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ABSTRACT

Leukemia dissemination (the spread of leukemia cells
from the bone marrow) and relapse are associated with
poor prognosis. Often, relapse occurs in peripheral
organs, such as the CNS, which acts as a sanctuary site
for leukemia cells to escape anti-cancer treatments.
Similar to normal leukocyte migration, leukemia dissem-
ination entails migration of cells from the blood circula-
tion into tissues by extravasation. To extravasate,
leukemia cells cross through vascular endothelial walls
via a process called transendothelial migration, which
requires cytoskeletal remodeling. However, the specific
molecular players in leukemia extravasation are not fully
known. We examined the role of myosin-IlA a cytoskel-
etal class Il myosin motor protein, in leukemia progres-
sion and dissemination into the CNS by use of a mouse
model of Becr-Abl-driven B cell acute lymphoblastic
leukemia. Small hairpin RNA-mediated depletion of
myosin-IllA did not affect apoptosis or the growth rate of
B cell acute lymphoblastic leukemia cells. However, in
an in vivo leukemia transfer model, myosin-IIA depletion
slowed leukemia progression and prolonged survival, in
part, by reducing the ability of B cell acute lymphoblastic
leukemia cells to engraft efficiently. Finally, myosin-lIA
inhibition, either by small hairpin RNA depletion or
chemical inhibition by blebbistatin, drastically reduced
CNS infiltration of leukemia cells. The effects on leukemia
cell entry into tissues were mostly a result of the re-
quirement for myosin-llA to enable leukemia cells to
complete the transendothelial migration process during
extravasation. Overall, our data implicate myosin-IIA

as a key mediator of leukemia cell migration, making

it a promising target to inhibit leukemia dissemination

in vivo and potentially reduce leukemia relapses.
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Introduction

ALL is the most common type of pediatric cancer, and the B cell
precursor ALL is the most common subtype [1]. Whereas
current treatments that use combinations of TKIs, radiation, and
bone marrow transplants can achieve initial remission, relapse
rates remain significant. Dissemination of leukemia—the in-
filtration of leukemia cells into tissues outside of the bone
marrow—carries a poor prognosis and can play a role in relapse.
Relapsing leukemia often occurs in the "sanctuary” of the CNS,
where the reduced permeability of the blood-brain barrier can
protect leukemia cells from chemotherapy and TKIs [2-5].
Current approaches for preventing or treating CNS-relapsing
leukemia can involve particularly severe treatments, such as
cranial irradiation and intrathecal chemotherapy, and survival
rates among children with relapsed ALL remain low [6, 7]. Novel
therapeutics that inhibit leukemia dissemination into the CNS
could provide useful cotherapies to prevent relapse and increase
the long-term survival of patients.

Dissemination into tissues requires that leukemia cells leave
the blood circulation by extravasation. Following selectin-
mediated rolling [8], lymphocytes adhere to endothelial vascular
walls by chemokine and integrin-mediated adhesion to the
endothelium [9]. Subsequently, lymphocytes cross the endothe-
lial barrier via a process known as TEM [10, 11]. To initiate TEM,
a lymphocyte must crawl along the endothelial cell barrier to find
a permissive site and then squeeze between endothelial cells to
complete the process [10, 11]. The morphologic changes and
mechanical force required to cross the endothelial barrier rely
on remodeling of the cytoskeleton and the function of cellular
motor proteins [11, 12]. Previous studies have indicated that the
mechanisms of lymphocyte and leukemia and lymphoma cell
extravasation may be similar, making cytoskeletal effector
proteins attractive potential therapeutic targets for preventing
leukemia dissemination [13, 14]. However, the cytoskeletal
molecular players regulating leukemia cell extravasation and
dissemination are mostly unknown.
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We have recently identified MyolIA, a cytoskeletal class II
nonmuscle myosin motor protein, as being important for T cell
extravasation [15, 16]. MyolIA is also required for activated T cell
entry into the CNS [15]. Therefore, we investigated if MyolIA

played a role in lymphoid leukemia extravasation and dissemi-
nation, including infiltration into the CNS.

MyolIA functions by cross-linking actin filaments, and through
its motor activity, it contracts the local actin cytoskeleton to
generate mechanical force. Force generation by MyolIA pro-
motes a number of cellular functions, including cytokinesis, cell
polarity, cell adhesion, and cell migration [12, 17, 18]. Regarding
cell migration, MyolIA is important for motility within tissues,
where it can provide the force necessary to detach intercellular
and extracellular matrix adhesions [16, 19], and MyolIA
facilitates lymphocyte extravasation by providing the force
necessary to squeeze the rigid nucleus through restrictive barriers
[15, 20]. MyolIA has also been implicated in promoting the
invasiveness of cancers, such as gliomas and carcinomas [21-24].
In the context of leukemia, it has been shown that MyolIA
promotes in vitro motility of leukemia cells [25, 26]. However,
the role of MyolIA in leukemia cell extravasation and dissemi-
nation in vivo had yet to be examined.

Here, we use shRNA-mediated KD, as well as chemical inhibition
of MyolIA in Ber-Abl™ pre-B-ALL cells to investigate its role in
leukemia progression, dissemination, and extravasation. We show
that depletion of MyolIA in B-ALL cells prolongs recipient mouse
survival and impairs leukemia engraftment in vivo. MyolIA
inhibition also reduces the ability of leukemia cells to infiltrate the
CNS. Furthermore, our data show that leukemia cells require
MyolIA for migration in response to chemokine and for efficient
completion of TEM across brain-derived endothelial cells. Overall,
our data identify MyollIA as a key regulator of B-ALL cell migration
and extravasation and suggest that MyolIA could be a potential
therapeutic target to prevent leukemia dissemination.

