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Acute myeloid leukemia (AML) mesenchymal stem cells
(MSCs) play an essential role in protecting leukemic cells
from chemotherapeutic agents through activating a wide range
of adhesion molecules and cytokines. Thus, more attention
should be paid to attenuate the protection of leukemic cells
by MSCs. By examining the gene expression files of MSCs
from healthy donors and AML patients through high-
throughput microarrays, we found that interleukin (IL)-6 was
an important cytokine secreted by AML MSCs to protect
leukemic cells, contributing to disease progression. Strikingly,
Aurora A (AURKA) was activated by IL-6, offering a new target
to interfere with leukemia. Importantly, a novel AURKA inhib-
itor, PW21, showed excellent AURKA kinase inhibitory activ-
ities and attenuated the interaction of leukemic cells and the
microenvironment. PW21 inhibited MSC-induced cell prolif-
eration, colony formation, and migration, and it induced cell
apoptosis. Mechanically, PW21 could inhibit IL-6 secreted by
MSCs. Moreover, we found that PW21 displayed a strong
anti-leukemia effect on non-obese diabetic (NOD)-severe com-
bined immunodeficiency (SCID) and murine MLL-AF9
leukemic models. PW21 significantly prolonged the survival
of leukemic mice and eliminated the leukemic progenitor cells.
AURKA inhibitor PW21 could provide a new approach for
treatment of leukemia through blocking the protection by the
leukemic microenvironment in clinical application.
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INTRODUCTION
The acute myeloid leukemia (AML) bone marrow (BM) microenvi-
ronment is an important part of disease progression and pathophys-
iology, among which, mesenchymal stem cells (MSCs) play an
essential role in the activation of alternative survival signaling path-
ways, protecting leukemic cells from chemotherapeutic agents.
Much of the interaction between leukemic cells and MSCs occurs
through a wide range of adhesion molecules on leukemic cells and
their corresponding ligands secreted by the MSCs.1,2
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Aurora A (AURKA) was abnormally expressed in malignancies,
including solid tumors and leukemia.3 Our study showed that expres-
sion of AURKA was markedly elevated in BM mononuclear cells
(BMMCs) obtained from a significant portion of AML patients.4

Importantly, previous reports have shown a distinctive gene-expres-
sion profile of MSCs of AML patients compared withMSCs of healthy
donors, and they revealed that proteoglycans and adhesionmolecules,
metabolic pathways, endocytosis pathways, cytokine-cytokine recep-
tor interactions, and chemokine signaling were deregulated in AML
BM-MSCs.5 AURKA mRNA was expressed at significantly higher
levels in MSCs from myelodysplastic syndrome (MDS) patients
when compared with hematopoietic cells and healthy donors. The
presence of chromosomal abnormalities (mainly aneuploidy) in he-
matopoietic cells/MSCs was also associated with higher levels of
AURKA.6,7

Small-molecule kinase inhibitors of AURKA have attracted a great in-
terest, such as MLN8054, MLN8237, and ENMD-2076, which are be-
ing investigated in clinical trials.8 MLN8237 is a second-generation
compound and the first that was bioavailable orally, which was eval-
uated against multiple myeloma (MM), chronic myeloid leukemia
(CML) expressing nonmutated and mutated forms of BCR-ABL, pe-
ripheral T cell lymphomas (PTCLs), and other solid tumors.9–11 A
rapy: Oncolytics Vol. 18 September 2020 ª 2020 The Authors. 491
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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phase II study of MLN8237 in AML and MDS revealed that
MLN8237 induced leukemic cell senescence.12 MLN8237 has been
in phase III clinical trials and tested in patients with relapsed or re-
fractory PTCLs (ClinicalTrials.gov: NCT01482962). We previously
showed that our new designed AURKA inhibitor, AKI603, could
inhibit leukemia cell proliferation and colony formation both
in vitro and in vivo,13,14 suggesting the potential application of target-
ing AURKA in hematologic malignancies.

While the effects of the microenvironment on AML have been exten-
sively investigated, little attention has been paid to the effects of
targeted inhibitors, especially AURKA inhibitors, on the AMLmicro-
environment. In this study, we investigated the signaling pathways of
MSCs in the AMLmicroenvironment and found that a novel AURKA
inhibitor, PW21, could significantly inhibit MSC-induced cell prolif-
eration and colony formation, suggesting its new application in AML
microenvironment intervention.

