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. Acute myeloid leukaemia (AML) is an aggressive cancer with 50-75% of patients relapsing even after

. successful chemotherapy. The role of the bone marrow microenvironment (BMM) in protecting AML

. cells from chemotherapeutics and causing consequent relapse is increasingly recognised. However

. the role that the anti-apoptotic Bcl-2 proteins play as effectors of BMM-mediated drug resistance

. are less understood. Here we show that bone marrow mesenchymal stromal cells (BMSC) provide
resistance to AML cells against BH;-mimetics, cytarabine and daunorubicin, but this is not mediated

. by Bcl-2 and/or Bcl-X, as previously thought. Instead, BMSCs induced Mcl-1 expression over Bcl-2 and/

. orBcl-X_ in AML cells and inhibition of Mcl-1 with a small-molecule inhibitor, A1210477, or repressing
its expression with the CDC7/CDK9 dual-inhibitor, PHA-767491 restored sensitivity to BH;-mimetics.
Furthermore, combined inhibition of Bcl-2/Bcl-X, and Mcl-1 could revert BMSC-mediated resistance
against cytarabine + daunorubicin. Importantly, the CD341/CD38~ leukemic stem cell-encompassing
population was equally sensitive to the combination of PHA-767491 and ABT-737. These results
indicate that Bcl-2/Bcl-X, and Mcl-1 act in a redundant fashion as effectors of BMM-mediated AML drug
resistance and highlight the potential of Mcl-1-repression to revert BMM-mediated drug resistance
in the leukemic stem cell population, thus, prevent disease relapse and ultimately improve patient
survival.

© Acute myeloid leukemia (AML) is a complex disease driven by a combination of genetic and epigenetic alterations
* in the hematopoietic stem or progenitor cells. Despite our increasing understanding of the molecular aberran-
cies that drive AML, up to 20-30% of young and 40-50% of older AML patients are refractory to treatment.
. Furthermore, the risk of relapse is high, between 50-75% depending on age'. The prognosis following relapse is
© poor and at this stage, no good treatment strategies available?. As our understanding of the molecular aberrations
- driving AML increases, a number of targeted therapeutics, such as protein kinase inhibitors (FLT3, PI3K, Akt,
Erk or Pim inhibitors), inhibitors of DNA methylating- and acetylating enzymes, such as DNMT1, DNMT3,
DOTI1L and HDACs or BH;-mimetics against anti-apoptotic Bcl-2 proteins are being developed®*. While the
development of these inhibitors is progressing rapidly, understanding the role of the bone marrow microenvi-
ronment (BMM) in controlling the epigenetic landscape and driving survival signalling in AML cells is lagging

1Apoptosis Research Centre, School of Natural Sciences, National University of Ireland Galway, Galway, Ireland.
2Centre for Chromosome Biology, School of Natural Sciences, National University of Ireland Galway, Galway, Ireland.
3Hematology, Beaumont Hospital, Dublin, Ireland. *Apoptosis Research Centre, School of Medicine, National
University of Ireland Galway, Galway, Ireland. *HiDucator Ltd, Kangasala, Finland. Eimear O’ Reilly and Sukhraj Pal
S. Dhami contributed equally. Correspondence and requests for materials should be addressed to E.S. (email: eva.
szegezdi@nuigalway.ie)

SCIENTIFIC REPORTS | (2018) 8:15752 | DOI:10.1038/s41598-018-33982-y 1


http://orcid.org/0000-0003-1337-5656
http://orcid.org/0000-0002-8610-8375
http://orcid.org/0000-0002-5708-3535
mailto:eva.szegezdi@nuigalway.ie
mailto:eva.szegezdi@nuigalway.ie

www.nature.com/scientificreports/

behind. Underlining its importance, bone marrow-mediated protection was found to be the major cause of low
FLT3-inhibitor efficacy>®.

The most studied mechanism by which bone marrow stromal cells (BMSCs) induce drug resistance is the
activation of pro-survival signal transduction, typically culminating in the upregulation of Bcl-2 (BCL2) and/or
Bcl-X; (BCL2L1)"®. Induction of anti-apoptotic Bcl-2 proteins is an inherent feature of normal differentiation of
leukocytes as Bcl-2 proteins provide survival advantage to the properly formed mature cells. For example, Mcl-1
(MCLL1) is required for the survival of hematopoietic stem cells (HSC)’, common myeloid progenitors (CMP) and
common lymphoid progenitors (CLP), Bcl-2 is induced during the selection of T and B lymphocytes while Bcl-X;
(BCL2L1) is critical for erythrocyte-'>!!, megakaryocyte-'? and platelet survival'®, and A1 (BCL2A1) supports
neutrophil survival'.

Increased Bcl-2 expression is also a characteristic of several haematological malignancies, including chronic
lymphocytic leukemia (CLL) and AML. The notion that leukemic cells become dependent on anti-apoptotic
Bcl-2 protein expression for survival is proven by the potent effect of the Bcl-2/Bcl-X;/Bcl-W inhibitor, ABT-737
and its Bcl-2-selective variant, ABT-199'. The ability of anti-apoptotic Bcl-2 proteins to drive drug resistance is
also well established. Accordingly, ABT-737 and/or ABT-199 have been shown to sensitise isolated AML cells to
5-azacytidine'®, FLT3 inhibitors!” as well as docetaxel'®.

Here we determined the role of anti-apoptotic Bcl-2 proteins as effectors of bone marrow stroma-mediated
drug resistance in AML blasts and the CD34"/CD38" cells representing a population enriched for leukemic
stem cells (LSC)*. We show that bone marrow stromal cells (BMSCs) provide resistance against BH;-mimetics,
cytarabine (AraC) and daunorubicin (DnR) and that this protection is also pronounced in the CD34*/CD38~ cell
population. We show that inhibition of Bcl-2 and Bcl-X; with ABT-737 is not sufficient to revert BMSC-mediated
drug resistance against AraC 4+ DnR. On the other hand, BMSC-mediated drug resistance was associated with
increased Mcl-1 expression. Furthermore, Mcl-1 inhibition with A1210477 or repression with PHA-767491 could
revert drug resistance mediated by BMSCs. Importantly, repression of Mcl-1 expression with the dual CDC7/
CDKO9 inhibitor PHA-767491 equally sensitised the CD34+/CD38~ cell population offering a strategy to eradicate
the main cell population responsible for disease relapse.

Results

Bone marrow mesenchymal stromal cells protect AML cells from therapeutic drugs. In order
to determine the effect of anti-apoptotic Bcl-2 proteins in drug resistance mediated by the BMM, a layered stro-
ma-AML co-culture system has been set up. AML cell lines or primary AML blasts were cultured on a monolayer
of BMSCs in direct contact. As a model of BMSCs, HS-5 cells, an immortalised healthy donor-derived BMSC
cell line, were used. HS-5 cells were chosen over primary BMSCs of AML patients, as the latter were found to be
prone to senescence under ex vivo culture?®. As HS-5 cells are only a clone of immortalised BMSCs, they may not
represent the full spectrum of function that primary BMSCs have. Thus we tested how faithfully they could repli-
cate the effect of patients’ own BMSCs. To this end, primary AML cells were cultured alone, on the patients’ own
BMSCs or on two different immortalised BMSC lines; the commercially available HS-5 cells and a non-commer-
cially available hTERT immortalised BMSC cell line that we named iMSC. After 24 h, the cultures were treated
with ABT-737 or ABT-199 and induction of cell death was quantified. Both HS-5 cells and iMSCs could both
replicate the effect of the patients’ own BMSCs in providing a comparable level of resistance to AML cells against
both drugs (Fig. 1A-D, Suppl. Fig. 1).

Cytokine expression as a measure of their ability to model features of the BMM has also been determined
using a cytokine proteome array (Bio-Techne, Suppl. Table 1). HS-5 cells secreted the cytokines and chemok-
ines characteristic of the bone marrow?!, including granulocyte-colony stimulating factor (G-CSF), angiopoietin
1 (ANGPT1), ANGPT2, growth differentiation factor 15 (GDF15), osteopontin, interleukin 183 (IL-103), fibro-
blast growth factor 2 (FGF2), C-C motif chemokine ligand 5 (CCL5), CCL7, C-X-C motif chemokine ligand 10
(CXCL10), CXCL12 (SDF1q) (for the complete list of secreted cyto/chemokines, see Suppl. Table 1).