MATERIALS AND METHODS

B-ALL cells and shRNA transduction

Arf =/~ BCR-AbI" B-ALL cells were originally made by Charles Sherr and
colleagues [27] (St. Jude Children’s Research Hospital, Memphis, TN, USA)
and donated by James DeGregori (University of Colorado School of Medicine,

Denver, CO, USA). Original luciferase” B-ALL cells were retrovirally
transduced using the pSIREN-RetroQ-ZsGreenl vector (Clontech Laborato-
ries, Mountain View, CA, USA) to express the MyollA-specific shRNA (MyolIA
KD B-ALL) sequence TCCGACTGTAAACCGTCTCAA (targeting position
6592 of the MyolIA mRNA based on sequence NM_022410.1 [28]) or
sequence CGGTAAATTCATTCGTATCAA (targeting position 867 of the
MyoIIA mRNA based on sequence NM_022410.1) or alternatively, a control,
nonsilencing shRNA (control B-ALL, sequence TCTATAGAACCCTCAATAT),
as well as the fluorescent protein ZsGreen. The transduced ZsGreen®
B-ALL cells were sorted and used immediately for experiments or
cryogenically frozen for later use. B-ALL cells used for experiments were
cultured in vitro for no more than 6 wk, and MyoIIA KD was routinely
monitored by Western blot to be at least 80% for shRNA-6592 or 70% for
shRNA-867 compared with control cells.

Western blot

Nonmuscle class IT myosin protein isoform levels in cell lysates were assessed
by Western blot using anti-MyolIA rabbit polyclonal antibody (Cell Signaling
Technology, Beverly, MA, USA), anti-MyolIB rabbit mAb (clone D8HS; Cell
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Signaling Technology), or anti-MyolIC rabbit polyclonal antibody (Covance/
BioLegend, San Diego, CA, USA). Mouse anti-tubulin (Sigma-Aldrich,

St. Louis, MO, USA) was used as a loading control. Primary antibody
staining on membrane blots was detected using IRDye 680- and/or IRDye
800-conjugated secondary antibodies (LI-COR Biosciences, Lincoln, NE,
USA) and analyzed on an Odyssey near-infrared imaging system (LI-COR
Biosciences). COS7 and PC12 cell lysates (ECM Biosciences, Versailles,

KY, USA) were used as positive controls for MyolIB and MyolIC blotting.

In vitro B-ALL proliferation

B-ALL cells were grown in RPMI 1640 (Mediatech/Corning, Corning, NY,
USA), with 10% FBS (Hyclone, GE Healthcare Life Sciences, Logan, UT,
USA), 5 uM 2-ME, penicillin, streptomycin, and 1-glutamine (all from Life
Technologies, Thermo Fisher Scientific, Waltham, MA, USA). B-ALL cells
were initially set to a concentration of 2.5 X 10°/ml and diluted every 2 d by a
1:10 factor. Cell counts were taken by hemocytometer in the presence of
Trypan blue (Sigma-Aldrich) to exclude dead cells. The B-ALL cells were
cultured for up to 10 d, and growth curves were generated by calculating the
cell numbers over the entire growth period.

Apoptosis assay

B-ALL cells were cultured for 48 h at 37°C and then stained with APC-Annexin
V and 7-AAD (both from BD PharMingen, San Diego, CA, USA). Stained cells
were then analyzed by flow cytometry using a CyAn ADP (Beckman Coulter,
Brea, CA, USA), and apoptotic cells were quantified based on the Annexin
V-positive population.

Leukemia in vivo survival assays

For leukemia survival assays, we used a B-ALL transfer model, in which 5 X 10*
control or MyolIA KD B-ALL cells/mouse were adoptively transferred by tail-
vein injection into cohorts of 5 C57BL/6 CD45.1", 6- to 10-wk-old age-matched
male mice (Charles River Laboratories, Wilmington, MA, USA). All
experiments involving mice were approved by the Institutional Animal Care
and Use Committee at National Jewish Health, and all efforts were made to
minimize mouse suffering. Recipient mice were monitored daily, and animals
showing signs of morbidity (hunched position, lethargy, ruffled fur) and/or
>15% loss in starting body weight (taken 6 d post-transfer) were scored as
having leukemia and euthanized for humane reasons.

Leukemia progression analysis

For time-course leukemia progression experiments, 5 X 10* control or MyoITA
KD B-ALL cells were transferred into age-matched, 8- to 12-wk-old C57BL/6
CD45.1" recipient male mice, and then, every 3 d post-transfer, recipient mice
were randomly selected for analysis. For intravascular labeling of B-ALL cells,
recipient mice were intravenously injected with 3 pg anti-CD19-APC (clone
6D5; BioLegend), 4 min before COy euthanasia. After euthanasia, blood was
then harvested by cardiocentesis, and mice were subsequently perfused with
saline to eliminate residual blood in vessels within tissues. Spleen and bone
marrow were harvested and mechanically processed to a single-cell
suspension. RBCs in the spleen and blood were lysed using 175 mM
ammonium chloride (Sigma-Aldrich) for 5 min. The liver was harvested and
digested by collagenase D (4000 Mandl U/ml; Roche Diagnostics, Indian-
apolis, IN, USA) and DNase I (25 wg/ml; Roche Diagnostics) for 30 min.
Lymphocytes from liver samples were isolated using Histopaque 1119 (Sigma-
Aldrich). The samples were then stained with anti-CD45.1 PacBlue (clone
A20; BioLegend) and acquired on a CyAn ADP flow cytometer. The
transferred B-ALL cells were identified as ZsGreen* CD45.1 cells, with B-ALL
cells still remaining in the vasculature also CD19*, and cells having infiltrated
tissues being CD19 .