RESULTS
Gene Expression Patterns of MSCs Are Explored between

Healthy Donors and AML Patients

To address possible signaling in the interaction between the stromal
microenvironment and leukemic cells, we first examined the gene
expression patterns from three healthy donors (hBM-MSCs) and
four AML patients (AML-MSCs, Table S2). hBM-MSCs and AML-
MSCs were isolated, purified, and characterized for mesenchymal
markers, including CD90 and CD105 expression (Figure 1A). A
differentially expressed gene was defined as a gene whose absolute
log2fold change (FC) of the differential expression is greater than or
equal to 1 and the p value is less than 0.05. According to this standard,
the volcano map of significantly different expression of mRNAs is
shown in Figure S1A. We found that 552 mRNAs were upregulated
while 390 mRNAs were downregulated in AML-MSCs compared
with hBM-MSCs. To test whether the identified molecules are biolog-
ically meaningful, Gene Ontology (GO) and the Kyoto Encyclopedia
of Genes and Genomes (KEGG) were used for function enrichment
analysis. GO used three aspects to describe gene set functions,
including biological process (BP), molecular function (MF), and
cellular component (CC). Modules in regulation of actin cytoskeleton
organization showed upregulated by BP-GO, while the nucleotide-
binding oligomerization domain (NOD)-like receptor and nuclear
factor kB (NF-kB) signaling pathways were increased by KEGG
among the significantly upregulated mRNAs (Figures 1B and 1C; Fig-
ure S1B). As shown in the heatmap in Figure 1D, genes that mediated
cell adhesion, such as ICAM1, and molecules activated in NF-kB
signaling pathways, such as interleukin (IL)-1b, KLF5, TRAF5, and
TLR4, were found to be elevated in the AML-MSCs. Western blot
further confirmed that NF-kB/p65 and ICAM1 expression were
increased in AML-MSCs compared with hBM-MSCs as expected
(Figure 1E). Notably, gene set enrichment analysis (GSEA) found
that AML-MSCs showed a significant enrichment of genes that are
related to the cellular response to interferon (IFN)-g, cell-matrix
adhesion, and IL-6 production, whereas cell cycle checkpoint,
collagen metabolic process, and hematopoietic stem cell differentia-
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tion signaling were downregulated (Figure 1F). Furthermore, we
showed that RELA (NF-kB) displayed significant Pearson’s correla-
tion with IL-6 (Figure 1G). Our data suggested that NF-kB and IL-
6 signaling might play an important role in the AML microenviron-
ment protecting leukemic cells from chemotherapeutic agents.

AML-MSCs Promote Proliferation and Colony Formation of

Leukemic Cells

In order to investigate how the stromal microenvironment supported
the survival of leukemic cells, cells were cultured with conditioned
medium (CM) from AML-MSCs and hBM-MSCs for 48 h and sub-
jected to cell counting. The result showed that AML-MSC CM
induced cell proliferation significantly compared with hBM-MSC
CM both in NB4 and HL-60 cells (Figure 2A). A colony-forming
unit (CFU) assay also revealed that AML-MSC CM clearly increased
the number and the diameter of colonies (Figures 2B and 2C). A cell
adhesion assay was performed by co-culture of MSCs with leukemic
cells. The hBM-MSC co-cultured leukemic cells exhibited less adhe-
sion to MSCs than did AML-MSC co-cultured leukemic cells (Fig-
ure 2D). Then, we examined the long-term effect of CM on cell
survival capacity. To this end, the two cell types were subjected to
AML-MSC CM or hBM-MSC CM for 6 days, and a Sytox Green stain
assay was used to detect cell death. We found that after co-culture,
AML-MSC CM protected cells from death but not hBM-MSC CM
(Figure 2E). Moreover, gene expression patterns in AML-MSC or
hBM-MSC co-cultured leukemic cells were further determined. Sur-
prisingly, GO analysis showed that downregulated genes were en-
riched in positive regulation of cytokine production and regulation
of inflammatory response-related pathways in AML-MSC CM co-
cultured leukemic cells (Figure 2F). Thus, we examined the expres-
sion of ICAM1, IL-6, and IL-1b in MSC CM co-cultured leukemic
cells by real-time PCR. The results showed that ICAM1, IL-6, and
IL-1b were all decreased in the AML-MSC CM group (Figure 2G).
Next, AML-MSC CM or hBM-MSC CM co-cultured leukemic cells
were injected to the nude mice and the result showed that both tumor
weight and volume were increased in the AML-MSC CM co-cultured
leukemic cell group (Figures 2H and 2I). All of the above results sug-
gested that MSCs offered a stromal microenvironment to support the
survival of leukemic cells.