The broader effect of BMSCs on AML drug sensitivity was next tested using AraC, DnR and ABT-737 in both
AML cell lines and primary AML cells. OCI-AML2, ML-1 and Molm-13 cells were co-cultured with HS-5 cells
for 24 h followed by treatment with a dosage of AraC or ABT-737 for 24 h and cell viability was determined with
Annexin V staining. With the exception of ABT-737 treatment of OCI-AML2 cells, all co-cultures showed a sig-
nificantly reduced sensitivity (Fig. 1E-J).

Similar effects were found using AML blasts. The mononuclear cell fraction isolated from bone marrow aspi-
rates of AML patients (AML blasts) were cultured on HS-5 cells for 24 h followed by exposure to a 3:1 molar ratio
of AraC and DnR (corresponding to the molar ratio of the two drugs used in the clinic (7 + 3 therapy??) or a dos-
age of ABT-737 for 24 h. Induction of cell death in the AML blasts was determined using the viability dye, ToPro-
3. Similar to the cell lines, AML blasts gained resistance against both AraC 4+ DnR and ABT-737 when cultured
with BMSCs (Fig. 2A-F). Of note, the resistance against DnR + AraC provided by HS-5 BMSCs was also pro-
nounced in the CD34"/CD38~ population shown by their enrichment in the surviving cell fraction (Fig. 2G,H).

AML cells residing in the bone marrow microenvironment have increased Mcl-1 expression.
To determine the contribution of anti-apoptotic Bcl-2 proteins to BMM-driven drug resistance, we deter-
mined the effect of HS-5 BMSCs on the expression of anti-apoptotic Bcl-2 proteins. A panel of AML cell lines
(OCI-AML2, OCI-AML3, HL60, ML-1, Molm-13) were cultured with HS-5 cells for 24 h and changes in the
expression of Bcl-2, Bcl-X; and Mcl-1 were determined with Western blotting. Interestingly, while HS-5 BMSCs
did not induce significant change in the expression of Bcl-2 and Bcl-X;, in 4 out of the 5 cell lines tested, Mcl-1
induction was detected (Fig. 3A).

To gain insight whether the BMM exerts the same effect in vivo, we compared the mRNA expression of Bcl-2,
Bcl-X; and Mcl-1 between bone marrow (BM)-residing and peripheral blood (PB)-circulating AML blasts. To
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Figure 1. Bone marrow mesenchymal cells reduce AML sensitivity to ABT- 737 and cytarabine. (A-D)
Immortalised, healthy-donor derived BMSCs can replicate the protective effect of the patients’ own BMSCs
against BH;-mimetics. Bone marrow-derived mononuclear cells from AML patients were culture alone (A) or
over 3 different bone marrow stromal cell layers; HS-5 cells (B), iMSCs (C) and the patients’ own BMSCs (D)
for 24 h after which the cells were treated with ABT-737 or ABT-199 for another 24 h. Induction of cell death in
the AML population was determined with ToPro-3 staining using flow cytometry. The graphs show % live blasts
from 4 different patients normalised to the untreated control. (E-J) HS-5 BMSCs provide protection against
cytarabine (AraC) and ABT-737 in AML cell lines. OCI-AML2, ML-1 and Molm-13 cells were cultured in direct
contact with HS-5 BMSCs for 24 h followed by treatment with a dosage of AraC (E-G) or ABT-737 (H-]J) for
another 24h and induction of cell death was quantified by flow cytometry using Annexin V. The graphs show
the average percentage of dead cells & stdev from at least three independent repeats.
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Figure 2. Primary AML blasts gain resistance against cytotoxic therapeutics when cultured in contact with
BMSCs. Bone marrow-derived mononuclear cells from AML patients were cultured either alone or with HS-5
BMSC:s for 24 h followed by exposure to a 3:1 molar ratio of AraC and DnR (A-C) or to a dosage of ABT-737
(D-F) for 24 h. Induction of cell death in the AML blasts was determined with ToPro-3 staining using flow
cytometry. The graphs show percentage live blasts normalised to the untreated control. (G and H) HS-5 BMSCs
provide resistance to the LSC-encompassing CD34"/CD38~ population against AraC + DnR. BM-derived
AML blasts from 4 patients were cultured with HS-5 BMSCs and treated with AraC 4+ DnR as in sections
(A-C). The graph shows the percentage of CD34%/CD38~ cells within the surviving cell fraction as a measure of
their relative enrichment.

this end, mRNA expression data from the Gene Expression Omnibus dataset, GDS3057 was extracted®. The
housekeeping genes, GPI (Glucose-6-Phosphate Isomerase), PSMB2 (Proteasome Subunit Beta 2) and EMC (ER
Membrane Protein Complex Subunit) were used for normalisation. Bcl-2 and Bcl-X; expression was comparable
between BM and PB. Mcl-1 expression on the other hand showed the opposite trend, it appeared to be lower in
PB than in BM (Suppl. Fig. 2A), however, it did now each a level of significance.

Because there are no gene expression datasets with matched BM and PB samples (i.e. BM and PB sample were
not from the same patient) and because mRNA expression may not mirror the actual protein expression, we have
tested Mcl-1 protein expression in paired BM and PB samples of 12 AML patient samples. Mcl-1 was expressed in
7 out of the 12 samples, out of which 5 have shown higher expression of Mcl-1 in the BM in comparison to the PB
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Figure 3. Bone marrow stromal cells induce Mcl-1 expression in AML cells. (A) Expression of anti-apoptotic
Bcl-2 family proteins in AML cells cultured on HS-5 BMSCs. OCI-AML2, OCI-AML3, HL60, ML-1, Molm-13
cells were cultured alone or in direct contact with HS-5 cells for 24 h and changes in the expression of Bcl-2, Bcl-
X; and Mcl-1 were determined with Western blotting. Levels of 3-actin were measured as loading control. (B)
Expression of Mcl-1 protein in the bone marrow- and peripheral blood-derived AML blasts. Whole cell lysates
of mononuclear cells isolated from paired bone marrow aspirates and peripheral blood from 12 AML patients
were analysed for the expression of Mcl-1 by Western blotting and quantified with densitometry. The left hand
graph shows the expression values of individual patients and the right hand graph shows the value distribution
as a box-plot. The p-value was determined using a paired t-test. (C) Mcl-1 expression in AML blasts cultured
alone or with BMSCs. Mcl-1 protein expression was detected in bone marrow- and peripheral blood-derived
MNCs from 4 AML patient cultured alone or on iMSC BMSCs for 24 h. Levels of 3-actin were measured as a
loading control.

(Fig. 3B and Suppl. Fig. 2B). Statistical testing showed no significant difference in Mcl-1 expression between BM
and PB with all samples included. After excluding the samples that showed no detectable Mcl-1 expression, a sig-
nificant difference was apparent between Mcl-1 expression in BM versus PB (p=0.033). We then tested whether
AML blasts also show Mcl-1 induction upon contact with BMSCs, similar to AML cell lines. For this, BM-derived
versus PB-derived AML blasts were cultured in contact with BMSCs (iMSC) for 24h and Mcl-1 protein expres-
sion was determined with Western blotting. Contact with iMSCs induced Mcl-1 expression all 4 samples tested
(Fig. 3C, Suppl. Fig. 2C, D). Taken together, these experiments show that in a subset, but not in all patients, the
BMM drives Mcl-1 expression in the residing AML blasts.