Leukemia engraftment experiments

For these short-term transfer experiments, B-ALL cells were labeled for 15 min
at 37°C in HBSS (Mediatech/Corning) with 1 uM Violet Proliferation Dye 450
(BD Biosciences, San Jose, CA, USA) or 5 uM eFluor 670 cell proliferation dye
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(eBioscience, San Diego, CA, USA). To avoid potential artifacts from dye
labeling, the 2 dyes were switched between experimental repeats. Dye-
labeled control and MyoIIA KD B-ALL cells (2.5 X 10° each) were
cotransferred by tail-vein injection into 8- to 16-wk-old C57BL/6 CD45.1"
male mice; 8 or 24 h later, recipient mice were euthanized, and immediately
following euthanasia, blood was harvested by cardiocentesis, and mice were
subsequently perfused with saline to eliminate residual blood in vessels
within tissues. Blood, spleen, and bone marrow were harvested and
processed as described above in Leukemia progression analysis. The samples
were then acquired on a CyAn ADP flow cytometer. The transferred B-ALL
cells were identified as ZsGreen™ cells, and control versus MyolIA KD cells
were distinguished based on their dye label.

Leukemia brain infiltration assay

Control or MyolIIA KD B-ALL cells (2 X 107 each) were transferred into age-
matched, 8- to 12-wk-old C57BL/6 CD45.1" male mice. Eighteen hours later,
intravascular B-ALL cells were labeled using a CD19-APC antibody, as
described above in the Leukemia progression analysis, and following
euthanasia, blood was harvested, and mice were perfused with saline. The
brain was then harvested and mechanically processed to a single-cell
suspension. Lymphocytes from brain samples were isolated using a 70%/30%
Percoll gradient (Sigma-Aldrich). The samples were then stained with anti-
CD45.1 PacBlue and acquired on a CyAn ADP flow cytometer. The transferred
B-ALL cells were identified as ZsGreen® CD45.1" cells, with B-ALL cells
remaining adhered inside the brain vasculature also CD19", and B-ALL cells
having infiltrated the brain parenchyma being CD19". In similar experiments,
we also tested the efficacy of blebbistatin in inhibiting MyolIIA and B-ALL cell
entry into the brain. For these experiments, age-matched, 8- to 12-wk-old
C57BL/6 CD45.1" male mice were treated with a single intravenous injection
of vehicle only or (—)blebbistatin (the active enantiomer; Selleckchem.com,
Houston, TX, USA) at 2.5 mg/kg, diluted in a 5% DMSO, 95% polyethylene
glycol 400 solution (both from Sigma-Aldrich). One hour later, 2 X 107
control B-ALL cells were transferred into vehicle and blebbistatin-treated
recipient mice. Twenty-four hours after transfer, intravascular B-ALL cells
were labeled using a CD19-APC antibody, and following euthanasia, blood and
brain were harvested, processed, and analyzed as just described. This short-
term blebbistatin treatment was well tolerated and did not result in discernible
toxic or adverse effects in the recipient mice.

Transwell migration assay

Twenty-four-well plate Transwell chambers (Corning) with 5 pm pores were
used to assess the chemotaxis response of B-ALL cells. Control B-ALL cells,
MyolIA KD B-ALL cells, or control B-ALL cells (2 X 10° each) treated with
100 wM blebbistatin (*racemic mixture; EMD Millipore, Billerica, MA, USA)
were added to the top of 5 uM Transwells. The bottom wells contained RPMI
1640 + 2% BSA (Sigma-Aldrich) + 10 mM HEPES (Life Technologies, Thermo
Fisher Scientific), with or without 1 pg/ml CXCL12/stromal cell-derived
factor 1la (PeproTech, Rocky Hill, NJ, USA) and with or without 100 wM
blebbistatin. In addition, cells (4 X 10% 20% of cells added to Transwells)
were placed directly into wells with no Transwell and used as a standard to
calculate the percentage of migrated cells in the assay. The plate was
incubated for 2 h at 37°C. Cells were then collected from the bottom wells and
quantified using flow cytometry in the presence of flow cytometry cell-
counting beads (Life Technologies, Thermo Fisher Scientific).

In vitro TEM under flow assay

Tissue culture-treated flow chambers (u-Slide VI; ibidi, Madison, WI, USA)
were seeded with bEnd.3 endothelial cells (American Type Culture
Collection, Manassas, VA, USA), 48 h before the assay. The endothelial
monolayers were treated with 40 ng/ml TNF-1a (PeproTech), 24 h before the
assay, followed by 1 pg/ml CXCLI2 and 1:100 anti-CD31/PECAM-1 APC
(clone 390; BioLegend), 30—45 min before the assay. Staining for CD31
allowed us to visualize the membrane of the endothelial cells without
perturbing the TEM process (data not shown and refs. [29, 30]). Control or
MyolIA KD B-ALL cells were resuspended at 2 X 108 cells/ml (in RPMI 1640
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without Phenol red and with 2% BSA and 10 mM HEPES) and perfused onto
the endothelial monolayer in the flow chamber at a shear flow of 0.25
clyne/cm2 for 5 min. The flow rate was then raised to 2 dyne/cm2
(physiologic shear flow) for the remainder of the imaging. Images were
captured every 15 s over a 30-min time course using a Marianas spinning
disk confocal microscope (equipped with a Yokogawa CSU-X1 spinning
disk unit) with a 20X phase contrast objective and controlled with 3i
SlideBook imaging software (3i, Intelligent Imaging Innovations, Denver,
CO, USA). The microscope was equipped with an environmental control
chamber set to 36.5°C. B-ALL cells were deemed to have undergone
TEM, based on the disappearance of their phase-contrast ring using the
same criteria as described previously [15]. The opening of endothelial
junctions, visualized by CD31 staining underneath B-ALL cells, was used
to determine TEM initiation by B-ALL cells.