Inhibition of AURKA by PW21 Overcomes MSC-Induced

Malignancy

IL-6 activation stimulated NF-kB expression, contributing to cancer
development,15 and we previously reported that AURKA regulated
the NF-kB signaling pathway to promote cancer cell survival.16 We
next investigated whether IL-6 secreted by MSCs was the mediator
for leukemic cell survival. Of note, IL-6 induced AURKA kinase acti-
vation (Figure 3A) and induced cell proliferation and migration in
both NB4 and HL-60 cells (Figures 3B and 3C). In another indepen-
dent work, we have designed and synthesized a novel AURKA inhib-
itor PW21 with a quinazoline skeleton (chemical structure shown in
Figures S2A and S2B), which showed excellent AURKA kinase inhib-
itory activity, with the 50% inhibitory concentration (IC50) value of
6.0 nM, while the inhibitory activity to Aurora B (AURKB) is



Figure 1. Gene Expression Patterns of MSCs Are Explored Between Healthy Donors and AML Patients

(A) hBM-MSCs and AML-MSCs stainedwith CD90 andCD105 antibodies were subjected to flow cytometry evaluation. (B andC) GO (B) and KEGG (C) were used to describe

gene set functions among the significant upregulated mRNAs (absolute log2FCR 1 and p < 0.05). (D) The heatmap of significantly regulated genes is presented. (E) Western

blot was subjected to detect p65/NF-kB and ICAM1 expression. (F) GSEA was performed comparing transcriptional profiles of hBM-MSCs and AML-MSCs. (G) Correlations

of RELA, IL-6, TRAF5, ICAM1, TLR4, IL-1b, and KLF5 are displayed in AML-MSC gene expression files.
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Figure 2. AML-MSCs Promote Proliferation and Colony Formation of Leukemic Cells

(A) NB4 and HL-60 cells were co-cultured with hBM-MSCCMor AML-MSCCM for 48 h and cell numbers were counted (mean ±SD; ***p < 0.001). (B) Cells were co-cultured

with hBM-MSC CM or AML-MSC CM for 72 h and then cultured in semi-solid medium. The colony numbers and the diameters of colonies are shown (mean ± SD; ***p <

0.001). (C) Morphological changes of the colonies were observed under microscopy (original magnification,�100). (D) Cells were co-cultured with hBM-MSCs or AML-MSCs

for 48 h and the adherent cells were counted (mean ± SD; ***p < 0.001). (E) NB4 and HL-60 cells were co-cultured with hBM-MSC CM or AML-MSC CM for 6 days and

subjected to Sytox Green stain. (F) GO was used to describe gene set functions between HL-60 cells co-cultured with hBM-MSCs or AML-MSCs. (G) NB4 and HL-60 cells

were co-cultured with hBM-MSC CM or AML-MSC CM for 48 h and subjected to real-time PCR (mean ± SD; ***p < 0.001). (H and I) HL-60 cells were co-cultured with hBM-

MSCCMor AML-MSCCMand injected into the flanks of nudemice. (H) A representative photograph is shown 3weeks after injection, and (I) the weight and volume of tumors

were measured (mean ± SD, n = 5; ***p < 0.001).
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Figure 3. Inhibition of AURKA by PW21 Overcomes MSC-Induced Malignancies

(A) NB4 or HL-60 cells were treated with 50 ng/mL IL-6 and subjected to western blot for detection of AURKA phosphorylation. (B and C) Cells were treated with or without IL-

6 and subjected to cell viability (B) and transwell assays (C). (D) An ELISA assay was applied to detect the IL-6 level in AML-MSC CM treated with PW21 or not (mean ± SD;

(legend continued on next page)
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152.0 nM. Furthermore, PW21 was used to access the effect of inhi-
bition of AURKA on AML-MSC-induced malignancy. We found
that PW21 could greatly suppress IL-6 secretion by AML-MSCs (Fig-
ure 3D) and decrease the AML-MSC-induced CFU in NB4 and HL-
60 cells (Figure 3E). Similarly, PW21 decreased the cell adhesion and
migration induced by AML-MSCs significantly (Figures 3F and 3G).
Additionally, a carboxyfluorescein succinimidyl ester (CFSE) assay
showed that PW21 inhibited the high proliferated cells both when
co-cultured with AML-MSC or hBM-MSC CM (Figure 3H). Real-
time PCR revealed that ICAM1, IL-6, and IL-1b were all increased af-
ter PW21 treatment in AML-MSC CM co-cultures (Figure 3I), sug-
gesting the different biologic function of ICAM1, IL-6, and IL-1b in
leukemic cells. Our data implied that PW21 might have a potential
therapeutic application in leukemia treatment by interfering with
the AML environment.
PW21 InducesCell Cycle Arrest andApoptosis aswell as Inhibits

