermo Fisher Scientific, #C10423) and 5% FBS, and incubated for 30 min under standard
culture conditions prior to flow cytometry analysis. Cells used for cell cycle analysis were
resuspended in PBS containing 0.1% Triton-X-100 (Sigma-Aldrich, #T8787), 10 pg/ml RNase
A (Thermo Fisher Scientific, #EN0531) and 10 ug/ml Propidium Iodide (Sigma-Aldrich,
#81845) and incubated for 20-30 min in the dark at RT. For ALL bone marrow biopsies, cells
were stained in annexin V-binding buffer containing 2% FBS, 0.5% annexin V-Pacific Blue
(Thermo Fisher Scientific, #R37177) and 1 uM SYTOX Green (Thermo Fisher Scientific,
#57020). Data analysis was performed using the FlowJo software (TreeStar Inc.).

Live microscopy

250 pl cell suspension (0.15 x 10° cells/ml) in medium containing 150 nM DRAQ7 and 500
nM CellEvent™ Caspase-3/7 were added to 8-well chamber slides (Nunc® Lab-Tek™ 1T—CC*”
Chamber Slide™; ThermoFisher Scientific). Slides were incubated at 37°C (5% CO,) during
microscopy and equilibrated in the microscope chamber 1 h prior to the start of the experi-
ment. Images were acquired on a custom-built microscope, based on a Nikon Ti2 body, every
10 min in differential interference contrast (DIC), red and green fluorescence channels with a
Prime 95B (Photometrics) camera through a 10X/0.45 NA Plan Apochromatic objective
(Nikon). Micro Manager was used for controlling the microscope (uManager plugin [25] and
Fiji [26] were used for analyzing images).
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Statistical analysis

Data are presented as mean values + standard error of the mean (SEM) if not otherwise indi-
cated. Descriptions of the statistical tests used in each case can be found in the figure legends.
Microsoft Excel 2016 and GraphPad Prism 9 were used to analyze and plot the data. Signifi-
cance levels: *p < 0.05; **p < 0.01; ***p < 0.001.

Results

Dynamin inhibitors potently decrease survival of acute leukemia cell lines

First, we investigated the effects of three different dynamin inhibitors on the CCRF-CEM and
THP-1 cell lines, as models for pediatric ALL and AML, respectively. All inhibitors induced a
prominent reduction in viability in both cell lines (Fig 1A, 1B, 1D, 1E, 1G and 1H). The effects
of all inhibitors showed time- and concentration-dependency, and the effects lasted at least up
to 72 h. Among the assessed inhibitors, MitM AB was most efficient, followed by Dyngo-4a
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Fig 1. Dynamin inhibitors decrease the viability of acute leukemia cells. CCRF-CEM (A, D, G;), THP-1 (B, E, H) or human PBMCs (C, F, I) (0.15 x
10° cells/ml) were cultured for the time points indicated with the given concentrations of Dynasore (A-C), Dyngo-4a (D-F) or MitMAB (G-I). Viability
was assessed with PrestoBlue and was normalized to untreated control (0 uM) groups. Data are given as mean + SEM pooled from 5-9 biological
replicates. Two-way ANOVA was used for statistical testing with Dunnett’s posthoc test in order to compare each treated group with the control at each
time point.

https://doi.org/10.1371/journal.pone.0256708.9001
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and Dynasore. It was also noted that THP-1 cells were relatively resistant to low concentrations
of Dynasore and Dyngo-4a (Fig 1B and 1E), whereas MitMAB showed a high efficacy on
THP-1 cells also at low concentrations (Fig 1H). In addition, we found that K562 cells, repre-
senting a myelogenous leukemia cell line, were susceptible to dynamin inhibition, although
with somewhat lower sensitivity in comparison with the THP-1 and CCRF-CEM cells (S1 Fig).

We also assessed whether dynamin inhibition had the capacity to suppress peripheral
blood-derived mononuclear cells (PBMCs), a population comprising both monocytes and
lymphocytes. However, neither of the dynamin inhibitors had any substantial cytotoxic effects
on these cells after a 24 h incubation period (Fig 1C, 1F and 1I). Notably, one of the dynamin
inhibitors (MitMAB) appeared to cause a slightly enhanced cell survival at early time points,
while such effects were not seen for the other two assessed dynamin inhibitors. After 48 h, a
limited reduction in viability was seen at the higher concentrations of Dynasore and MitMAB
(Fig 1C and 1I). This suggests that dynamin inhibition has a more pronounced inhibitory
effect on leukemia cell lines than on healthy PBMCs kept in culture.

Dynamin inhibitors induce leukemia cell apoptosis

To gain insight into the mechanism of viability loss induced by the dynamin inhibition, we
performed staining with annexin V (binds to phosphatidylserine) and DRAQ7 (nuclear dye
that enters permeabilized cells) (Fig 2; gating strategy shown in Fig 2A). As seen in Fig 2B,
treatment of CCRF-CEM cells with Dynasore for 24 h resulted in an increased proportion of
early apoptotic cells (annexin V*/DRAQ?7"), although late apoptotic/necrotic (annexin V*/
DRAQ7") cells were also observed. After treatment of the CCRF-CEM cells with Dyngo-4a or
MitMAB for a similar time period, early apoptotic cells were again detected, but a higher pro-
portion of late apoptotic/necrotic cells were observed in comparison with the Dynasore treat-
ment (Fig 2D and 2F). A significant increase in the proportion of early apoptotic cells was also
seen after treatment of THP-1 cells with the dynamin inhibitors (Fig 2C, 2E and 2G). However,
treatment of THP-1 cells with high concentrations of Dynasore, or with modest concentra-
tions of MitMAB, resulted in a large proportion of late apoptotic/necrotic cells (Fig 2C, 2E and
2G). Nevertheless, these data suggest that dynamin inhibition elicits apoptosis in leukemia cell
lines.