Data analysis and statistics

Flow cytometry data were analyzed using FlowJo software (Version 9.5;
TreeStar, Ashland, OR, USA). Prism software (GraphPad, La Jolla, CA, USA)
was used to graph the data and calculate statistics. The statistical significance
of data was determined by performing the Student’s ¢ test for single
comparisons or ANOVA for multiple comparisons, followed by post hoc Tukey
tests. For the Transwell chemotaxis assay, the leukemia in vitro proliferation,
and the in vivo progression over time, 2-way ANOVA was used, followed by
Bonferroni post-tests. Finally, in the case of survival curve data, the
significance was determined using the log-rank (Mantel-Cox) test.

RESULTS

Depletion of MyolIA does not affect leukemia cell
viability and proliferation

As a leukemia model, we used an established mouse pre-B-ALL
cell line obtained by transducing bone marrow cells from Arf ~/~
C57BL/6 mice with p185Bcr-Abl [27]. In this leukemia

model, transferred Ber-Abl* Arf™/~ leukemogenic pre-B cells
rapidly induce lymphoid leukemia in healthy, nonirradiated
mice, with a high incidence of CNS infiltration [27, 31, 32]. To
study the effects of MyolIA on leukemia migration and
dissemination, we used shRNAs to KD its expression. B-ALL cells
were transduced with a retroviral vector coexpressing ZsGreen
and MyolIA-specifc or nonsilencing control shRNA constructs.
For MyolIA KD, we used a previously validated shRNA construct
(targeting MyoIIA mRNA at position 6592) that we used
successfully in primary mouse T cells [28], as well as a second
MyolIA-targeting shRNA sequence (targeting MyolIA mRNA at
position 867) to confirm further the specificity of this approach.
After fluorescently sorting shRNA-transduced ZsGreen™ B-ALL
cells, MyolIA shRNA 6592 consistently yielded cells with 80-90%
KD of MyolIA protein relative to control, shRNA-treated B-ALL
cells (Fig. 1A), whereas MyolIA shRNA 867 typically resulted in
70-80% MyolIA KD (Supplemental Fig. 1A). As MyolIA shRNA
6592 depleted MyollA to a greater extent, we used this shRNA for
our experiments and validated our findings using shRNA 867 in

select experiments.

Of the 3 class II nonmuscle myosin isoforms, mouse
lymphocytes typically only express MyolIA [33]. To confirm
this expression pattern in B-ALL cells, we tested if MyolIB and
MyolIC were aberrantly expressed in the B-ALL cells under
steady-state conditions or as a compensatory mechanism in
response to MyolIA KD. With the use of Western blot analysis, we
only detected trace amounts of MyolIB and MyolIC and did not
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Figure 1. B-ALL cell proliferation and apoptosis
are not altered by MyolIA KD. B-ALL leukemia
cells were transduced with retroviral vectors coex-
pressing control shRNA or MyolIA-specific sShRNA
6592 (MyolIA KD) and ZsGreen. (A) Depletion
of MyolIA in ZsGreen'-sorted MyolIA KD cells
compared with control shRNA-transduced cells
was confirmed by densitometry analysis of West-
ern blots stained with an isoform-specific MyolIA
antibody. Densitometry values were normalized to
the relative protein loading measured by tubulin
levels in each sample. Typical KD levels of
MyolIA were between 80% and 90%. (B and C)
Expression of MyolIB and MyolIC in B-ALL
leukemia cells. COS7 cells and PC12 cell lysates
were used as positive controls for MyolIB and
MyolIC expression, respectively. At most, only
trace levels of MyolIB and MyolIC were detected
by Western blot in B-ALL leukemia cells, and KD
of MyolIA did not result in increased expression
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see any up-regulation of these myosins following MyolIA KD
when compared with control shRNA B-ALL cells (Fig. 1B and C).

Given the reported role of MyolIA in cytokinesis [34], we
analyzed if depletion of MyolIA altered the proliferation rate or
apoptosis frequency of B-ALL cells. When comparing control and
MyolIA KD B-ALL cells, we did not observe significant pro-
liferation differences over a 10-d period (Fig. 1D and Supple-
mental Fig. 1B). Likely, the residual MyolIA was sufficient to
allow B-ALL cells to divide normally. Furthermore, we did not
detect significant differences in the apoptosis frequency of
control vs. MyoIIA KD B-ALL cells when measured by Annexin V
staining (Fig. 1E and Supplemental Fig. 1C).

MyolIA depletion prolongs survival and slows
leukemia progression
We then analyzed how MyolIA affected B-ALL leukemia pro-
gression in vivo and if MyolIA KD in leukemia cells resulted in
prolonged survival in a leukemia transfer model. For these
experiments, wild-type, immune-competent recipient mice were
intravenously transferred with 5 X 10* control or MyoIIA KD
B-ALL cells and monitored daily for leukemia incidence. This
analysis revealed a significantly prolonged survival of the mice
transferred with MyolIIA-deficient B-ALL cells (Fig. 2A). The
median survival of control B-ALL recipient mice was 14 d,
whereas the median survival of recipient mice transferred with
MyolIA KD B-ALL cells was 21.5 d. With the use of a second
independent shRNA construct to target MyoIIA (shRNA 867), we
confirmed that survival was significantly prolonged when trans-
ferring MyolIA KD B-ALL cells as a result of MyolIA depletion,
rather than the result of possible off-target effects of the shRNAs
(Supplemental Fig. 1D).