the Growth of Leukemic Cells In Vivo

Next, we showed that mechanism of PW21 in suppressing leukemic
cells. A CFU assay showed that PW21 greatly decreased the number
and the diameter of colonies in a dose-dependent manner in NB4,
HL-60, and MV4-11 cells as well as retinoic acid-resistant NB4-R2
cells (Figure 4A) without MSC co-culture. A CFSE assay also showed
that PW21 significantly inhibited cell proliferation (Figure 4B). Due
to the crucial role of AURKA in mitosis, the cell cycle blocking effect
on NB4 and HL-60 cells was examined. PW21 greatly induced G2/M
cell cycle arrest and polyploidization in AML cells (Figure 4C). An
immunofluorescence assay further confirmed that PW21 induced
polyploidy in cells (Figure 4D). Moreover, CRISPR-Cas9 was applied
to knock out AURKA expression in leukemic cells and we found that
AURKA deletion could reduce cell proliferation and adhesion
induced by AML-MSCs, as well as induce cell cycle arrest and lead
to cell death (Figures 4E–4H; Figures S3A–S3C), which was similar
with PW21 treatment. Meanwhile, knockout IL-6 receptor expression
in HL-60 cells also promoted cell death when culture with AML-MSC
CM, further demonstrating that IL-6 signaling was of great impor-
tance in maintaining leukemic cell survival (Figure S3D).

Previous reports revealed that AURKA inhibitors could inhibit cell
proliferation but not induce obvious apoptosis.13,14 Our new designed
PW21 not only suppressed cell proliferation (Figure 5A), but it also
promoted significant cell apoptosis in NB4, HL-60, MV4-11, and
NB4-R2 cells (Figure 5B). However, PW21 displayed less toxicity to
normal peripheral blood mononuclear cells (Figure S4). Mechani-
cally, PW21 inhibited AURKA activation and induced caspase-8
and poly(ADP-ribose) polymerase (PARP) cleavage, associated with
a decrease of mitogen-activated protein kinase (MAPK) phosphory-
lation (Figure 5C). Additionally, PW21 decreased nuclear NF-kB
**p < 0.01, ***p < 0.001). (E) Cells were co-cultured with AML-MSC CM for 72 h and the

and the diameters of colonies are shown (mean ± SD; **p < 0.01, ***p < 0.001). (F and G

subjected to a transwell assay (F) or adhesion assay (G). (H and I) A CFSE assay (H) and

CM or AML-MSC CM with or without PW21 for 48 h.
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expression strongly (Figures 5D and 5E). These results suggested
that the proliferative inhibition induced by PW21 could be associated
with cell cycle blockage and apoptosis mediated by NF-kB signaling.
Furthermore, PW21 increased IL-6 and IL-1b expression (Figure 5F),
consistent with the results in MSC CM co-culture. Luciferase-labeled
NB4 or HL-60 cells were treated PW21, and the result revealed that
inhibition of AURKA clearly reduced the bioluminescence (Fig-
ure 5G). To evaluate the role of PW21 in the development of leukemia
in vivo, we transplanted luciferase-labeled HL-60 cells into non-obese
diabetic (NOD)-severe combined immunodeficiency (SCID) mice
and then treated the mice with PW21. Lower bioluminescence signal
intensity was observed in mice that received PW21 compared with
those treated with vehicle (Figure 5H), suggesting a therapeutic
benefit of inhibiting AURKA pathways.
PW21 Delays Leukemia Progression