To assess the contribution of anti-apoptotic Bcl-2 proteins to BMM-mediated AML drug resistance, we tested
if inhibition of Bcl-2/Bcl-X| can revert BMSC-mediated resistance to chemotherapeutics. To this end, AML cell
lines were cultured with HS-5 BMSCs for 24 h before exposing the cells to AraC for an additional 24 h in the pres-
ence or absence of ABT-737. The doses of ABT-737 for each cell line has been selected based on their sensitivity
profile (Suppl. Fig. 3). All cell lines, except OCI-AML3 (Fig. 4B), showed sensitivity to ABT-737 administered as
a single agent, indicating that AML cells depend on Bcl-2/Bcl-X; expression for survival even in the BM environ-
ment. At the same time, ABT-737 could not revert BMSC-mediated resistance to AraC and DnR, indicating that
Bcl-2 and Bcl-X| are not the sole effectors of BMSC-mediated drug resistance (Fig. 4).

Combined ABT-737 and PHA-767491 treatment targets both the bulk AML blasts and the
CD34%/CD38~ cell population.  Given that expression of Mcl-1 consistently increased in AML cells follow-
ing co-culture with BMSCs as well as reports showing that elevated levels of Mcl-1 are associated with leukemia
relapse?, we tested whether Mcl-1 contributes to reduced ABT-737 sensitivity mediated by HS-5 BMSCs. As the

SCIENTIFIC REPORTS |

(2018) 8:15752 | DOI:10.1038/541598-018-33982-y 5



www.nature.com/scientificreports/

A OCI-AML2 B OCI-AML3
--00- AraC —— AraC+HS5 --3-- AraC —l— AraC+HS5
-=A- AraC+ABT3 —&— AraC+ABT3+HS5 --A- AraC+ABT30 —&— AraC+ABT30+HS5
--O- AraC+ABT10 —@— AraC+ABT10+HS5 --O- AraC+ABT300 —@— AraC+ABT300+HS5
100 100
)
P @ 80 [T ) 80
82 604 60
m 1
22 %0 w
o C
<
< 20 20
0 0 L] L) L) L] L] L
0 2 4 6 8 10
AraC (uM) AraC (uM)
C ML-1 D Molm-13
--3- AraC —— AraC+HS5 --3- AraC —— AraC+HS5
--A- AraC+ABT30 —&— AraC+ABT30+HS5 --A- AraC+ABT30 —&— AraC+ABT30+HS5
100--0-- AraC+ABT300 —@— AraC+ABT300+HS5 --O- AraC+ABT300 —@— AraC+ABT300+HS5
100
)
P 3 80 80
82 60 60
m 1
57 40 40
o C
&<
< 20 20
0
AraC (uM) AraC (uM)

Figure 4. Inhibition of Bcl-2 and Bcl-X; fails to revert BMSC-driven drug resistance. OCI-AML2 (A), OCI-
AML3 (B), ML-1 (C) and Molm-13 (D) cells were cultured on a HS-5 BMSC layer for 24 h before exposing
the cells to a combination of AraC and ABT-737 at the doses indicated (ABT3=3nM, ABT10=10nM,
ABT30=30nM and ABT300=300nM) for an additional 24 h. The graphs show the average percentage of live
cells & stdev quantified with Annexin V staining from three independent experiments.

first approach, we have used the CDC7/CDK? inhibitor PHA-767491 as inhibition of CDK9 represses transcrip-
tion leading to reduced expression of short half-life time proteins, including Mcl-12>%,

The ABT-737-resistant OCI-AMLS3 cells (characterised by high Mcl-1 expression) were cultured alone or on
a HS-5 BMSC-layer for 24 h. The cultures were pre-treated with PHA-767491 for 4 h followed by a dosage of
ABT-737 for an additional 20 h. Repression of Mcl-1 expression was monitored by Western blotting (Fig. 5A)
and induction of cell death was quantified with Annexin V staining. Treatment with 2 uM of PHA-767491 alone
triggered a modest induction of apoptosis, but, it potently sensitised the cells to ABT-737 (Fig. 5B,C). Importantly,
the drug combination retained full efficacy in the presence of HS-5 BMSCs (Fig. 5C). At this concentration, PHA-
767491 downregulated Mcl-1 expression after 3 h of exposure onward (Fig. 5A). Using the Chou-Talalay median
effect equation, the combination index (CI) was calculated (table under the graphs in Fig. 5B,C). At each drug
concentration, the CI index was well below 1.0, indicating a potent synergy between ABT-737 and PHA-767491.

To confirm that the mechanism of PHA-767491-mediated sensitization involved Mcl-1, a small molecule
Mcl-1 inhibitor, A1210477, was employed. A1210477 is a selective, small-molecule inhibitor of Mcl-1 devel-
oped by the Soeurs lab*” shown to have a high selectivity to Mcl-1 over other Bcl-2 family members, multiple
kinases and G-protein coupled receptors. Similarly to treatment with PHA-767491, A1201477 was able to sensi-
tise OCI-AML3 cells to ABT-737 (Fig. 5D).

In order to corroborate the above result, the role of Mcl-1 in BMSC-mediated drug resistance was tested in a
second AML cell line, with lower Mcl-1 expression. As opposed to OCI-AML3 cells, Molm-13 cells have a low
baseline Mcl-1 expression but, they show Mcl-1 induction upon contact with BMSCs (Fig. 3A) and increased
resistance to ABT-737 and AraC (Fig. 1G,]). Molm-13 cells were cultured alone or in contact with HS-5 BMSCs
as before and exposed to ABT-737, with or without a 4 h pre-treatment with A1210477, for 20h and induction of
cell death was determined with Annexin V staining (Fig. 6A). Co-culture with BMSCs induced a moderate, but
consistent protection against both ABT-737 and A1210477. At the same time, A1210477 pre-treatment sensitised
Molm-13 cells to ABT-737 both in single culture and in co-culture with HS-5 cells (Fig. 6A, CI values are under
the graph). Notably, the effect of the Mcl-1 inhibitor was more pronounced under the co-culture conditions,
reflected also by lower CI indices, indicating that Mcl-1 is an effector of BMSC-mediated ABT-737 resistance
(Fig. 6A).
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Figure 5. AML cells supported by BMSCs display high sensitivity to ABT-737 upon repression of Mcl-1
expression. (A) Repression of Mcl-1 expression in response to treatment with the dual CDC7/CDK9 inhibitor
PHA-767491. OCI-AML3 cells were treated with 2uM PHA-767491 and whole cell lysates were harvested over
an 8 h time course and Mcl-1 expression was monitored by Western blotting. Expression of 3-actin was detected
to normalise for protein loading. (B and C) OCI-AMLS3 cells were cultured alone (B) or over a HS-5 feeder
layer (C) and were treated with doses of PHA-767491 for 4 h followed by a dosage of ABT-737 for an additional
20h. Cell death was quantified using Annexin V staining and flow cytometry. The table under the graphs show
the calculated combination index (CI) for the PHA + ABT-treated samples. (D) OCI-AMLS3 cells were treated
with the Mcl-1 inhibitor, A1210477, at the concentrations indicated for 4 h followed by treatment with ABT-
737 for a further 20h. Cell death was quantified using Annexin V and flow cytometry. The graphs show average
percentage live cells + stdev from three independent experiments.
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Figure 6. Mcl-1 is an effector of bone marrow stroma-driven drug resistance. (A) Effect of Mcl-1 inhibition

on BMSC-mediated resistance against ABT-737. Molm-13 cells were cultured alone, or in contact with HS-5
BMSCs for 24 h followed by treatment with ABT-737 (ABT) and the small molecule Mcl-1 inhibitor, A1210477
(MCLy,,) for 24 h. For the combination treatment, Molm-13 cells were pre-treated with MCL,;, for 4 h, followed
by treatment with ABT for 24 h. Cell viability was determined with Annexin V staining. The table under the
graphs shows the CI values of the combination treatment. *indicates significant difference determined with
student t-test (p < 0.05). (B) Bcl-2 and Mcl-1 act in a redundant manner as effectors of BMSC-driven resistance
against cytarabine (AraC). Molm-13 cells cultured as described above were treated with AraC (2.5uM) in the
presence of ABT-737 (ABT, 30nM), A1210477 (MCLy,,, 2.5 uM, 4 h pre-treatment) or both for 24 h and Molm-
13 cell death was quantified with Annexin V staining. The graphs show the average percentage of live cells £
stdev from three independent experiments (stars indicate significant differences with *meaning p < 0.05 and
**meaning p < 0.005, determined with student t-test).