Dynamin inhibitors reduce the proliferation of leukemia cells

Next, we investigated whether dynamin inhibition affected the proliferative capacity of the leu-
kemia cells. For this, we labeled cells with EdU, a thymidine analogue used for quantification
of DNA synthesis, and measured EdU incorporation by flow cytometry. As seen in Fig 3A and
3B, all of the dynamin inhibitors caused a significant reduction in the proliferation of both
CCRF-CEM and THP-1 cells. Notably, THP-1 cells were somewhat more sensitive than were
the CCRF-CEM cells.

MitMAB-induced cell death involves caspase-3/7 activation

A hallmark feature of apoptotic cell death is the generation of active caspase-3/7. Since our
data suggest that leukemia cells subjected to dynamin inhibition show signs of apoptosis, we
assessed whether this is accompanied by caspase-3/7 activation. These experiments revealed a
robust activation of caspase-3/7 in response to all dynamin inhibitors, both in the CCRF-CEM
and THP-1 cells (Fig 4A and 4B). In the presence of Z-VAD-FMK, a pan-caspase inhibitor,
caspase-3/7 activities were significantly reduced (Fig 4A and 4B). To assess the functional
impact of caspase activation upon dynamin inhibition, we next analyzed leukemia cell survival.
As depicted in Fig 4C and 4D, caspase inhibition by Z-VAD-FMK caused a significant,
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Fig 2. Dynamin inhibition leads to apoptosis of leukemia cells. (A) Gating strategy. (B-G) 0.15 x 10° CCRF-CEM (B,
D, F) or THP-1 (C, E, G) cells/ml were cultured for 24 h with the indicated concentrations of Dynasore (B-C), Dyngo-
4a (D-E) or MitMAB (F-G), followed by staining with Annexin V and DRAQ?. Percentage of viable (Annexin V'/
DRAQ7), apoptotic (Annexin V*/DRAQ7") and late apoptotic/necrotic (Annexin V*/DRAQ7") was determined by
flow cytometry. Data are given as mean + SEM, pooled from at least 6 biological replicates. Two-way ANOVA was
used for statistical testing with Dunnett’s posthoc test (Sidak for MitMAB experiments due to fewer groups),
comparing the treated groups with the controls.

https://doi.org/10.1371/journal.pone.0256708.9002
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or 2 uM MitMAB (3 uM for CCRF-CEM). EdU was added to a final concentration of 10 uM 2 h prior to flow
cytometry analysis. The proportion of proliferating (EdU") cells was normalized to untreated cells. The raw fraction of
proliferating cells in CCRF-CEM was 52.64 + 6.48% (mean+standard deviation) and 40.56 + 13.38% for THP-1. Data
are given as mean + SEM, pooled from 6 biological replicates. One-way ANOVA was used for statistical testing with
Dunnett’s posthoc test.

https://doi.org/10.1371/journal.pone.0256708.9003
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Fig 4. Inhibition of dynamin leads to caspase-3/7-dependent apoptosis in leukemia cells. 0.15 x 10° of CCRF-CEM
(A, C) or THP-1 (B, D) cells/ml were cultured for 24 h with 40 uM Dynasore, 10 uM Dyngo-4a or 3 uM MitMAB in
the absence or presence of 20 uM Z-VAD-FMK (pan-caspase inhibitor) as indicated. (A-B) Caspase activity was
analyzed by flow cytometry after addition of a caspase-3/7 probe. (C-D) Cell viability was assessed with PrestoBlue;
treated groups were normalized to control groups. Data are given as mean + SEM, containing 4 pooled replicates from
two independent experiments. Two-way ANOVA was used for statistical testing with Sidak’s posthoc test.

https://doi.org/10.1371/journal.pone.0256708.g004
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although not complete, restoration of cell viability in dynamin-inhibited leukemia cells. The
only exception to this was seen after treatment of THP-1 cells with Dyngo-4a, where only a
modest impact on cell viability was observed (Fig 4D, see also Fig 1D), and where no protective
effective of Z-VAD-FMK was observed within 24 h (Fig 4D).

Caspase-3/7 activation precedes cell death in dynamin-inhibited leukemia
cells

To provide further insight into the dynamics by which dynamin inhibition triggers cell death
in leukemia cells, we used live microscopy, in which we monitored caspase-3/7 activation and
DRAQY staining (i.e., cells with a permeabilized plasma membrane) in real time after addition
of 5 uM MitMAB. In line with results above (Figs 1G, 1H, 2F and 2G), MitMAB elicited mod-
est caspase-3/7 activation in CCRF-CEM cells within the first 24 h, whereas pronounced cas-
pase-3/7 activation was seen in THP-1 cells (Fig 5A and 5B). This analysis further revealed
that, in CCRF-CEM cells, caspase-3/7 activation was seen starting from ~8-12 h, and overt cell
death (as judged by DRAQ7 positivity) was observed from 24 h and onwards (Fig 5A and S1
and S2 Movies). In THP-1 cells, the first signs of cell death were seen from ~8 h (Fig 5B and S3
and S4 Movies). Also here, individual dynamin-inhibited cells first turned caspase-3/7-posi-
tive, and thereafter DRAQ7-positive (S4 Movie).