Considering that the high expression level of AURKA might
contribute to leukemic progression, we used an MLL-AF9-mediated
murine model to study PW21 in AML development. We transduced
the MLL-AF9 fusion gene to the murine BMs, which were trans-
planted to the recipient mice to develop leukemia. Then the BMs
were collected and the GFP+ BMs were used for apoptosis and a
CFU assay (Figure 6A). As shown in Figure 6B, PW21 could reduce
the number and diameter of colonies in GFP+ BMs greatly. Similarly,
PW21 induced apoptotic cell death and cell cycle arrest in G2/M as
indicated in cell lines (Figures 6C and 6D). Then, the BMs were
further used for a second transplantation. After transplantation, the
mice were treated intragastrically with vehicle or PW21 every
2 days. We found a significantly prolonged lifespan of MLL-AF9
leukemic mice after treatment with PW21 (Figure 6E). Morphological
analysis showed that more leukemic blast cells with segmented nuclei
were present in the PW21 group (Figure 6F). The splenomegaly in
MLL-AF9 leukemic mice was relieved in the PW21 group, as
evidenced by a remarkably smaller size and decreased spleen weight
compared with the control group (Figure 6G). Flow cytometric
analysis also showed decreased expression of GFP+ cells or GFP+c-
Kit+Gr-1� cells in the PW21-treated group (Figures 6H and 6I). In
addition, increased expression of Gr-1 was detected in the PW21
group, indicating that PW21 might promote the differentiation of
MLL-AF9 leukemia cells (Figure 6I). These data demonstrated that
PW21 was critical for inducing a differentiated phenotype and sup-
pressing leukemic progression.
DISCUSSION
Most recent therapeutic approaches have shifted from targeting
leukemic cells to interfering with the microenvironment, as the influ-
ence on the leukemic microenvironment has been clearly shown to be
pivotal in leukemic cell chemoresistance. The presence of MSCs
n cultured in semi-solid medium and treated with or without PW21; colony numbers

) Cells were co-cultured with hBM-MSCs or AML-MSCs with or without PW21 and

real-time PCR detection (I) were used to analyze in cells co-cultured with hBM-MSC



Figure 4. PW21 Induces Cell Cycle Arrest and Polyploidy

(A) NB4, HL-60, NB4 R2, and MV4-11 cells treated with or without PW21 were cultured in semi-solid medium, and the colony numbers and the diameters of colonies are

shown (mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.001). (B–D) Cells were treated with or without PW21 for 48 h and subjected to a CFSE assay (B) and cell cycle detection (C),

(legend continued on next page)
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promotes leukemic cells to escape from apoptosis, and leukemia
development is often associated with persistent abnormalities in the
microenvironment. Wnt/b-catenin, sonic hedgehog, and Notch path-
ways play an important role in the crosstalk between leukemic cells
and the stromal microenvironment.17,18

Among the stromal microenvironment, MSCs activated a wide vari-
ety of signaling pathway, supporting the survival of leukemic cells,
and only a few investigations have shown the signal profiles of
MSCs from leukemia patients. In agreement with previous studies,
our data showed that different cell adhesion molecules and cytokines
were expressed by MSCs between normal donors and patients, indi-
cating the possibility of crosstalk between the leukemic cells and
microenvironment. We demonstrated that AML-MSCs showed
higher expression of ICAM1 compared to hBM-MSCs, along with
aberrant cytokine activation in the NF-kB pathway (Figure 1).
ICAM1 is an adhesion molecule, which was expressed in MSCs and
contributed to drug resistance of leukemic cells.19,20 In parallel, we
observed that AML-MSCs promoted leukemic cell proliferation, col-
ony formation and migration, protecting leukemic cells from
apoptosis (Figure 2), which suggested that adhesion molecules and
cytokines expressed by MSCs were of importance to offer leukemic
cells a sustaining microenvironment.

Considerable evidence supported the existence of cytokine deregula-
tion in cancer patients that might be associated with pathogenesis,
disease progression, and patient survival. For example, IL-6 provided
extrinsic protection for several solid tumors and leukemia. The
plasma IL-6 level was higher in AML patients from both groups of
age and was associated with patient survival and event-free survival.21

In pediatric AML, IL-6-induced signal transducer and activator of
transcription 3 (STAT3) signaling was activated frequently at relapse,
and it was associated with inferior survival after relapse, suggesting
that the IL-6 pathway could represent a target for overcoming envi-
ronment-mediated chemotherapy resistance.22 In CLL, MSCs
supported the survival of leukemic cells in vitro through an IL-6-
dependent mechanism.23 In MM, upregulation of IL-6 by MSCs led
to the acquisition of resistance to the chemotherapeutic agent.24

Moreover, the MM-derived macrophage migratory inhibitory factor
caused IL-6 secretion via c-MYC to accelerate disease progression.25

In CML, IL-6 was a novel biomarker, with high diagnostic plasma
levels strongly predictive of subsequent failure to achieve early molec-
ular response and deep molecular response, as well as transformation
to blast crisis.26 All of this evidence demonstrated that IL-6 in the
leukemic microenvironment sustained the survival of leukemic cells,
resulting in poor prognosis.