Similar results were found when the effect of Mcl-1 inhibition on BMSC-mediated AraC-resistance was
tested. While ABT-737 could not revert BMSC-mediated AraC resistance, additional inhibition of Mcl-1 fully
restored AraC-sensitivity (Fig. 6B). Of note, inhibition of Mcl-1 in the absence of Bcl-2 inhibition could not
revert AraC-sensitivity either, indicating a redundant function between Bcl-2 and Mcl-1 in BMSC-mediated drug
resistance.

The finding that AML cells have enhanced sensitivity to the combined inhibition of Bcl-2/Bcl-X; and Mcl-1
when they are in contact with BMSCs was further explored using AML blasts (Fig. 7). Samples from 10 patients
were cultured on a HS-5 BMSC monolayer for 24 h, followed by treatment with ABT-737 for 24h (30nM and
300nM) with or without a 4h pre-treatment with PHA-767491 (1-4 uM). Except for one patient (Patient 2),
whose cells displayed a high sensitivity for ABT-737, the combination of ABT-737 and PHA-767491 showed a
synergistic effect (Fig. 7A-D, Suppl. Fig. 4, CI indices in Suppl. Table 2). We also carried out these experiments
using the patients’ own BMSCs and found a similar synergistic effect (Suppl. Fig. 5A, C, E and G), corroborating
the findings. Because the LSC population often has higher drug resistance driving relapse, the sensitivity of the
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Figure 7. Repression of Mcl-1 expression with PHA-767491 or pharmacological inhibition with A1210477
reverts BMSC-driven drug resistance of AML blasts. (A-D) Repression of Mcl-1 with PHA-767491 enhances
sensitivity to ABT-737. AML blasts from 10 patients were cultured on an HS5-BMSC monolayer for 24h and
then treated with ABT-737 with or without a 4h pre-treatment with the CDC7/CDK? inhibitor, PHA-767491
(30nM ABT + 1M PHA (A) 30nM ABT +2pM PHA (B) 300nM ABT +1uM PHA (C) 300nM ABT +2pM
PHA (D)). Induction of cell death was quantified with ToPro-3 viability staining in the bulk AML population.
Graphs (A-D) show the percentage of live blasts as a dot plot with the line indicating the median response.
(E-H) AML blasts from 4 patients were co-cultured with HS-5 BMSCs for 24 h followed by treatment with ABT-
737 (30 and 300 nM) alone or in combination and with the Mcl-1 inhibitor, A1210477 (5uM) for 24 h. Induction
of cell death was measured with ToPro-3 staining for the bulk AML population. The graphs show the percentage
of live blasts normalised to the untreated control.

SCIENTIFICREPORTS|  (2018)8:15752 | DOI:10.1038/s41598-018-33982-y 9



www.nature.com/scientificreports/

CD34"/CD38" LSC-encompassing population was also determined (Suppl.Fig. 4). Looking at the effect of the
two drugs individually, the CD34*/CD38" population showed higher resistance to ABT-737 in 3 out of the 10
samples (Patient 24, 25 and 6) and in 2 samples, they were more resistant to PHA-767491 (Patient 24 and 5).
Importantly, the combination treatments showed that PHA-767491 could sensitise the ABT-737 resistant cells
and the drug combination had a potent cytotoxic effect. The clinical data (Suppl. Table 3) of the tested samples
shows that patients with refractory AML are also sensitive to the combination of ABT-737 and PHA-767491,
highlighting a potential patient cohort that could benefit from this drug combination.

Because PHA-767491 is likely to repress the expression of a number of genes, not only Mcl-1, Mcl-1 was also
inhibited using A1210577 to prove that sensitisation to ABT-737 required Mcl-1 repression. 4 patient samples
were treated as before, only replacing PHA-767491 with A1210577 (5uM, Fig. 7E-H). As a single agent, A1210477
had a much lower cytotoxic effect than PHA-767491 in line with its expected, lower non-specific (Mcl-1 inde-
pendent) effects. A1210477 sensitised 2 out of the 4 samples to ABT-737 (patient 20 and 26), confirming that
repression of Mcl-1 is a key mechanism through which PHA-767491 sensitises AML cells under BMSC support
to ABT-737. The combination of ABT-737 with A1210477 was also tested using matched BMSCs. Inhibition of
Mcl-1 was equally efficient in sensitizing the AML blast cultured with their matched BMSCs, giving an indication
for similar potency in vivo (Suppl. Fig. 5B, D, F and H). To confirm that repression or inhibition of Mcl-1 sensi-
tizes AML blasts under stromal support, a knockdown of Mcl-1 was carried out on primary AML blasts. AML
blasts from 2 patients, whose blasts showed resistance to ABT-737 were transfected with siRNA against Mcl-1
using nucleofection (Suppl. Fig. 6A) and co-cultured with iMSCs for 24 h. Cells were then treated with ABT-737
(30 and 300 nM) for 24 h. While we noticed that the transfection itself stressed the cells and reduced Mcl-1 expres-
sion, knockdown of Mcl-1 enhanced sensitivity to ABT-737 (Suppl. Fig. 6B).

As ABT-737 is only a proof-of-concept drug, we also tested the clinically relevant variant, ABT-199 (Bcl-2
selective inhibitor). In the 4 patient samples tested, pre-treatment with both PHA-767491 or A1210477 enhanced
sensitivity to ABT-199. Of note, the sensitisation appears to be lower than to ABT-737, indication that Bcl-X; may
also contribute to drug resistance (Suppl. Fig. 7).

Since Bcl-2 proteins, including Mcl-1, play fundamental roles in hematopoietic lineage cells, the poten-
tial toxic effect of the combined treatment on normal HSCs was measured. For this purpose, we obtained
CD34" HSCs from patients with a disease not associated with aberrant HSCs (the disease profile of these sam-
ples is listed in Suppl. Table 3, patient 27-30). The samples were analysed in the same co-culture settings as
before. Non-malignant HSC-1 and -3 showed a partial sensitivity to high dose PHA767491 (Fig. 8A,C) and
non-malignant HSC-2 and -4 showed a partial sensitivity to ABT-737 (Fig. 8B,D). However, the drug combi-
nation failed to induce a synergistic effect, except in non-malignant HSC-1. Of note, both HSC-1 and HSC-3
samples were from multiple myeloma patients, and the disease background might have had an impact on the
behaviour of the HSCs. Overall, these results indicate a possible therapeutic window for the targeting of LSCs
with the ABT-737 and PHA-767491 drug combination.

Discussion

Hematopoietic lineage cells are dependent on the expression anti-apoptotic Bcl-2 proteins for survival. Individual
Bcl-2 family members are upregulated at different stages of hematopoietic differentiation as well as by cytokine
signals, which allows the survival of the properly formed or antigen-reactive cells.

Malignantly transformed leukemic cells appear to have a tighter dependency on anti-apoptotic Bcl-2 proteins
than normal leukocytes. The reason for this is that oncogenic stress and other cellular stresses associated with
malignant transformation lead to the induction of pro-apoptotic BH;-only proteins, such as Bim in lymphoma
development, and unless these are neutralised by anti-apoptotic family members the transformed leukemic cells
may not survive®®. In line with this notion, BH;-mimetic drugs, such as the mainstream Bcl-2/Bcl-X/Bcl-W
inhibitors ABT-737 and ABT-263 and their Bcl-2-selective derivative, ABT-199 showed remarkable efficacy in
clinical trials®.

High anti-apoptotic Bcl-2 protein expression does not only promote survival of leukemic cells, but it is also
associated with treatment-resistance. High percentage of Bcl-2 positive AML cells correlate with low complete
remission rates after intensive chemotherapy® and high Bcl-2 expression levels in AML cells were found to drive
resistance against cytarabine’'. Bcl-X| expression has also been associated with chemoresistance, for example
against 5-azacytidine in AML or the topoisomerase inhibitor, etoposide, in B cell leukemia'®*2,

The effect of the bone marrow microenvironment on drug resistance is well established. However, its effect on
the expression of anti-apoptotic Bcl-2 proteins and the impact of BMM-mediated anti-apoptotic Bcl-2 protein
expression on resistance against classical chemotherapeutics or BH;-mimetics is much less understood. Equally,
the effect of the BMM on anti-apoptotic Bcl-2 protein expression in the most resistant LSC population and drug
resistance conveyed by them is also poorly investigated.