Dynamin-induced cell toxicity is independent of cell cycle inhibition, but
interferes with transferrin uptake

In the next set of experiments we investigated whether dynamin inhibition in leukemia cells
had an impact on the regulation of a specific cell cycle stage, in analogy with previous studies
in HeLa and H460 cells where dynamin inhibition was proposed to target cytokinesis [27].
However, the inhibition of dynamin by Dyngo-4a or MitMAB did not alter the distribution of
cells in the various cell cycle phases, nor did it result in an increased population of polyploid
cells, either in CCRF-CEM or in THP-1 cells (Fig 6A-6F). Dynasore even produced a small,
but statistically significant, reduction of cells in G2/M, both in CCRF-CEM and THP-1 cells
(Fig 6A-6F). As positive controls, we assessed the effects of the cdkl inhibitor RO-3306
(arrests the cell cycle in the G2/M transition), paclitaxel (Taxol; arrests cells in metaphase) and
cytochalasin D (arrests cells in the cytokinesis phase) [28-30]. As seen in Fig 6A-6F, all of
these compounds caused a profound reduction in the proportion of cells in G1 phase, accom-
panied by a corresponding increase in the G2/M population. As expected, these established
cell cycle inhibitors, in particular cytochalasin D, caused an increase in the proportion of poly-
ploid cells, in line with defective cytokinesis. By sharp contrast, neither of the dynamin inhibi-
tors caused an increase in the population of polyploid cells (Fig 6E and 6F).

Inhibition of endocytosis provides the other plausible mechanism for the cytotoxicity of
dynamin inhibitors. We therefore explored whether MitMAB affects endocytosis in the leuke-
mia cells, as determined by uptake of fluorescent transferrin. Indeed, MitMAB had a signifi-
cant inhibitory effect on transferrin uptake in both CCRF-CEM and THP-1 cells (Fig 6G and
6H). Notably, MitMAB had a more profound inhibitory impact on transferrin endocytosis in
the THP-1 cells in comparison with its effects on the CCRF-CEM cells (Fig 6G and 6H), which
agrees well with the especially strong inhibitory effect of MitMAB on THP-1 viability (Figs 1G,
1H, 4C and 4D).
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Fig 5. Caspase activation precedes overt cell death in leukemia cells subjected to dynamin inhibition. 0.15 x 10° of CCRF-CEM (A) or THP-1
(B) cells/ml in medium containing 150 nM DRAQ?7 and 500 nM caspase-3/7 probe were added to chamber slides, followed by addition of
MitMAB (5 uM final concentration) as indicated. Every 10 min, images of every well were taken. The indicated DIC, fluorescence, or merged
channels are shown. Scale bars = 100 um. Representative images of two wells per condition are shown (see also S1-S4 Movies).

https://doi.org/10.1371/journal.pone.0256708.g005
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Fig 6. Dynamin inhibition affects transferrin uptake but not cell cycle progression in leukemia cells. (A-B) 0.15 x
10° CCRE-CEM (A) or THP-1 (B) cells/ml were cultured for 18 h with either 40 uM Dynasore, 10 uM Dyngo-4a, 5 uM
MitMAB, 10 uM RO-3306, 0.5 pg/ml Taxol, or 2 pg/ml Cytochalasin D as indicated. Cell cycle profiles were analyzed
(see experimental procedures for details). Gating for different cell cycle phases: G1 (gap phase 1), S (DNA synthesis
phase), G2/M (gap phase 2 or mitosis), as well as polyploid cells are shown in the upper left panel in (A). (C-F)
Quantification of the proportion of cells in G2/M phase and polyploid cells as indicated. (G-H) Effect of MitMAB

(5 uM) on the uptake of fluorescent transferrin by CCRF-CEM (G) and THP-1 (H) cells. Time point “0” indicates
unstained samples. Data are given as mean + SEM, containing 4-6 pooled replicates from 2-3 independent
experiments. Two-way ANOVA was used for statistical testing including Dunnett’s posthoc test for (D-F).

https://doi.org/10.1371/journal.pone.0256708.9006
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Dynamin inhibition does not affect bone marrow cells from pediatric
leukemia subjects

To estimate if the observed effects in leukemia cell lines translate into patient material, we uti-
lized bone marrow samples from children diagnosed with ALL. For these experiments we
assessed the effects of MitMAB, based on its superior potency in comparison with Dynasore
and Dyngo-4a on CCRF-CEM and THP-1 cells (see Fig 1). However, MitMAB did not cause
reduced viability/increased amount of apoptotic or late apoptotic cells, except for a tendency
at the highest concentration (5 uM) over 24 h (Fig 7A-7D). It should be noted that non-cul-
ture-adapted bone marrow samples initially grow slowly in culture (compared to the adapted
cell lines) and exhibit a comparatively high level of spontaneous cell death. Hence, these results
may suggest that dynamin inhibition preferentially affects leukemia cells under conditions of
fast growth.