Strikingly, we found that IL-6 secreted frommicroenvironment could
enhance AURKA activation in leukemic cells and improve cell prolif-
eration and migration (Figures 3A–3C). Since AURKA was dysregu-
as well as immunofluorescent staining of tubulin and AURKA (D). (E) AURKA was knock

detect AURKA expression. (G) Cells were co-cultured with AML-MSCs for 48 h and subje

applied to detect cells with AML-MSC CM co-culture for 48 h.
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lated in different tumor types, including leukemia,3,27,28 AURKA in-
hibitors attracted great attention in leukemia therapy. In the present
study, we found that the novel AURKA inhibitor PW21 could inhibit
IL-6 secretion by MSCs (Figure 3D). Importantly, PW21 inhibited
MSC-induced cell proliferation, adhesion, and migration (Figures
3E–3H), indicating that the AURKA inhibitor could overcome drug
resistance induced by IL-6 from the leukemic microenvironment.
We and others also reported that AURKA overexpression contributed
to NF-kB activation,16,29,30 and IL-6 could activate NF-kB.15 Thus,
IL-6-induced NF-kB expression might be mediated though AURKA
in leukemic cells. The AURKA inhibitor could be a potential choice to
target leukemic cells and their environment while NF-kB signaling is
activated.

Interestingly, leukemic cells cultured with CM from AML-MSCs pre-
sented reduced IL-6 and IL-1b expression compared with the hBM-
MSC group (Figures 2F and 2G). Also, PW21 greatly increased IL-6
and IL-1b expression in leukemic cells with or without AML-MSC
CM co-culture (Figures 3I and 5F). IL-1b, a pro-inflammatory cyto-
kine, which was generated from inflammatory umbilical cord-derived
MSCs, promoted stem cell-like characteristics of cancer cells.31 On
the contrary, IL-1b inhibited self-renewal capacity in dormant
CD34+/CD38- AML cells.32 IL-1b was also increased after treatment
with arsenic trioxide or all-trans retinoic acid.33,34 Similarly, IL-6
displayed opposing effects on cancer cells.35 For instance, in a phos-
phatase and tensin homolog (PTEN)-deficient prostate cancer model,
IL-6/STAT3 signaling in tumor cells protected against tumor progres-
sion.36 In addition, a study showed a decreased expression of IL-1b
and IL-6 in the leukocytes of lymphocytic leukemia patients,37,38

providing support that IL-1b and IL-6 might display different func-
tions in leukemic cells, which was context-dependent. Therefore,
activation of IL-6 signaling in the environment promoted leukemic
malignancies while inhibition of AURKA by PW21 increased IL-6
expression to induce cell death. This differential switch in shared
IL-6 signaling pathways required an attractive molecular explanation
for the opposing pro-tumorigenic and anti-tumorigenic activities.

In vivo, we investigated the effect of PW21 by using the NOD-SCID
model andMLL-AF9 leukemic model. Our results showed that PW21
significantly inhibited the growth of leukemic cells and delayed the
disease progression (Figures 5H and 6E–6G).Mechanically, PW21 ar-
rested the cell cycle in the G2/M phase and induced MLL-AF9
leukemic cell apoptosis (Figures 6C and 6D). PW21 could suppress
GFP+ leukemic cells and induce Gr-1 expression (Figures 6H and
6I), consistent with our previous reports that the AURKA inhibitor
could promote cell differentiation.14 Since activation of metabolic
signaling pathways by inducing polyploidy could be specific to
leukemic cell survival,39,40 a better understanding of the underlying
mechanism of PW21-induced polyploidy will be important as
AURKA inhibitors progress toward clinical development.
ed out in NB4 and HL-60 cells by CRISPR-Cas9. (F) Western blot was subjected to

cted to an adhesion assay (mean ± SD; **p < 0.01). (H) Sytox Green stain assay was



Figure 5. PW21 Induces Apoptosis and Inhibits the Growth of Leukemic Cells In Vivo

(A–E) Cells were treated with or without PW21 for 48 h and subjected to a cell counting assay (A), apoptosis detection (B), western blot of apoptotic-related proteins (C),

immunofluorescent staining of p65/NF-kB (D), and western blot of p65/NF-kB (E). (F) Real-time PCRwas subjected to detect gene expression (mean ± SD; **p < 0.01, ***p <