Here we show that BMSCs drive resistance against the mainstream chemotherapeutics AraC + DnR with
the CD34"/CD38" cells, representative of an LSC-enriched population, displaying higher resistance than the
AML blasts. We found that inhibition of Bcl-2/Bcl-X; /Bcl-W with ABT-737 could not reverse this resistance. We
also found that the BMM induced Mcl-1 expression both in vitro in AML cell lines and in vivo in a subset of pri-
mary samples, while BMM-mediated Bcl-2 and Bcl-X; induction was less consistent. In line with these findings,
Garrido and colleagues have also reported inconsistent or low level induction of Bcl-2 in primary patient AML
cells in ex vivo BMSC co-cultures®.

Normal HSCs are known to depend on Mcl-1 expression for long-term survival. Furthermore, Mcl-1 gene
deficiency results in loss of mature B and T lymphocytes over time, demonstrating a central role for Mcl-1 in
the long-term maintenance of the mature immune system®. Based on these results, Mcl-1 inhibitors were pre-
dicted to be toxic. However, while ABT-199 potently kills primary AML blasts, a trend of a negative correlation
between Mcl-1 expression and the efficacy of ABT-199 exists!'®. Also, induction of Mcl-1 is frequently observed
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Figure 8. PHA-767491 does not sensitise non-AML HSCs to ABT-737. CD34* non-malignant HSCs were
isolated from four patients with non-AML disorders. These cells were cultured on an HS5-BMSC monolayer
for 24 h and then treated with ABT-737 (30 and 300 nM) with or without a 4 h pre-treatment with the CDC7/
CDKO9 inhibitor, PHA-767491 (1-4 uM). Induction of cell death was quantified with To-Pro-3 staining and flow
cytometry. The graphs show the percentage of live blasts. The effect of PHA-767491 alone is shown by the points
on the Y axis (zero ABT-737 concentration) and the effect of ABT-737 alone is shown by the PHA 0 uM line
(open circles).

in relapsed AML* and Mcl-1 induction is recognised as the main mechanism of resistance against ABT-263 and
ABT-199%6%,

Our finding that the bone marrow stroma drives selective upregulation of Mcl-1 identifies a potential mech-
anism how ABT-263 and ABT-199 resistance may develop in vivo. In line with our findings, the study of Glaser
and colleagues showed higher dependency of AML cells on Mcl-1 over healthy HSCs, giving grounds for a pos-
sible therapeutic window for Mcl-1 targeting®*. Recent studies also support the potential of Mcl-1-targeting to
overcome drug resistance in AML as well as in other leukaemia types®, with selective Mcl-1 inhibitors showing
promise in pre-clinical studies®.

Mcl-1 has a number of distinguishing features that separates it from Bcl-2 and Bcl-X;. It lacks a conserved
BH4 domain and it has a very short half-life time due to a P-E-S-T motif in its N-terminal portion (resulting a
half-life time of only 2-4h in most cells)***!. This, combined with the multiple pathways that control its (1) tran-
scription (such as the transcription factors ATF5, E2F1, STAT3, PU.1 and NF-kB), (2) regulate its translation (3)
as well as protein stability, create a very dynamic control of Mcl-1 protein levels in response to a wide variety of
cellular stresses and signals*"*2.

To date, there was little focus on the role of Mcl-1 in BMM-driven AML drug resistance. Here we found that
Bcl-2 and Mcl-1 are both effectors of bone marrow stroma-mediated drug resistance and they act in a redundant
manner, i.e. the presence of either Bcl-2 or Mcl-1 was sufficient to provide resistance since simultaneous inhibi-
tion of both proteins was required to restore drug-sensitivity.

The CDC7/CDKO inhibitor, PHA-767491 represses Mcl-1 expression*’. CDK9 forms the catalytic core of the
positive transcription elongation factor b (P-TEFb). P-TEFb phosphorylates RNA polymerase II and thus initi-
ates the elongation phase of transcription**. Inhibition of CDK9 thus leads to the depletion of proteins with short
half-life times, such as Mcl-1%. Previous studies have shown that combining CDK9 inhibitors with Bcl-2 inhib-
itors, such as ABT-737 and ABT-199, can overcome drug resistance in a synergistic manner*-*’. We found that
PHA-767491-mediated downregulation of Mcl-1 was very potent in sensitising both AML cell lines and primary
AML blasts to ABT-737 and to the recently FDA-approved ABT-199. It has to be noted, that ABT-199 appeared to
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be inferior in inducing AML cell death compared to ABT-737 in our studies, indicating a possible role of Bcl-X;
as well.

As shown by Jilg and colleagues, the CD34" population showed sensitivity to ABT-7374%. Our studies con-
firm these findings, but also show that in some patients the CD34/CD38" population is resistant to ABT-737.
Importantly, PHA-767491 restored the sensitivity of resistant CD34%/CD38 cells to ABT-737. These results
highlight the role of Mcl-1 in addition to Bcl-2 as a key effector of BMM-mediated pro-survival signalling and
consequent drug resistance. At the same time, non-malignant CD34" HSCs were not sensitised to ABT-737 by
PHA-767491, indicating that Mcl-1 has a differential role in CD34" cells of AML versus non-malignant HSCs
thus offering a therapeutic window to target LSCs. Chemoresistant AML may be a potential patient cohort who
could benefit from treatment with ABT-737 and PHA-767491 or other CDK9 inhibitors, as samples from refrac-
tory AML patients showed equally high sensitivity to the ABT-737 + PHA-767491 treatment. In this regard, a
recent report highlighted that feedback activation of STAT?3, a key transcriptional regulator of Mcl-1 was induced
by the BMM and drove chemotherapy-resistance®.

Mcl-1 has been shown to play a central role in emergency hematopoiesis, i.e. the regeneration of hematopoi-
etic lineage cells after stress. It is likely that chemotherapy triggers the same effect®. This emphasizes the need to
consider pharmaceutical inhibition of Mcl-1 to target LSCs and reduce the occurrence of relapse. However, the
potential toxic effect of Mcl-1 inhibitors cannot be neglected.

Therapies that target pathways that upregulate Mcl-1 expression in neoplastic cells as opposed to direct inhi-
bition of Mcl-1 may be less toxic. In this regard, CDK9 has been shown to be aberrantly activated by oncogenic
fusion proteins (such as MLL-fusion proteins) driving lymphoid and myeloid leukemia®'-**. NF-kB (p65) also
requires P-TEFb for transcription elongation®. As NF-kB signalling is often elevated in AML and it can drive
Mcl-1 expression, this represents another mechanism how inhibition of CDK9 can repress abnormal Mcl-1
expression®*. Finally the Gandhi laboratory reported, although in CLL not AML, that stroma-driven resistance
to apoptosis of CLL cells was associated with a cascade of transcriptional events that included increased phos-
phorylation of RNA Pol II on serine residues at positions 2 and 5 (the phosphorylation site of CDK9), leading
to increased rate of global RNA synthesis, and amplification of Mcl-1 transcript levels®. These reports provide a
strong rationale for targeting Mcl-1 gene expression as opposed to direct inhibition of the Mcl-1 protein (like a
BH;-mimetic)

In conclusion, the results presented here indicate that Bcl-2/Bcl-X; and Mcl-1 act in a redundant fashion as
effectors of BMM-mediated AML drug resistance and indicate that for BH3-mimetic-based treatment of AML
the focus must be broadened from sole targeting of Bcl-2 to the additional inhibition or repression of Mcl-1.

Materials and Methods

Reagents. All reagents were purchased from Sigma, unless stated otherwise. ABT-737 and A1210477
from Selleck Chemicals, ABT-199 from Active Biochem and PHA-767491 (provided by Corrado Santocanale,
NUI Galway) were dissolved in dimethyl sulfoxide (DMSO). AraC and DnR (Sigma) were dissolved in water.
Carboxyfluorescein succinimidyl ester (CFSE) (Biolegend) was dissolved in DMSO. Annexin V was purchased
from Immunotools. ToPro-3 was purchased from Molecular Probes.