We next examined the effects of MyolIA depletion on
leukemia progression and dissemination over time. C57BL/6
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recipient mice, expressing the congenic marker CD45.1*, were
transferred with 5 X 10* control or MyolIA KD B-ALL cells
(which express CD45.2). Leukemia progression in the recipient
mice was monitored every 3 d by measuring the number of
B-ALL cells in the blood, bone marrow, spleen, liver, and brain.
We did not analyze leukemia progression beyond 9 d post-
transfer, as control B-ALL recipient mice had reduced survival
past this time point. The number of control or MyolIA KD
B-ALL cells was quantified by flow cytometry from single-cell
suspensions of the harvested organs. B-ALL cells were identified
by their expression of ZsGreen and CD45.2 (whereas endoge-
nous leukocytes from the recipient mice were CD45.1"). This
ALL model is very aggressive, and we found a dramatic
expansion of the B-ALL cells in all organs analyzed, particularly
between d 6 and 9 post-transfer. When compared with control
B-ALL cells, we observed a trend for reduced numbers of
MyolIA KD B-ALL cells over the time course in the bone
marrow and spleen. This reduction in the number of MyolIA
KD B-ALL cells became statistically significant in all analyzed
organs (blood, bone marrow, spleen, liver, and brain), 9 d post-
transfer (Fig. 2B-F), which coincided with the major leukemia
expansion. Overall, these data suggest that in the absence of
MyolIA leukemia progression, in vivo is slower.

Reduced engraftment of MyollA-deficient

leukemia cells

As our data on MyolIA KD B-ALL proliferation in vitro did not
indicate a reduced growth rate of the MyollA-deficient cells
(Fig. 1D), we investigated if differences in disease progression
could be, at least in part, a result of reduced engraftment of the
MyolIA KD B-ALL cells. Therefore, we compared the ability of
control and MyolIA KD B-ALL cells to engraft within the bone
marrow and spleen of recipient mice. For these experiments,
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Figure 2. Depletion of MyolIA in B-ALL cells
prolongs survival and slows leukemia progression.
Ch7BL/6 CD45.1* recipient mice were intrave-
nously adoptively transferred with 5 X 10*
ZsGreen™ CD45.2" control (black circles) or
MyolIA KD (shRNA 6592; gray squares) B-ALL
cells. (A) Depletion of MyolIA in B-ALL cells
results in prolonged survival of leukemia recipient
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mice. Recipient mice were monitored daily for
signs of leukemia progression and euthanized as
soon as signs of morbidity became apparent. The
median survival of control B-ALL recipient mice
was 14 d, whereas the median survival of MyolIA
KD B-ALL recipient mice was 21.5 d (the 2 survival
curves are statistically different, with P < 0.0001).
(B-F) Progression of MyolIA KD B-ALL leukemia
is reduced compared with control B-ALL leukemia.
Randomly selected leukemia recipient mice were
euthanized, 3, 6, or 9 d post-transfer of 5 X 10*
control or MyolIA KD B-ALL cells. The frequency
of B-ALL cells among the recovered live cells
from each organ analyzed was quantified by flow

cytometry. B-ALL cells were identified by ZsGreen and CD45.2 expression vs. endogenous leukocytes, which are CD45.1%. #*P < (.01, *#*#P < 0.001,
#xx% P < 0.0001. (A) Data are pooled from 4 independent experiments with cohorts of 5 mice/group each. (B-F) Data are the means * sem of 4

independent experiments with 1 recipient mouse/group/time point.

2.5 X 10° differentially dye labeled control, and MyoIIA KD
B-ALL cells were coinjected (at a 1:1 ratio) intravenously into
CD45.1" recipient mice. At 8 and 24 h post-transfer, the
recipient mice were euthanized, and the number and ratio of
control and MyolIA KD B-ALL cells in the blood, bone marrow,
and spleen were determined by flow cytometry. Our results
showed significantly reduced numbers of MyolIA KD cells
compared with control cells in the bone marrow and spleen,
24 h post-transfer (Fig. 3), and our data also trended toward a
greater reduction of MyolIA KD B-ALL cells in the bone
marrow vs. the blood. These data suggest that MyolIA KD B-ALL
cells have a reduced capacity to engraft in vivo. A possible
explanation for the reduced engraftment of MyolIA-deficient
B-ALL cells could be a result of a reduced ability to migrate into
the bone marrow, which can support the survival and growth of
leukemia cells [35].

Inhibition of MyolIA impairs the ability of leukemia
cells to infiltrate the brain