0.001). (G) Luciferase-red fluorescent cells treated with or without PW21 for 48 h and imaged. (H) Luciferase-red fluorescent-labeled NOD-SCID mice were injected

intraperitoneally with D-luciferin and imaged after treatment with PW21 for 2 weeks.
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In summary, we showed that targeting AURKA by PW21 not only in-
hibited leukemic cell proliferation and induced apoptosis, but also
overcame the protection induced by IL-6 from MSCs in the leukemic
microenvironment. Our results provided a new approach for treat-
ment of leukemia by dual-targeting leukemic cells and microenviron-
ments via AURKRA inhibition in clinical application.
Molecular Therapy: Oncolytics Vol. 18 September 2020 499
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Figure 6. PW21 Delays Leukemia Progression

(A) Chart of the treatment procedure for leukemic model. (B) GFP+ BM cells collected from theMLL-AF9 transplanted mice were treated with or without PW21 and cultured in

semi-solid medium, and the colony numbers and the diameters of colonies are shown (mean ± SD; **p < 0.01, ***p < 0.001). (C and D) GFP+ BM cells were treated with or

without PW21 for 48 h and subjected to apoptosis (C) and cell cycle detection (D). (E) After the BM cells were transplanted, the mice were treated with or without PW21 for

2 weeks, and Kaplan-Meier plots of survival were analyzed. (F) Wright-Giemsa staining was measured in the PW21-treated group and control group. (G) Spleens were

(legend continued on next page)

Molecular Therapy: Oncolytics

500 Molecular Therapy: Oncolytics Vol. 18 September 2020



www.moleculartherapy.org
MATERIALS AND METHODS
Patients and Samples

MSCs were obtained from BMs of healthy donors and untreated AML
patients at the Department of Hematology, The Third Affiliated Hos-
pital of Sun Yat-sen University, following written informed consent
according to the Declaration of Helsinki. The study was approved
by the Institute Research Ethics Committee at The Third Affiliated
Hospital of Sun Yat-sen University.
Reagents and Cell Cultures

AURKA inhibitor PW21 was designed and synthesized in our labora-
tory with a solution of 100 mM in DMSO. Leukemic cells were
cultured in RPMI 1640 (Gibco, Grand Island, NY, USA) containing
appropriate antibiotics and 10% fetal bovine serum (FBS, Gibco,
Grand Island, NY, USA). HL-60, NB4-R2, and NB4 cells were pro-
vided by the Shanghai Institute of Hematology, Ruijin Hospital.
MV4-11 was obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA). MSCs were cultured in DMEM with
1g/L D-glucose (Gibco, Grand Island, NY, USA) containing appro-
priate antibiotics and 10% FBS. CM was collected by culturing
MSCs with DMEM with 10% FBS for 48 h.
Measurement of Cell Death

After collecting and washing twice with PBS, cells were stainedwith an-
nexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI), an-
nexin V-phycoerythrin (PE)/7-aminoactinomycin D (7AAD), or Sytox
according to the protocol (Thermo Fisher Scientific, Waltham, MA,
USA). The samples were then subjected to flow cytometry evaluation.
Protein Expression and Localization

For western blot analysis, cells lysate concentration was determined
by the Bradford method with BSA (Sigma, St. Louis, MO, USA) as
the standard. Equal amounts of protein from each sample were sub-
jected to electrophoresis in SDS-polyacrylamide gel and transferred to
a nitrocellulose membrane (Millipore, Billerica, MA, USA). The
membrane was blocked and then incubated with primary antibodies
against GAPDH, b-actin, phosphorylated AURKA (p-AURKA),
phosphorylated MAPK (p-MAPK), MAPK, cleaved PARP, caspase-
8, NF-kB, ICAM1, and histone H3 (Cell Signaling Technology, Bev-
erly, MA, USA) overnight at 4�C followed by incubation for 1 h at
room temperature with appropriate secondary antibodies. Antibody
binding was detected with an enhanced chemiluminescence kit.

The IL-6 levels in culture media were determined by human IL-6
ELISA Kit (R&D Systems, Minneapolis, MN, USA) following the
manufacturer’s instruction.

For immunofluorescence, NB4 cells were fixed with 4% paraformal-
dehyde and incubated with Triton X-100. Following incubation, the
obtained from the PW21-treated group and control group. (H) Flow cytometry results of

shown (mean ± SD, n = 3; ***p < 0.001). (I) Flow cytometry results of Gr-1 and c-Kit ex

presented (mean ± SD, n = 3; *p < 0.05, ***p < 0.001).
cells were blocked with PBS containing 5% BSA for 1 h and incubated
with anti-AURKA antibody or anti-tubulin antibody at 37�C for 1 h.
After washing with PBS, the cells were stained with second antibodies
for 1 h. Then, the cells were stained with DAPI for 10min. The images
were observed under confocal microscopy at �1,000 magnification.