Cell culture. OCI-AML2, OCI-AML3, HL-60, ML-1and Molm-13 cell lines were cultured in RPMI-1640 medium
(Gibco) containing 10% heat-inactivated HyClone fetal bovine serum (HI-FBS, ThermoFisher), penicillin (100 U/
ml), streptomycin (100 pg /ml) and 2 mg/ml L-glutamine. HS-5 cells were cultured in DMEM supplemented with
10% HI-FBS, penicillin (100 U/ml), streptomycin (100 pg/ml). iMSCs (WTERT immortalized primary BMSCs
from a healthy donor) and primary BMSCs were cultured in alpha-MEM (Sigma) containing 10% HI-FBS, pen-
icillin (100 U/ml) and streptomycin (100 pg /ml). To enable identification of BMSCs in analyses, HS-5 cells were
transfected with GFP, while iMSCs and primary BMSCs were stained with the green fluorescent cell-tracker CFSE
by incubating the 1 x 10° cells/ml with 5 M CFSE for 30 minutes prior to seeding.

Primary AML samples were generated from bone marrow aspirates by isolating the mononuclear cell (MNC)
fraction with Ficoll gradient-centrifugation as described before®*. MNCs were stored in liquid nitrogen until use.
Upon revival of the cells, viability was determined with trypan blue staining. Only samples with viability above 60%
were used. Primary AML blasts were grown in «MEM (Sigma) containing 10% HI-FBS, penicillin (100 U/ml),
streptomycin (100 pg /ml), L-glutamine (2 mg/ml) and sodium pyruvate (1 mM).

Ethics Statement. Ethical approval was obtained from the Research Ethics Committee of University College
Hospital, Galway and NUI Galway. The ethical approval confirmed that all methods were carried out according
to the regulation of NUTI Galway and all applied protocols have been approved by the research ethics committees.
Informed consent was obtained from all participants.

Immunophenotyping and viability assay. MNCs were incubated with fluorochrome-conjugated
anti-CD34 ((phycoerythrin, PE) and anti-CD38 (allophycocyanine (APC)-H?7) antibodies (BD Bioscience, San
Diego, USA) in PBS/1% BSA (Sigma) for 30 minutes on ice in the dark. After washing off unbound antibodies,
cells were stained with ToPro-3 (Molecular Probes) according to the manufacturers’ protocol. The samples were
analysed using BD FACS Canto II flow cytometer (BD Bioscience, San Diego, USA) by collecting 100,000 events
AML blast gate. HS-5 cells were excluded by gating out GFP*/FSChieh events. The detailed gating strategy is shown
in Suppl. Fig. 8.

In the AML cell lines cell death was quantified with Annexin V-FITC or propidium iodide (PI) staining. Cells
were collected and stained with Annexin V-FITC in Annexin V buffer (10 mM HEPES/NaOH, pH 7.5, 140 mM
NaCl, 2.5mM CaCl,) or propidium iodide (1 pg/ml) for 15min on ice in the dark. Samples were analyzed on a
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FACS Canto II flow cytometer. Statistical analysis was performed using FCSExpress (DeNovo Software inc, USA)
and GraphPad Prism (GraphPad Software inc., La Jolla, USA) software packages.

Western blotting.  Cells were lysed in whole cell lysis buffer (1% Igepal-630, 20 mM HEPES pH 7.5, 350 mM
NaCl, 1 mM MgCl,, 0.5 mM EDTA, 0.1 mM EGTA, 0.5mM DTT, and protease inhibitor cocktail). Proteins
(30 ug) were electrophoresed and transferred onto nitrocellulose membrane (Protran). After blocking the blots
were incubated with rabbit polyclonal antibodies against Mcl-1 Cell Signaling Technologies (CST), actin (Sigma)
and mouse monoclonal antibodies against Bcl-X; (Santa Cruz) and Bcl-2 (Santa Cruz). For detection, horseradish
peroxidase-conjugated goat secondary antibodies were used. Protein bands were visualized with SuperSignal®
West Pico Chemiluminescent Substrate (Pierce) or Immobilon western HRP substrate (Millipore) on X-ray film
(Agfa). Quantification of the Western blots by densitometry was conducted using Image Studio Lite (Li-Cor).
Statistical analysis was performed on normalised band intensities using paired student t-test.

Gene expression analysis.  Gene expression profiles were investigated in an open-access dataset of 64 sam-
ples (Gene Expression Omnibus: GDS3057)*". GDS3057 contained 26 AML samples (7 bone marrow (BM) and
19 peripheral blood (PB)) and 38 healthy donors (18 BM and 20 PB). The BM and PB samples were not matched
(not from the same patients). Shapiro test was used to see normality of data groups. Two-tailed t-test was used to
estimate significance of difference of mean gene expressions using the R statistical environment.

siRNA transfection. Primary AML mononuclear cells (1 x 10°) were pelleted and resuspended in 100 pl of
Nucleofector solution T (Amaxa, Lonza) containing 50 nM siRNA against Mcl-1 (5-GUGUUAAGAGAAGCA
CUAA-3') or GFP (as a non-specific, control siRNA, 5'-GGCUACGUCCAGGAGCGCAC C-3/, Ambion). Cells
were transfected by nucleofection using the U-15 program, as per manufacturer’s protocol (Amaxa)?®.

Statistical Analysis. Drug combination index (CI) was calculated using the Chou-Talalay median effect
equation using the CompuSyn software package. CI values below 1 (CI < 1) indicated potent synergy. Statistical
analyses applied for specific methods are detailed under each corresponding method subheading.

Data Availability
All data generated or analysed during this study is included in this published article (and its Supplementary In-
formation files).

References

1. Sarkozy, C. et al. Outcome of older patients with acute myeloid leukemia in first relapse. American journal of hematology 88,
758-764, https://doi.org/10.1002/ajh.23498 (2013).

2. Burnett, A., Wetzler, M. & Lowenberg, B. Therapeutic advances in acute myeloid leukemia. J Clin Oncol 29, 487-494, https://doi.
org/10.1200/JC0O.2010.30.1820 (2011).

3. Ruter, B., Wijermans, P. W. & Lubbert, M. DNA methylation as a therapeutic target in hematologic disorders: recent results in older
patients with myelodysplasia and acute myeloid leukemia. Int ] Hematol 80, 128-135 (2004).

4. Schoofs, T. & Muller-Tidow, C. DNA methylation as a pathogenic event and as a therapeutic target in AML. Cancer Treat Rev
37(Suppl 1), S13-18, https://doi.org/10.1016/j.ctrv.2011.04.013 (2011).

5. Zeng, Z. et al. Inhibition of CXCR4 with the novel RCP168 peptide overcomes stroma-mediated chemoresistance in chronic and
acute leukemias. Mol Cancer Ther 5, 3113-3121, https://doi.org/10.1158/1535-7163.MCT-06-0228 (2006).

6. Rombouts, E. ], Pavic, B., Lowenberg, B. & Ploemacher, R. E. Relation between CXCR-4 expression, Flt3 mutations, and unfavorable
prognosis of adult acute myeloid leukemia. Blood 104, 550-557, https://doi.org/10.1182/blood-2004-02-0566 (2004).

7. Veiga, J. P, Costa, L. E, Sallan, S. E., Nadler, L. M. & Cardoso, A. A. Leukemia-stimulated bone marrow endothelium promotes
leukemia cell survival. Exp Hematol 34, 610-621, https://doi.org/10.1016/j.exphem.2006.01.013 (2006).

8. Konopleva, M. et al. Stromal cells prevent apoptosis of AML cells by up-regulation of anti-apoptotic proteins. Leukemia 16,
1713-1724, https://doi.org/10.1038/sj.leu.2402608 (2002).

9. Opferman, J. T. Life and death during hematopoietic differentiation. Curr Opin Immunol 19, 497-502, https://doi.org/10.1016/].
€01.2007.06.002 (2007).