In leukemia patients, relapse involving the CNS is a relatively
frequent and deleterious occurrence [4-6]; therefore, we
analyzed if MyolIA inhibition could reduce the ability of
leukemia cells to infiltrate the brain in vivo. Having seen reduced
numbers of MyolIA KD B-ALL cells in the brain, 9 d following
leukemia cell transfer (Fig. 2F), we examined B-ALL infiltration
into the brain at short time points after transfer (=24 h) to
minimize possible confounding effects of in vivo differences in
cell proliferation and survival between control and MyolIA KD
B-ALL cells. For these experiments, we intravenously transferred
control or MyoIIA KD B-ALL cells into CD45.1" recipient mice
and quantified the number of B-ALL cells that had infiltrated the
brain 18 h later. To distinguish between leukemia cells that were
simply arrested on the vasculature as opposed to cells that had
actually infiltrated the brain parenchyma, we used an established
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vascular antibody-staining method [36, 37]. Just before eutha-
nasia, the recipient mice were intravenously injected with anti-
CD19-APC antibodies to label transferred B-ALL cells (which are
CD45.2") as well as endogenous B cells (which are CD45.17) in
the vasculature. After euthanasia, blood was harvested, and the
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Figure 3. MyolIA depletion reduces B-ALL cell engraftment. Leukemia
engraftment is reduced in MyolIA KD B-ALL cells. Differentially dye-
labeled control and MyolIA KD (shRNA 6592) B-ALL cells (2.5 X 10°
each) were cotransferred at a 1:1 ratio by tail-vein injection into C57BL/6
CD45.1" mice. At 8 and 24 h post-transfer, the recipient mice were
euthanized, and the number and ratio of control and MyolIA KD B-ALL
cells were determined in the blood, bone marrow (BM), and spleen by
flow cytometry. B-ALL cells were identified by ZsGreen and CD45.2
expression vs endogenous leukocytes, which are CD45.1". A ratio below
1.0 (horizontal black line) indicates reduced numbers of MyolIA KD
cells. ¥#P < 0.01, ***P < 0.001 compared with the injected ratio.
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recipient mice were perfused with saline to eliminate residual
blood from tissues. The number of transferred leukemia cells was
then quantified by flow cytometry analysis of single-cell suspen-
sions obtained from the blood and brain using ZsGreen and
CD45.2 as markers to discriminate the transferred B-ALL cells
from endogenous cells. B-ALL cells recovered from the brain that
were stained for CD19-APC were arrested in the vasculature,
whereas CD19-APC-negative B-ALL cells from the brain had fully
extravasated and entered the tissue (Fig. 4A). This analysis showed
that MyolIA KD B-ALL cells had a substantially reduced ability to
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infiltrate the brain compared with control cells. We found a
significant increase in the percentage of MyollA-depleted cells
arrested in the brain vasculature with a concomitant, drastic
reduction of MyollA-depleted leukemia cells that had extravasated
into the brain (Fig. 4B). Although the number of MyolIA KD
B-ALL cells was also reduced in the blood (the average ratio of
control to MyolIA KD B-ALL cells was ~2.5:1), the reduction was
5-fold greater in the brain (with an average ratio of ~12.5:1).
We confirmed further that MyolIA promotes leukemia cell
infiltration into the brain by use of the Myoll inhibitor
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Figure 4. MyolIA inhibition impairs the ability of B-ALL cells to extravasate in vivo and infiltrate the brain. ZsGreen" CD45.2" control or MyolIA KD
(shRNA 6592) B-ALL cells (2 X 10 each) were transferred intravenously into wild-type, congenically marked C57BL/6 CD45.1" recipient mice.
Eighteen hours after transfer, to mark the transferred B-ALL cell present in the vasculature, the recipient mice were intravenously injected with CD19-
APC antibodies and then euthanized 4 min later. B-ALL cells (ZsGreen™ CD45.17), recovered from the brain that stained for CD19-APC, were
considered to still be arrested in the vasculature, whereas CD19-APC-negative B-ALL cells recovered from the brain were considered as having fully
extravasated and entered the brain parenchyma. (A) Representative flow cytometric analysis of B-ALL cell extravasation and infiltration into the brain.
Live cells were gated by forward- and side-scatter and by a single-cell gate (not shown), and then transferred B-ALL cells were gated using a ZsGreen"
CD45.1" gate (left). B-ALL cells that were arrested in the vasculature vs. cells that had fully infiltrated the brain were distinguished by CD19" or
CD19™ gates, respectively (right). (B) MyolIA deficiency inhibits the capacity of B-ALL cells to complete extravasation in vivo. (Left) Frequency of
control and MyolIA KD B-ALL cells arrested in the brain vasculature that have not infiltrated the brain (ZsGreen' CD45.1” CD19"). (Right)

Quantification of the total number of control and MyolIA KD B-ALL cells that fully extravasated and infiltrated the brain (ZsGreen" CD45.1~ CD197).
(C) MyolIA inhibition by blebbistatin treatment in vivo impairs leukemia cell extravasation into the brain. One hour before B-ALL cell transfer,
C57BL/6 CD45.1" recipient mice were treated with vehicle or blebbistatin (2.5 mg/kg). Twenty-four hours after B-ALL cell transfer, the recipient mice
were intravenously injected with CD19-APC antibodies and then euthanized 4 min later. Data were analyzed as in B. (Left) Frequency of B-ALL cells
arrested in the brain vasculature of vehicle or blebbistatin-treated mice. (Right) Quantification of the total number of B-ALL cells that fully infiltrated
the brain of vehicle or blebbistatin-treated mice. (A) Data are representative of 4 independent experiments. (B and C) Data are the means * sem of 4
and 5 independent experiments, respectively.
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blebbistatin [34] in vivo. We transferred equal numbers of
control B-ALL cells into CD45.1" recipient mice that were
intravenously treated with vehicle or blebbistatin, 1 h before
B-ALL transfer. Twenty-four hours later, the number of B-ALL
remaining stuck in the brain vasculature or having fully
infiltrated the brain in vehicle vs. blebbistatin-treated recipient
mice was quantified (as just described). Our results showed that
with a very similar effect to MyolIA KD, B-ALL cell infiltration
into the brain was reduced significantly by in vivo blebbistatin
treatment (Fig. 4C). This suggests that MyolIA plays a key role in
allowing leukemia cells to extravasate through the restrictive
brain endothelial barrier and enter the brain.