Real-Time PCR

Total RNA was isolated by using TRIzol reagent (Thermo Fisher Sci-
entific, Waltham, MA, USA), and the first-strand cDNA was then
used as templates to detect the expression of the genes by an Applied
Biosystems 7500 Fast real-time PCR system. The primers are listed in
Table S1.

CFU Assay

Cells were plated in methylcellulose (R&D Systems, Minneapolis,
MN, USA) and treated with CM or PW21. On the indicated day after
plating, the CFU were counted.

Adhesion and Migration Assays

For adhesion, MSCs were plated in six-well plates and cultured for 24
h. Then, leukemic cells were cultured on the surface of MSCs for
another 48 h with or without PW21. Attached leukemic cells were
counted by flow cytometry after staining with human CD45MicroBe-
ads (Miltenyi Biotec, Germany) in the presence of CountBright abso-
lute counting beads (Thermo Fisher Scientific, Waltham, MA, USA).
Adhesion capability was defined according to the manufacturer’s
instructions.

For migration, MSCs were plated in the lower chamber of transwell
plates and cultured for 24 h. Leukemic cells were added in the insert
and cultured for another 12 h with or without PW21. The cell number
of migration was defined as viable cells in the lower chamber.

Affymetrix GeneChip

A high-throughput Clariom S array (Affymetrix) was performed on
normal MSCs and AML MSCs or HL-60 cultured with CM from
hBM-MSCs and AML-MSCs, and analyzed with Limma in the R
platform.

CRISPR-Cas9-Mediated Gene Editing in AML Cells

AML cells were infected with LentiCRISPRv2 lentivirus with the
target sites of AURKA or IL-6 receptor sequence. Infected clones
were selected with puromycin (Thermo Fisher Scientific, Waltham,
MA, USA) for further analysis.

Tumor Growth in Xenografts

HL-60 cells were incubated with leukemic MSC CM or normal MSC
CM for 48 h and then injected into the flanks of female BALB/c nude
mice. Tumor volumes were calculated by the following formula: A �
GFP expression from the BM cells in the PW21-treated group and control group are

pression from the GFP+ BM cells in the PW21-treated group and control group are
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B2/2, where A is the greatest diameter and B is the diameter perpen-
dicular to A. Other indicators of general health, such as body weight,
feeding behavior, and motor activity of each animal, were also moni-
tored. After the animals were euthanized, tumor xenografts were
immediately removed and weighed. All animal studies were approved
by The Third Affiliated Hospital of Sun Yat-sen University Animal
Care and Use Committee.

Bioluminescence Imaging

For bioluminescence imaging assay, NOD-SCID mice were intrave-
nously transplanted with luciferase-labeled HL-60 cells. Luciferase
red fluorescent protein plasmid was provided by Prof. Xiaofeng
Zhu at Sun Yat-sen University Cancer Center. 7 days after transplan-
tation, the mice were treated intragastrically with vehicle or PW21
every 2 days at a dose of 50 mg per kg of body weight. Then, the
mice were injected intraperitoneally with 150 mg/kg D-luciferin and
imaged with the in vivo imaging system (IVIS) Lumina system (Per-
kinElmer, Waltham, MA, USA). All animal studies were approved by
The Third Affiliated Hospital of Sun Yat-sen University Animal Care
and Use Committee.

BM Infection and Transplantation

293FT cells were transfected with retroviral vectors MSCV-MLL-
AF9-IRES-EGFP for virus packaging. BM from 5-fluorouracil (5-
FU)-treated donor mice was transduced with MLL-AF9 retrovirus
in the presence of IL-3, IL-6, and stem cell factor (SCF). Wild-type
recipient mice were irradiated by X-ray and transplanted with
MLL-AF9-transduced cells via tail vein injection. Diseased mice
were analyzed by histopathological and biochemical examination.
The BMs from the diseased mice were then collected for analysis or
transplanted to the second recipient mice before being treated with
or without PW21 at a dose of 50 mg per kg of body weight. All animal
studies were approved by The Third Affiliated Hospital of Sun Yat-
sen University Animal Care and Use Committee.

Statistical Analysis

Statistics were calculated by GraphPad Prism software (version 6.0).
Differences among variables were assessed by an unpaired Student’s
t test between two groups and by ANOVA with multiple compari-
sons. The level of significance was set at p <0.05.
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