10. Rhodes, M. M., Kopsombut, P., Bondurant, M. C,, Price, J. O. & Koury, M. J. Bcl-x(L) prevents apoptosis of late-stage erythroblasts
but does not mediate the antiapoptotic effect of erythropoietin. Blood 106, 1857-1863, https://doi.org/10.1182/blood-2004-11-4344
(2005).

11. Aerbajinai, W., Giattina, M., Lee, Y. T., Raffeld, M. & Miller, J. L. The proapoptotic factor Nix is coexpressed with Bcl-xL during
terminal erythroid differentiation. Blood 102, 712-717, https://doi.org/10.1182/blood-2002-11-3324 (2003).

12. Kodama, T. et al. Mcl-1 and Bcl-xL regulate Bak/Bax-dependent apoptosis of the megakaryocytic lineage at multistages. Cell Death
and Differentiation 19, 1856-1869, https://doi.org/10.1038/cdd.2012.88 (2012).

13. Zhang, H. et al. Bcl-2 family proteins are essential for platelet survival. Cell Death Differ 14, 943-951, http://www.nature.com/cdd/
journal/v14/n5/suppinfo/4402081s1.html, (2007).

14. Moulding, D. A., Akgul, C., Derouet, M., White, M. R. & Edwards, S. W. BCL-2 family expression in human neutrophils during
delayed and accelerated apoptosis. ] Leukoc Biol 70, 783-792 (2001).

15. Pan, R. et al. Selective BCL-2 inhibition by ABT-199 causes on-target cell death in acute myeloid leukemia. Cancer Discov 4,
362-375, https://doi.org/10.1158/2159-8290.CD-13-0609 (2014).

16. Bogenberger, J. M. et al. BCL-2 family proteins as 5-Azacytidine-sensitizing targets and determinants of response in myeloid
malignancies. Leukemia 28, 1657-1665, https://doi.org/10.1038/leu.2014.44 (2014).

17. Kohl, T. M. et al. BH3 mimetic ABT-737 neutralizes resistance to FLT3 inhibitor treatment mediated by FLT3-independent
expression of BCL2 in primary AML blasts. Leukemia 21, 1763-1772, https://doi.org/10.1038/sj.leu.2404776 (2007).

18. Oakes, S. R. et al. Sensitization of BCL-2-expressing breast tumors to chemotherapy by the BH3 mimetic ABT-737. Proc Natl Acad
Sci USA 109, 2766-2771, https://doi.org/10.1073/pnas.1104778108 (2012).

19. Gerber, J. M. et al. A clinically relevant population of leukemic CD34(+4)CD38(—) cells in acute myeloid leukemia. Blood 119,
3571-3577, https://doi.org/10.1182/blood-2011-06-364182 (2012).

20. Kim, J. A. et al. Microenvironmental remodeling as a parameter and prognostic factor of heterogeneous leukemogenesis in acute
myelogenous leukemia. Cancer Res. 75, 2222-2231, https://doi.org/10.1158/0008-5472.can-14-3379 (2015).

21. Torok-Storb, B. et al. Dissecting the marrow microenvironment. Ann N Y Acad Sci 872, 164-170 (1999).

22. Rai, K. R. et al. Treatment of acute myelocytic leukemia: a study by cancer and leukemia group B. Blood 58, 1203-1212 (1981).

SCIENTIFICREPORTS|  (2018) 8:15752 | DOI:10.1038/541598-018-33982-y 13


http://dx.doi.org/10.1002/ajh.23498
http://dx.doi.org/10.1200/JCO.2010.30.1820
http://dx.doi.org/10.1200/JCO.2010.30.1820
http://dx.doi.org/10.1016/j.ctrv.2011.04.013
http://dx.doi.org/10.1158/1535-7163.MCT-06-0228
http://dx.doi.org/10.1182/blood-2004-02-0566
http://dx.doi.org/10.1016/j.exphem.2006.01.013
http://dx.doi.org/10.1038/sj.leu.2402608
http://dx.doi.org/10.1016/j.coi.2007.06.002
http://dx.doi.org/10.1016/j.coi.2007.06.002
http://dx.doi.org/10.1182/blood-2004-11-4344
http://dx.doi.org/10.1182/blood-2002-11-3324
http://dx.doi.org/10.1038/cdd.2012.88
http://www.nature.com/cdd/journal/v14/n5/suppinfo/4402081s1.html
http://www.nature.com/cdd/journal/v14/n5/suppinfo/4402081s1.html
http://dx.doi.org/10.1158/2159-8290.CD-13-0609
http://dx.doi.org/10.1038/leu.2014.44
http://dx.doi.org/10.1038/sj.leu.2404776
http://dx.doi.org/10.1073/pnas.1104778108
http://dx.doi.org/10.1182/blood-2011-06-364182
http://dx.doi.org/10.1158/0008-5472.can-14-3379

www.nature.com/scientificreports/

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Su, A. L. et al. A gene atlas of the mouse and human protein-encoding transcriptomes. Proc Natl Acad Sci USA 101, 6062-6067,
https://doi.org/10.1073/pnas.0400782101 (2004).

Glaser, S. P. et al. Anti-apoptotic Mcl-1 is essential for the development and sustained growth of acute myeloid leukemia. Genes Dev
26, 120-125, https://doi.org/10.1101/gad.182980.111 (2012).

Natoni, A. et al. Mechanisms of action of a dual Cdc7/Cdk9 kinase inhibitor against quiescent and proliferating CLL cells. Mol
Cancer Ther 10, 1624-1634, https://doi.org/10.1158/1535-7163.MCT-10-1119 (2011).

Yecies, D., Carlson, N. E., Deng, J. & Letai, A. Acquired resistance to ABT-737 in lymphoma cells that up-regulate MCL-1 and BFL-
1. Blood 115, 3304-3313, https://doi.org/10.1182/blood-2009-07-233304 (2010).

Bruncko, M. et al. Structure-guided design of a series of MCL-1 inhibitors with high affinity and selectivity. J. Med. Chem. 58,
2180-2194, https://doi.org/10.1021/jm501258m (2015).

Grabow, S., Delbridge, A. R., Aubrey, B. J., Vandenberg, C. J. & Strasser, A. Loss of a Single Mcl-1 Allele Inhibits MYC-Driven
Lymphomagenesis by Sensitizing Pro-B Cells to Apoptosis. Cell Rep 14, 2337-2347, https://doi.org/10.1016/j.celrep.2016.02.039
(2016).

Konopleva, M. et al. A Phase 2 Study of ABT-199 (GDC-0199) in Patients with Acute Myelogenous Leukemia (AML). Blood 124,
118-118 (2014).

Campos, L., Sabido, O., Rouault, J. P. & Guyotat, D. Effects of BCL-2 antisense oligodeoxynucleotides on in vitro proliferation and
survival of normal marrow progenitors and leukemic cells. Blood 84, 595-600 (1994).

Ishizawa, J. et al. Mitochondrial Profiling of Acute Myeloid Leukemia in the Assessment of Response to Apoptosis Modulating
Drugs. PLoS One 10, 0138377, https://doi.org/10.1371/journal.pone.0138377 (2015).

Fennell, D. A., Corbo, M. V., Dean, N. M., Monia, B. P. & Cotter, E. E. In vivo suppression of Bcl-XL expression facilitates
chemotherapy-induced leukaemia cell death in a SCID/NOD-Hu model. Br ] Haematol 112, 706-713 (2001).

Garrido, S. M., Appelbaum, E R., Willman, C. L. & Banker, D. E. Acute myeloid leukemia cells are protected from spontaneous and
drug-induced apoptosis by direct contact with a human bone marrow stromal cell line (HS-5). Exp Hematol 29, 448-457 (2001).
Opferman, J. T. et al. Obligate role of anti-apoptotic MCL-1 in the survival of hematopoietic stem cells. Science 307, 1101-1104,
https://doi.org/10.1126/science.1106114 (2005).

Kaufmann, S. H. et al. Elevated expression of the apoptotic regulator Mcl-1 at the time of leukemic relapse. Blood 91, 991-1000
(1998).