Dynamin inhibition does not affect tumor growth in a mouse lymphoma
model

Next, we investigated whether dynamin inhibition has the capacity to reduce tumor growth in
a mouse model. For this we used a model utilizing subcutaneous injection of EL4 lymphoma
cells into mice. In this setting we again used MitMAB, based on its observed more potent
effects on leukemia cells in comparison with other tested dynamin inhibitors (see Fig 1). First,
we conducted experiments to assess whether MitMAB was cytotoxic for the suspension-grow-
ing mouse lymphoma cells. Indeed, MitMAB caused reduced viability of the EL4 cells, with
similar potency as for the CCRF-CEM and THP-1 cells (Fig 8A). To assess the general tolera-
bility of mice for MitMAB, the compound was injected at 5 or 10 mg/kg/day (3 times/week).
These experiments revealed that MitMAB at 5 mg/kg/day had minimal impact on the behavior
of the animals, and no adverse effects on weight were seen (Fig 8B). However, at 10 mg/kg/
day, MitMAB caused reduction of body weight at early time points after initiating treatment.
This is an indication that the drug was taken up and had systemic effects. The body weights of
the animals partially recovered after 20 days of treatment (Fig 8C). Nevertheless, this analysis
defined the upper boundary for MitMAB administration in vivo. Based on these assessments,
the effect of MitMAB at 10 mg/kg/day on tumor growth was tested (experimental setup shown
in Fig 8D). However, as seen in Fig 8E and 8F, no detectable effect of dynamin inhibition on
the subcutaneous tumor growth or animal survival was seen under these conditions. Hence,
MitMARB has a potent, but highly context-dependent, cytotoxic effect on leukemia and lym-
phoma cells.

Discussion

In this study we investigated the effects of dynamin inhibition on leukemia and lymphoma
cells. Our results show that dynamin inhibition is highly cytotoxic to CCRF-CEM and THP-1
pediatric leukemia cells, which represent rapidly growing cells. In contrast, we observed no
inhibiting effect on the viability of bone marrow cells from leukemia patients. However, these
thawed bone marrow cells exhibit a comparatively high degree of spontaneous cell death, and
are largely non-proliferating and thereby metabolically relatively inactive. Hence, we favor the
notion that dynamin inhibition preferentially impacts on proliferating cells. Notably though,
previous investigations have suggested that dynamin inhibition can have an impact on cells
with both low and high proliferative capacity [16]. Nevertheless, we here provide data on the
effect of dynamin inhibition on non-adherent cancer cells, which complements previous stud-
ies where the focus has predominantly been on adherent cell lines [12, 13, 24, 31]. Our findings
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https://doi.org/10.1371/journal.pone.0256708.g007

reveal that dynamin inhibition induces potent caspase-dependent cell death through classical
apoptosis.

Previous studies have revealed a major function for dynamin in two cellular processes—
endocytosis and during the abscission step in cytokinesis [11]. It is thus possible that the effect
of dynamin inhibition on cancer cells can be explained by interference with either or both of
these processes. Of these possible scenarios, previous studies have mainly proposed that the
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compared to control with one-way ANOVA and Dunnet’s posthoc tests. (B-C) Mice were injected intraperitoneally with 5 (n = 4) or 10 mg/kg/day
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loss). In (B), linear regression was used (p = 0.387); in (C) nonlinear fits are shown (two way ANOVA for treatment factor p < 0.0001%). (D-F) Mice
were injected subcutaneosly with 5 x 10° EL4 cells. After 3 or 7 days, treatment with MitMAB (10 mg/kg/day) was initiated (weight loss of 10% as ethical
endpoint in this experiment). (E) Pooled tumor volume endpoints from two independent experiments. Every point shows the total tumor burden in a
mouse (from both flanks). The groups were compared with Welch’s two-tailed t-test, n = 7-9. (F) Survival curves for the two experiments, with
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https://doi.org/10.1371/journal.pone.0256708.9008
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effects of dynamin inhibition on cancer cells are explained by interference with cytokinesis
[12, 13, 24, 27]. However, in this study we did not see any effect of dynamin inhibition on the
progression through a specific cell cycle phase or checkpoint. This favors the notion that the
cytotoxic effects on leukemia cells are independent of interference with cytokinesis, or any
other discrete cell cycle event. In further agreement with this notion, dynamin inhibition
caused only a partial blockade of EQU incorporation, suggesting minor effects on DNA synthe-
sis. Possibly, these differences between the current study and earlier reports may lie in the
nature of the studied cells, i.e., that our study focused on non-adherent leukemia cells whereas
previous studies focused predominantly on adherent, mostly epithelial-derived cancer cells. In
addition, in hepatocellular carcinoma cells, Dynasore, but not Dyngo-4a, was shown to affect
the cell cycle distribution [31], which points to cell type-dependent effects of at least some of
the dynamin inhibitors. Although we did not see any effects of dynamin inhibition on the cell
cycle progression, using either MitMAB or Dyngo-4a at concentrations that effectively induce
cell death of the leukemia cells, we cannot exclude that effects on the cell cycle (e.g., cytokine-
sis) could be seen at higher concentrations. Of note, we found that Dynasore, which was used
at higher concentrations than both Dyngo-4a and MitMAB (to induce robust cell death), in
fact caused a significant decrease of cells in the G2/M phase. This may hint towards a partial
block elsewhere in the cell cycle, but this effect was subtle (<2-fold), even at the high concen-
trations of dynamin inhibitor used.

Based on the reasoning above, we propose that the cytotoxic effect of dynamin inhibition
on leukemia cells is explained by interference with endocytosis, rather than with cell cycle con-
trol. In this context, it is notable that observed effects on cell cycle progression in cultured cells
do not necessarily reflect the mechanism of action in humans. An important example of the
latter is the current controversy about the mechanism of action for paclitaxel in human
patients, for which its efficacy as a treatment regimen might be less related to cell cycle inhibi-
tion than originally proposed [32].