TEM and chemotaxis are defective in MyolIIA-deficient
leukemia cells

Having seen a strong effect of MyolIA deficiency on the ability
of B-ALL cells to infiltrate the CNS, as well as engraft in the
bone marrow, we analyzed how MyolIA inhibition affected
B-ALL migration to investigate the mechanism of this impaired
tissue infiltration. Pre-B cells, as well as many pre-B cell
leukemia cells, respond to the chemokine CXCL12, which can
play a role in their homing to the bone marrow niche [38, 39]
and is expressed in the CNS. Therefore, we examined if MyolIA
deficiency impaired B-ALL cell chemotaxis toward CXCL12.
With the use of a Transwell assay, we tested the migration of
B-ALL cells through 5 wm pores in the absence or presence of
CXCLI12 in the bottom chamber. In the absence of CXCL12,
there was almost no detectable B-ALL migration (<0.5% of the
input). However, control B-ALL cells migrated robustly in
response to CXCL12, and we found a significant reduction of
CXCLI12-mediated chemotaxis of MyolIA KD B-ALL cells
compared with shRNA control cells (Fig. 5A). With the use of
the class II myosin inhibitor blebbistatin, we confirmed further
the specificity of the effect of shRNA-mediated KD of MyolIA in
reducing CXCL12-mediated chemotaxis in B-ALL cells (Fig.
5A). The stronger reduction in chemotaxis by blebbistatin
treatment is likely a result of the more complete drug-mediated,
acute inhibition of MyolIA, as opposed to the MyolIA KD cells
that still express ~15% residual MyolIA protein. We then
investigated whether reduced migration and dissemination of
the MyolIA KD B-ALL cells could be a result of altered
expression of chemokine receptors and adhesion molecules.
We compared the expression of CXCR4 (the receptor for
CXCL12) and of various integrins that play a role in homing
and extravasation into tissues, between control and MyolIA KD
cells. Our analysis found no major changes, ruling out differ-
ences in surface expression of CXCR4, CD11a, CD29, and
CD49d as the main mechanism for impaired dissemination of
MyolIA KD B-ALL cells (Fig. 5B-E).

We next examined if, in addition to chemotaxis, TEM of
B-ALL cells would be impaired by MyolIA depletion as a further
mechanism to explain the reduced extravasation of MyolIA KD
B-ALL cells in vivo. We used a system that we previously used to
image lymphocyte TEM in real-time using confocal fluorescent
and phase microscopy [15]. We analyzed B-ALL cell TEM under
physiologic shear flow (2 dynes/cm?) over a monolayer of brain-
derived endothelial cells using time-lapse microscopy (Fig. 6 and
Supplemental Videos 1 and 2). We defined the position and
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Figure 5. MyollA-inhibited B-ALL cells are defective in chemotaxis to
CXCLI12. (A) The percentage of chemotactic migration through 5 um
pore Transwells, with or without 1 wg/ml CXCLI2 of control, MyolIA
KD (shRNA 6592), and blebbistatin-treated control B-ALL cells, was
measured using flow cytometry in the presence of counting beads. (B-E)
Control and MyolIA KD B-ALL cells have similar surface expression of
the chemokine receptor CXCR4 and of adhesion molecules. Control
and MyolIA KD B-ALL cells were stained for CXCR4 and the integrins
CD11a, CD29, and CD49d, as indicated and analyzed by flow cytometry.
(A) Data are the means * sEm of 3 independent experiments. (B-E)
Data are representative of 2 independent experiments.

migration of B-ALL cells relative to the endothelial cell mono-
layer using phase microscopy, in which B-ALL cells are surrounded
by a white "phase ring" when above the endothelial cells

and display a darkening of the phase ring when undergoing
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Figure 6. MyolIA-deficient B-ALL cells are impaired in completing TEM. ZsGreen" control or MyolIA-depleted (shRNA 6592) B-ALL cells were
perfused into flow chambers containing bEnd.3 brain endothelial cell monolayers and kept under shear flow (2 dyne/cm?) for up to 30 min.
During this time, phase contrast and green fluorescence images were acquired every 15 s using a spinning-disk confocal microscope. Time in
minutes:seconds. (A) Selected time points of a representative control B-ALL cell during transmigration. This transmigrating leukemia cell undergoes
(continued on next page)
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TEM through the endothelial cells (Fig. 6A). To confirm the
integrity of endothelial monolayers and visualize endothelial
junctions, before the addition of leukemia cells, the endothe-
lial monolayers were stained with CD31 antibodies (not
shown), which do not interfere with the TEM process [29, 30].
TEM attempts by B-ALL cells were determined by the opening
of CD31-labeled endothelial junctions underneath leukemia
cells. Completion of TEM was scored as full loss of the white
phase ring, followed by crawling under the endothelial cells.
Our results showed that of the B-ALL cells that adhered to the
endothelial monolayer, control and MyolIA KD B-ALL cells
had comparable frequencies of the following: cell detachment
from the endothelial monolayer (Fig. 6C), cells crawling over
the endothelial monolayer (Fig. 6D), and cells attempting
TEM (Fig. 6E). However, we found a dramatic reduction in the
frequency of adhered MyolIA KD B-ALL cells that were able to
complete TEM compared with control cells (Fig. 6F). This
indicates that the reduced entry of MyollA-deficient B-ALL
cells into tissues in vivo is most likely a result of their impaired
ability to extravasate through the endothelial blood vessel wall.

DISCUSSION

Whereas MyolIA has been implicated in regulating lymphocyte
migration [15, 16, 19, 20], as well as leukemia motility in vitro
[25, 26], its role in lymphocytic leukemia TEM and in vivo
dissemination has not been determined previously. In this study,
we found that MyolIA plays a key role in allowing B-ALL cells to
undergo TEM and to extravasate into tissues in vivo.