Here we show that MitMAB interferes with transferrin uptake, possibly leading to a shortage
of iron. However, it is noteworthy that MitMAB at a concentration that profoundly impacted
on cell viability (5 uM) caused only partial inhibition of transferrin uptake. This points to the
involvement of also other endocytosis-related, or non-related, mechanisms in the induction of
the cell death response. In line with this, it has recently been suggested that dynamin inhibition
blocks ligand-bound receptor internalization in leukemia cells, leading to apoptosis [16].

Overall, it is reasonable to assume that highly proliferating cells such as the CCRF-CEM
and THP-1 cell lines have a high demand for endocytic processes, which could serve to supply
the cells with nutrients or have a function in essential recycling/turnover of cell surface mole-
cules such as various receptors. According to this scenario, it would be expected that relatively
quiescent cells, such as the bone marrow cells used in this study, are resistant to the effects of
dynamin inhibition, which indeed is in agreement with our findings. On the other hand, it
cannot be excluded that the bone marrow samples contain a limited fraction of transformed
cells, and that effects of MitMAB on transformed cell populations may to some extent have
been masked by non-responding (non-malignant) cells present in the bone marrow aspirates.
In further support for this scenario, we noted that human peripheral blood-derived mononu-
clear cells were relatively unresponsive to dynamin inhibition.

We also assessed whether dynamin inhibition could have an impact on tumor growth in a
mouse model based on subcutaneous injections of suspension-growing EL4 lymphoma cells.
However, the treatment did not prevent or delay the tumor growth, and did not alter the sur-
vival of the treated mice vs. controls. The dynamin inhibitor used was well tolerated by the mice.
Several reasons for the lack of efficacy of dynamin inhibition in this model can be envisioned.
For example, we cannot be certain as to whether the dynamin inhibitor used is bioavailable at
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the site of tumor growth, and whether the drug actually penetrates into the tumor mass [33, 34].
Furthermore, it remains possible that MitMAB partially or completely loses biological activity in
the in vivo milieu. It should also be emphasized that we used a previously established subcutane-
ous approach in this study, whereas a model based on intravenous administration of lymphoma
cells might more closely reflect a setting of leukemia. Clearly, further in-depth investigations
including pharmacokinetic assessments are thus needed to fully evaluate the possibility of using
different dynamin inhibitors to dampen tumor growth across various in vivo models of leuke-
mia and lymphoma (see also [16]). Interestingly, it was previously shown that mutations in the
gene for dynamin IT (DNM2), are frequent in ALL patients, hence providing support for a role
of dynamin-dependent mechanisms in leukemia development [35].

In summary, this study provides important insights into how dynamin inhibition can
potentially be exploited for anti-leukemia purposes, but also indicates key challenges that may
stand in the way of clinical translation.

Supporting information

S1 Fig. Dynamin inhibitors decrease the viability of acute leukemia cells. 0.05 x 10° K562
cells/ml were cultured for 24 h, 48 h or 72 h with the indicated concentrations of Dynasore,
Dyngo-4a or MitMAB. Viability was assessed with PrestoBlue and was normalized to
untreated control (0 uM) groups. Data are given as mean + SEM. Two-way ANOVA was used
for statistical testing with Dunnett’s posthoc test in order to compare each treated group with
the control at each time point.

(TIF)

S1 Movie. 0.15 x 10° of CCRF-CEM cells/ml in medium containing 150 nM DRAQ7 and
500 nM CellEvent-caspase-3/7 were added to chamber slides. Images were taken every 10

min. The movie is representative of two independent experiments.
(AVI)

$2 Movie. 0.15 x 10° of CCRF-CEM cells/ml in medium containing 150 nM DRAQ7 and
500 nM CellEvent-caspase-3/7 were added to chamber slides. At 0 min, 5 uM MitMAB was
added. Images were taken every 10 min. The movie is representative of two independent
experiments.

(AVI)

$3 Movie. 0.15 x 10° of THP-1 cells/ml in medium containing 150 nM DRAQ7 and 500 nM
CellEvent-caspase-3/7 were added to chamber slides. Images were taken every 10 min. The

movie is representative of two independent experiments.
(AVI)

$4 Movie. 0.15 x 10° of THP-1 cells/ml in medium containing 150 nM DRAQ7 and 500 nM
CellEvent-caspase-3/7 were added to chamber slides. At 0 min, 5 uM MitMAB was added.

Images were taken every 10 min. The movie is representative of two independent experiments.
(AVI)

Acknowledgments

We thank Xinran Zhao and Maria Lampinen for assistance in purifying human PBMCs. We
also thank the BioVis visualization facility of Uppsala University for access to flow cytometry
equipment.

PLOS ONE | https://doi.org/10.1371/journal.pone.0256708 September 7, 2021 16/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0256708.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0256708.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0256708.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0256708.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0256708.s005
https://doi.org/10.1371/journal.pone.0256708

PLOS ONE

Dynamin and leukemia

Author Contributions
Conceptualization: Fabio Rabelo Melo, Mikael E. Sellin, Gunnar Pejler.
Funding acquisition: Mikael E. Sellin, Gunnar Pejler.

Investigation: Christopher von Beek, Linnéa Alriksson, Josefine Palle, Ann-Marie Gustafson,
Mirjana Grujic, Fabio Rabelo Melo.

Project administration: Gunnar Pejler.

Supervision: Fabio Rabelo Melo, Mikael E. Sellin, Gunnar Pejler.
Validation: Christopher von Beek.

Writing - original draft: Christopher von Beek, Gunnar Pejler.

Writing - review & editing: Josefine Palle, Mikael E. Sellin, Gunnar Pejler.

References

1. Juliusson G, Hough R. Leukemia. Tumors in Adolescents and Young Adults. 2016; 43:87—100. https://
doi.org/10.1159/000447076 PMID: 27595359

2. Karrman K, Johansson B. Pediatric T-cell acute lymphoblastic leukemia. Genes, Chromosomes and
Cancer. 2017; 56(2):89—116. https://doi.org/10.1002/gcc.22416 PMID: 27636224

3. Stary J, Hrusak O. Recent advances in the management of pediatric acute lymphoblastic leukemia.
F1000Res. 2016; 5:2635. https://doi.org/10.12688/f1000research.9548.1 PMID: 29098074

4. TagaT, Tomizawa D, TakahashiH, Adachi S. Acute myeloid leukemia in children: Current status and
future directions. Pediatrics International. 2016; 58(2):71-80. https://doi.org/10.1111/ped.12865 PMID:
26645706

5. Rubnitz JE. Current Management of Childhood Acute Myeloid Leukemia. Pediatr Drugs. 2017; 19(1):1—
10. https://doi.org/10.1007/s40272-016-0200-6 PMID: 27785777

6. Hunger SP, Lu X, Devidas M, Camitta BM, Gaynon PS, Winick NJ, et al. Improved Survival for Children
and Adolescents With Acute Lymphoblastic Leukemia Between 1990 and 2005: A Report From the
Children’s Oncology Group. JCO. 2012; 30(14):1663-9. hitps://doi.org/10.1200/JC0O.2011.37.8018
PMID: 22412151

7. Creutzig U, Kutny MA, Barr R, Schlenk RF, Ribeiro RC. Acute myelogenous leukemia in adolescents
and young adults. Pediatric Blood & Cancer. 2018; 65(9):€27089. https://doi.org/10.1002/pbc.27089
PMID: 29667722

8. Schmiegelow K, Attarbaschi A, Barzilai S, Escherich G, Frandsen TL, Halsey C, et al. Consensus defini-
tions of 14 severe acute toxic effects for childhood lymphoblastic leukaemia treatment: a Delphi consen-
sus. The Lancet Oncology. 2016; 17(6):e231—€9. https://doi.org/10.1016/S1470-2045(16)30035-3
PMID: 27299279

9. Antonny B, Burd C, De Camilli P, Chen E, Daumke O, Faelber K, et al. Membrane fission by dynamin:
what we know and what we need to know. The EMBO Journal. 2016; 35(21):2270-84. https://doi.org/
10.15252/embj.201694613 PMID: 27670760

10. Shpetner HS, Vallee RB. Identification of dynamin, a novel mechanochemical enzyme that mediates
interactions between microtubules. Cell. 1989; 59(3):421-32. https://doi.org/10.1016/0092-8674(89)
90027-5 PMID: 2529977

11.  Ferguson SM, Camilli PD. Dynamin, a membrane-remodelling GTPase. Nat Rev Mol Cell Biol. 2012; 13
(2):75-88. https://doi.org/10.1038/nrm3266 PMID: 22233676

12. LeeY-Y,Jeon H-K, Lee J, Hong JE, Do I-G, Choi CH, et al. Dynamin 2 Inhibitors as Novel Therapeutic
Agents Against Cervical Cancer Cells. Anticancer Res. 2016; 36(12):6381-8. https://doi.org/10.21873/
anticanres.11235 PMID: 27919959

13. ShenF, GaiJ, Xing J, Guan J, Fu L, Li Q. Dynasore suppresses proliferation and induces apoptosis of
the non-small-cell lung cancer cell line A549. Biochemical and Biophysical Research Communications.
2018; 495(1):1158-66. https://doi.org/10.1016/j.bbrc.2017.11.109 PMID: 29175207

14. YamadaH, Abe T, Li S-A, Masuoka Y, Isoda M, Watanabe M, et al. Dynasore, a dynamin inhibitor, sup-
presses lamellipodia formation and cancer cell invasion by destabilizing actin filaments. Biochemical

PLOS ONE | https://doi.org/10.1371/journal.pone.0256708 September 7, 2021 17/19


https://doi.org/10.1159/000447076
https://doi.org/10.1159/000447076
http://www.ncbi.nlm.nih.gov/pubmed/27595359
https://doi.org/10.1002/gcc.22416
http://www.ncbi.nlm.nih.gov/pubmed/27636224
https://doi.org/10.12688/f1000research.9548.1
http://www.ncbi.nlm.nih.gov/pubmed/29098074
https://doi.org/10.1111/ped.12865
http://www.ncbi.nlm.nih.gov/pubmed/26645706
https://doi.org/10.1007/s40272-016-0200-6
http://www.ncbi.nlm.nih.gov/pubmed/27785777
https://doi.org/10.1200/JCO.2011.37.8018
http://www.ncbi.nlm.nih.gov/pubmed/22412151
https://doi.org/10.1002/pbc.27089
http://www.ncbi.nlm.nih.gov/pubmed/29667722
https://doi.org/10.1016/S1470-2045%2816%2930035-3
http://www.ncbi.nlm.nih.gov/pubmed/27299279
https://doi.org/10.15252/embj.201694613
https://doi.org/10.15252/embj.201694613
http://www.ncbi.nlm.nih.gov/pubmed/27670760
https://doi.org/10.1016/0092-8674%2889%2990027-5
https://doi.org/10.1016/0092-8674%2889%2990027-5
http://www.ncbi.nlm.nih.gov/pubmed/2529977
https://doi.org/10.1038/nrm3266
http://www.ncbi.nlm.nih.gov/pubmed/22233676
https://doi.org/10.21873/anticanres.11235
https://doi.org/10.21873/anticanres.11235
http://www.ncbi.nlm.nih.gov/pubmed/27919959
https://doi.org/10.1016/j.bbrc.2017.11.109
http://www.ncbi.nlm.nih.gov/pubmed/29175207
https://doi.org/10.1371/journal.pone.0256708