Our results show that MyolIA depletion impairs B-ALL cell
chemotaxis and TEM. MyolIA promotes lymphocyte TEM by
providing the contractile force necessary to squeeze the rigid
nucleus through small openings between endothelial cells and by
detaching the back of the cell [15, 20]. Consistent with our
previous findings that use activated T cells [15], MyolIA-depleted
leukemia cells, although able to initiate TEM, are severely
deficient in their ability to complete the TEM process. Upstream
of MyolIA, the GTPase Rac can act as a negative regulator of
MyolIA activity by promoting phosphorylation of its heavy chains
[40], which can lead to disassembly of MyolIA complexes and

inhibition of its contractile function [41]. Consistent with this
role of Rac on MyolIA activity and with our data on MyolIA
regulation of B-ALL TEM, Rac inhibition has been shown to
increase leukemia cell migration in vitro in response to CXCLI12
[42]. A further mechanism of action of MyolIA in lymphocyte
migration can be attributed to the association of MyolIA with
CXCR4, the receptor for CXCL12 [43], which may contribute to
the transduction of chemotactic signals into force generation for

Myosin-llA promotes leukemia dissemination in vivo

migration. In T cells MyolIA is involved in endocytosis of CXCR4
[44], it is therefore possible that depending on the circum-
stances, in addition to promoting chemotaxis toward CXCL12,
MyolIA can be part of a negative-feedback loop regulating
chemotaxis through receptor endocytosis. However, our data
suggest that MyolIA depletion does not affect the steady-state
expression of CXCR4 in B-ALL cells. Furthermore, MyolIA

has been shown to promote leukemia cell in vitro motility in
response to CXCL12 [25], and our data that use B-ALL cells
show that MyolIA has a key role in mediating chemotaxis toward
a CXCLI12 gradient, which can mediate leukemia cell homing to
the bone marrow as well as recruitment into the brain.

Our in vivo data show that MyolIA-depleted leukemia cells
have reduced ability to engraft upon transfer into recipient mice.
This is likely a result of a migration defect that affects their
capacity to home to the bone marrow and interact with bone
marrow stromal cells, which can support the survival and growth
of leukemia cells [35]. Leukemia cells rely on CXCR4 signaling
for homing and engraftment in the bone marrow [45-47], and
MyolIA deficiency can affect bone marrow homing of leukemia
cells by interfering with CXCR4-dependent chemotaxis and the
mechanical ability of leukemia cells to extravasate. This reduced
bone marrow homing of the MyolIA KD B-ALL cells may
therefore lead to reduced survival of the transferred leukemia
cells and their slower growth rate in vivo.

Finally, we have shown that impaired TEM, through brain
endothelial cells of MyolIA-deficient leukemia cells, results in
a significantly reduced capacity to infiltrate into the brain. With
the use of the Myoll inhibitor blebbistatin in vivo, we have
confirmed, through a second independent mode of interfering
with MyolIA function, a strong requirement for MyolIA in
allowing leukemia cells to infiltrate the brain. This effect of
MyolIA inhibition could be of important clinical relevance as a
result of the fact that leukemia cells that enter the CNS are a
frequent cause of relapse [6, 48, 49]. Our data that use
blebbistatin to prevent B-ALL infiltration into the brain also
suggest that this Myoll inhibitor has efficacy in vivo and that
MyolIA may be a druggable target for clinical applications.
Future work will further determine the feasibility and safety of
using blebbistatin in vivo, particularly over prolonged periods of
time in the context of leukemia.

In conclusion, we report that MyolIA regulates B-ALL cell
migration, engraftment, and infiltration into the brain and
that MyolIA depletion prolongs survival in a mouse model of
B-ALL. Overall, these findings suggest that MyolIA could be
an attractive target for the treatment of B-ALL, particularly
as various signaling pathways, which may be altered in
transformed lymphocytes, converge on MyolIA to promote

TEM, evidenced by a step-wise darkening in the phase-contrast channel during the time lapse. The red arrow points to the formation of membrane
protrusions under the endothelial monolayer; the green arrow points to the cell completing TEM, as shown by the disappearance of the phase

ring. (B) Selected time points of a representative MyolIA KD B-ALL cell attempting transmigration. The red arrow points to the formation of membrane
protrusions under the endothelial monolayer; however, this MyolIA KD cell never completes TEM, as evidenced by the preservation of the phase
ring. (C-F) Of the B-ALL cells that adhered to the endothelial monolayer for at least 5 min, the percentage of B-ALL cells that detached, crawled over
the endothelial cells, attempted TEM (evidenced by extension of membrane protrusions underneath the endothelial monolayer), and completed
TEM was calculated. (C) MyolIA KD does not significantly affect leukemia cell detachment from the endothelial cell monolayer. (D) Control and
MyolIA KD B-ALL cells have similar crawling over the endothelial monolayer. (E) MyolIA KD does not affect the ability of B-ALL cells to attempt TEM.
(F) MyolIA depletion significantly impairs the ability of B-ALL leukemia to complete TEM. (A and B) Data are representative of 3 independent
experiments. (C-F) Data are the means = seM of 3 independent experiments.
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migration. Specifically, in combination with existing thera-
pies, such as TKIs and chemotherapy, MyolIA inhibition can
impair homing of leukemia cells to the bone marrow, as
well as infiltration into the brain, with both organs being
environments in which leukemia cells can find protection

from treatments [4, 49, 50]. Therefore, MyolIA inhibition
could potentially synergize with other anti-leukemia treat-

ments to eradicate leukemia cells more completely, while at
the same time preventing relapses.
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