PLOS ONE

Dynamin and leukemia

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

and Biophysical Research Communications. 2009; 390(4):1142-8. https://doi.org/10.1016/j.bbrc.2009.
10.105 PMID: 19857461

GeZ,GuY, HanQ, Zhao G, Li M, Li J, et al. Targeting High Dynamin-2 (DNM2) Expression by Restor-
ing lkaros Function in Acute Lymphoblastic Leukemia. Sci Rep. 2016; 6:38004. Epub 2016/11/26.
https://doi.org/10.1038/srep38004 PMID: 27885263

Tremblay CS, Chiu SK, Saw J, McCalmont H, Litalien V, Boyle J, et al. Small molecule inhibition of
Dynamin-dependent endocytosis targets multiple niche signals and impairs leukemia stem cells. Nat
Commun. 2020; 11(1):6211. Epub 2020/12/06. https://doi.org/10.1038/s41467-020-20091-6 PMID:
33277497

Macia E, Ehrlich M, Massol R, Boucrot E, Brunner C, Kirchhausen T. Dynasore, a Cell-Permeable Inhib-
itor of Dynamin. Developmental Cell. 2006; 10(6):839-50. https://doi.org/10.1016/j.devcel.2006.04.002
PMID: 16740485

Harper CB, Martin S, Nguyen TH, Daniels SJ, Lavidis NA, Popoff MR, et al. Dynamin inhibition blocks
botulinum neurotoxin type A endocytosis in neurons and delays botulism. J Biol Chem. 2011; 286
(41):35966—76. https://doi.org/10.1074/jbc.M111.283879 PMID: 21832053

Preta G, Cronin JG, Sheldon IM. Dynasore—not just a dynamin inhibitor. Cell Communication and Sig-
naling. 2015; 13(1):24. https://doi.org/10.1186/s12964-015-0102-1 PMID: 25889964

McCluskey A, Daniel JA, Hadzic G, Chau N, Clayton EL, Mariana A, et al. Building a Better Dynasore:
The Dyngo Compounds Potently Inhibit Dynamin and Endocytosis. Traffic. 2013; 14(12):1272-89.
https://doi.org/10.1111/tra.12119 PMID: 24025110

Hill TA, Odell LR, Quan A, Abagyan R, Ferguson G, Robinson PJ, et al. Long chain amines and long
chain ammonium salts as novel inhibitors of dynamin GTPase activity. Bioorganic & Medicinal Chemis-
try Letters. 2004; 14(12):3275-8. https://doi.org/10.1016/j.bmcl.2004.03.096 PMID: 15149689

Quan A, McGeachie AB, Keating DJ, Dam EMv, Rusak J, Chau N, et al. Myristyl Trimethyl Ammonium
Bromide and Octadecyl Trimethyl Ammonium Bromide Are Surface-Active Small Molecule Dynamin
Inhibitors that Block Endocytosis Mediated by Dynamin | or Dynamin II. Mol Pharmacol. 2007; 72
(6):1425-39. hitps://doi.org/10.1124/mol.107.034207 PMID: 17702890

Hilliard LM, Osicka TM, Clavant SP, Robinson PJ, Nikolic-Paterson DJ, Comper WD. Characterization
of the urinary albumin degradation pathway in the isolated perfused rat kidney. Journal of Laboratory
and Clinical Medicine. 2006; 147(1):36—44. https://doi.org/10.1016/j.1ab.2005.08.008 PMID: 16443003

Chircop M, Perera S, Mariana A, Lau H, Ma MPC, Gilbert J, et al. Inhibition of Dynamin by Dynole 34-2
Induces Cell Death following Cytokinesis Failure in Cancer Cells. Mol Cancer Ther. 2011; 10(9):1553—
62. https://doi.org/10.1158/1535-7163.MCT-11-0067 PMID: 21750222

Edelstein A, Amodaj N, Hoover K, Vale R, Stuurman N. Computer control of microscopes using micro-
Manager. Curr Protoc Mol Biol. 2010;Chapter 14:Unit14 20. Epub 2010/10/05. https://doi.org/10.1002/
0471142727.mb1420s92 PMID: 20890901

Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch T, et al. Fiji: an open-source
platform for biological-image analysis. Nat Methods. 2012; 9(7):676—82. Epub 2012/06/30. https://doi.
org/10.1038/nmeth.2019 PMID: 22743772

Joshi S, Perera S, Gilbert J, Smith CM, Mariana A, Gordon CP, et al. The Dynamin Inhibitors MiTMAB
and OcTMAB Induce Cytokinesis Failure and Inhibit Cell Proliferation in Human Cancer Cells. Mol Can-
cer Ther. 2010; 9(7):1995-2006. https://doi.org/10.1158/1535-7163.MCT-10-0161 PMID: 20571068

Rowinsky EK, Donehower RC. Paclitaxel (taxol). N Engl J Med. 1995; 332(15):1004—14. Epub 1995/04/
13. https://doi.org/10.1056/NEJM199504133321507 PMID: 7885406

Kubiak J, Paldi A, Weber M, Maro B. Genetically identical parthenogenetic mouse embryos produced
by inhibition of the first meiotic cleavage with cytochalasin D. Development. 1991; 111(3):763-9. PMID:
1879340

Vassilev LT, Tovar C, Chen S, Knezevic D, Zhao X, Sun H, et al. Selective small-molecule inhibitor
reveals critical mitotic functions of human CDK1. PNAS. 2006; 103(28):10660-5. https://doi.org/10.
1073/pnas.0600447103 PMID: 16818887

Zaky MY, Liu X, Wang T, Wang S, Liu F, Wang D, et al. Dynasore potentiates c-Met inhibitors against
hepatocellular carcinoma through destabilizing c-Met. Archives of Biochemistry and Biophysics. 2020;
680:108239. https://doi.org/10.1016/j.abb.2019.108239 PMID: 31881189

Weaver BA. How Taxol/paclitaxel kills cancer cells. MBoC. 2014; 25(18):2677-81. https://doi.org/10.
1091/mbc.E14-04-0916 PMID: 25213191

Shanskij YD, Ershov YA, Pechennikov VM. A Method for Evaluation of Therapeutic Dose of Doxorubi-
cin Hydrochloride Using Breast Tumor Cell Culture MCF-7. Bull Exp Biol Med. 2009; 148(3):464—7.
https://doi.org/10.1007/s10517-010-0737-2 PMID: 20396713

PLOS ONE | https://doi.org/10.1371/journal.pone.0256708 September 7, 2021 18/19


https://doi.org/10.1016/j.bbrc.2009.10.105
https://doi.org/10.1016/j.bbrc.2009.10.105
http://www.ncbi.nlm.nih.gov/pubmed/19857461
https://doi.org/10.1038/srep38004
http://www.ncbi.nlm.nih.gov/pubmed/27885263
https://doi.org/10.1038/s41467-020-20091-6
http://www.ncbi.nlm.nih.gov/pubmed/33277497
https://doi.org/10.1016/j.devcel.2006.04.002
http://www.ncbi.nlm.nih.gov/pubmed/16740485
https://doi.org/10.1074/jbc.M111.283879
http://www.ncbi.nlm.nih.gov/pubmed/21832053
https://doi.org/10.1186/s12964-015-0102-1
http://www.ncbi.nlm.nih.gov/pubmed/25889964
https://doi.org/10.1111/tra.12119
http://www.ncbi.nlm.nih.gov/pubmed/24025110
https://doi.org/10.1016/j.bmcl.2004.03.096
http://www.ncbi.nlm.nih.gov/pubmed/15149689
https://doi.org/10.1124/mol.107.034207
http://www.ncbi.nlm.nih.gov/pubmed/17702890
https://doi.org/10.1016/j.lab.2005.08.008
http://www.ncbi.nlm.nih.gov/pubmed/16443003
https://doi.org/10.1158/1535-7163.MCT-11-0067
http://www.ncbi.nlm.nih.gov/pubmed/21750222
https://doi.org/10.1002/0471142727.mb1420s92
https://doi.org/10.1002/0471142727.mb1420s92
http://www.ncbi.nlm.nih.gov/pubmed/20890901
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772
https://doi.org/10.1158/1535-7163.MCT-10-0161
http://www.ncbi.nlm.nih.gov/pubmed/20571068
https://doi.org/10.1056/NEJM199504133321507
http://www.ncbi.nlm.nih.gov/pubmed/7885406
http://www.ncbi.nlm.nih.gov/pubmed/1879340
https://doi.org/10.1073/pnas.0600447103
https://doi.org/10.1073/pnas.0600447103
http://www.ncbi.nlm.nih.gov/pubmed/16818887
https://doi.org/10.1016/j.abb.2019.108239
http://www.ncbi.nlm.nih.gov/pubmed/31881189
https://doi.org/10.1091/mbc.E14-04-0916
https://doi.org/10.1091/mbc.E14-04-0916
http://www.ncbi.nlm.nih.gov/pubmed/25213191
https://doi.org/10.1007/s10517-010-0737-2
http://www.ncbi.nlm.nih.gov/pubmed/20396713
https://doi.org/10.1371/journal.pone.0256708

PLOS ONE Dynamin and leukemia

34. Shin CS, Kwak B, Han B, Park K. Development of an in Vitro 3D Tumor Model to Study Therapeutic Effi-
ciency of an Anticancer Drug. Mol Pharm. 2013; 10(6). https://doi.org/10.1021/mp300595a PMID:
23461341

35. Tremblay CS, Brown FC, Collett M, Saw J, Chiu SK, Sonderegger SE, et al. Loss-of-function mutations
of Dynamin 2 promote T-ALL by enhancing IL-7 signalling. Leukemia. 2016; 30(10):1993-2001. Epub
2016/04/28. https://doi.org/10.1038/leu.2016.100 PMID: 27118408

PLOS ONE | https://doi.org/10.1371/journal.pone.0256708 September 7, 2021 19/19


https://doi.org/10.1021/mp300595a
http://www.ncbi.nlm.nih.gov/pubmed/23461341
https://doi.org/10.1038/leu.2016.100
http://www.ncbi.nlm.nih.gov/pubmed/27118408
https://doi.org/10.1371/journal.pone.0256708