Choudhary, G. S. et al. MCL-1 and BCL-xL-dependent resistance to the BCL-2 inhibitor ABT-199 can be overcome by preventing
PI3K/AKT/mTOR activation in lymphoid malignancies. Cell Death Dis 6, 1593, https://doi.org/10.1038/cddis.2014.525 (2015).
Al-Harbi, S. et al. An antiapoptotic BCL-2 family expression index predicts the response of chronic lymphocytic leukemia to ABT-
737. Blood 118, 3579-3590, https://doi.org/10.1182/blood-2011-03-340364 (2011).

Kasper, S. et al. Targeting MCL-1 sensitizes FLT3-ITD-positive leukemias to cytotoxic therapies. Blood Cancer ] 2, 60, https://doi.
0rg/10.1038/bc;j.2012.5 (2012).

Doi, K. et al. Maritoclax induces apoptosis in acute myeloid leukemia cells with elevated Mcl-1 expression. Cancer Biol Ther 15
(2014).

Akgul, C., Moulding, D. A., White, M. R. & Edwards, S. W. In vivo localisation and stability of human Mcl-1 using green fluorescent
protein (GFP) fusion proteins. FEBS Lett 478, 72-76 (2000).

Quinn, B. A. et al. Targeting Mcl-1 for the therapy of cancer. Expert Opin Investig Drugs 20, 1397-1411, https://doi.org/10.1517/135
43784.2011.609167 (2011).

Warr, M. R. & Shore, G. C. Unique biology of Mcl-1: therapeutic opportunities in cancer. Curr Mol Med 8, 138-147 (2008).
Montagnoli, A. et al. A Cdc7 kinase inhibitor restricts initiation of DNA replication and has antitumor activity. Nat Chem Biol 4,
357-365, https://doi.org/10.1038/nchembio.90 (2008).

Price, D. H. P-TEFDb, a cyclin-dependent kinase controlling elongation by RNA polymerase II. Mol Cell Biol 20, 2629-2634 (2000).
Xie, S. et al. Antitumor action of CDK inhibitor LS-007 as a single agent and in combination with ABT-199 against human acute
leukemia cells. Acta Pharmacol. Sin. 37, 1481, https://doi.org/10.1038/aps.2016.49 (2016).

Bogenberger, J. et al. Combined venetoclax and alvocidib in acute myeloid leukemia. Oncotarget 8, 107206107222, https://doi.
org/10.18632/oncotarget.22284 (2017).

Polier, G. et al. Targeting CDK9 by wogonin and related natural flavones potentiates the anti-cancer efficacy of the Bcl-2 family
inhibitor ABT-263. Int. J. Cancer 136, 688-698, https://doi.org/10.1002/ijc.29009 (2014).

Jilg, S. et al. Blockade of BCL-2 proteins efficiently induces apoptosis in progenitor cells of high-risk myelodysplastic syndromes
patients. Leukemia 30, 112-123, https://doi.org/10.1038/leu.2015.179 (2016).

Lee, H.-]. et al. Drug Resistance via Feedback Activation of Stat3 in Oncogene-Addicted Cancer Cells. Cancer Cell 26, 207-221,
https://doi.org/10.1016/j.ccr.2014.05.019 (2014).

Delbridge, A. R., Opferman, J. T., Grabow, S. & Strasser, A. Antagonism between MCL-1 and PUMA governs stem/progenitor cell
survival during hematopoietic recovery from stress. Blood 125, 3273-3280, https://doi.org/10.1182/blood-2015-01-621250 (2015).
Sobhian, B. et al. HIV-1 Tat assembles a multifunctional transcription elongation complex and stably associates with the 7SK snRNP.
Mol Cell 38, 439-451, https://doi.org/10.1016/j.molcel.2010.04.012 (2010).

Lin, C. et al. AFF4, a component of the ELL/P-TEFb elongation complex and a shared subunit of MLL chimeras, can link
transcription elongation to leukemia. Mol Cell 37, 429-437, https://doi.org/10.1016/j.molcel.2010.01.026 (2010).

Mueller, D. et al. A role for the MLL fusion partner ENL in transcriptional elongation and chromatin modification. Blood 110,
4445-4454, https://doi.org/10.1182/blood-2007-05-090514 (2007).

Barboric, M., Nissen, R. M., Kanazawa, S., Jabrane-Ferrat, N. & Peterlin, B. M. NF-kappaB binds P-TEFb to stimulate transcriptional
elongation by RNA polymerase II. Mol Cell 8, 327-337 (2001).

Balakrishnan, K. et al. Regulation of Mcl-1 expression in context to bone marrow stromal microenvironment in chronic lymphocytic
leukemia. Neoplasia 16, 10361046, https://doi.org/10.1016/j.ne0.2014.10.002 (2014).

Baev, D. V,, Krawczyk, J., O’ Dwyer, M. & Szegezdi, E. The BH3-mimetic ABT-737 effectively Kills acute myeloid leukemia initiating
cells. Leukemia Research Reports 3, 79-82, https://doi.org/10.1016/j.1rr.2014.06.001 (2014).

Stirewalt, D. L. et al. Identification of genes with abnormal expression changes in acute myeloid leukemia. Genes, Chromosomes and
Cancer 47, 8-20, https://doi.org/10.1002/gcc.20500 (2008).

van Dijk, M., Halpin-McCormick, A., Sessler, T., Samali, A. & Szegezdi, E. Resistance to TRAIL in non-transformed cells is due to
multiple redundant pathways. Cell Death ¢ Amp; Disease 4, €702, https://doi.org/10.1038/cddis.2013.214 https://www.nature.com/
articles/cddis2013214#supplementary-information, (2013).

Acknowledgements

The project was supported by funding to ES and MOD jointly by Science Foundation Ireland (SFI) and the Irish
Cancer Society (BCNI,14/ICS/B3042), SFI to ES (12/TIDA/B2388), Irish Research Council (EPSPG/2015/91) to
EOR, the College of Science Scholarship, NUI Galway and Thomas Crawford Hayes Research Award to SPSD.

SCIENTIFICREPORTS|  (2018)8:15752 | DOI:10.1038/541598-018-33982-y 14


http://dx.doi.org/10.1073/pnas.0400782101
http://dx.doi.org/10.1101/gad.182980.111
http://dx.doi.org/10.1158/1535-7163.MCT-10-1119
http://dx.doi.org/10.1182/blood-2009-07-233304
http://dx.doi.org/10.1021/jm501258m
http://dx.doi.org/10.1016/j.celrep.2016.02.039
http://dx.doi.org/10.1371/journal.pone.0138377
http://dx.doi.org/10.1126/science.1106114
http://dx.doi.org/10.1038/cddis.2014.525
http://dx.doi.org/10.1182/blood-2011-03-340364
http://dx.doi.org/10.1038/bcj.2012.5
http://dx.doi.org/10.1038/bcj.2012.5
http://dx.doi.org/10.1517/13543784.2011.609167
http://dx.doi.org/10.1517/13543784.2011.609167
http://dx.doi.org/10.1038/nchembio.90
http://dx.doi.org/10.1038/aps.2016.49
http://dx.doi.org/10.18632/oncotarget.22284
http://dx.doi.org/10.18632/oncotarget.22284
http://dx.doi.org/10.1002/ijc.29009
http://dx.doi.org/10.1038/leu.2015.179
http://dx.doi.org/10.1016/j.ccr.2014.05.019
http://dx.doi.org/10.1182/blood-2015-01-621250
http://dx.doi.org/10.1016/j.molcel.2010.04.012
http://dx.doi.org/10.1016/j.molcel.2010.01.026
http://dx.doi.org/10.1182/blood-2007-05-090514
http://dx.doi.org/10.1016/j.neo.2014.10.002
http://dx.doi.org/10.1016/j.lrr.2014.06.001
http://dx.doi.org/10.1002/gcc.20500
http://dx.doi.org/10.1038/cddis.2013.214
https://www.nature.com/articles/cddis2013214#supplementary-information
https://www.nature.com/articles/cddis2013214#supplementary-information

www.nature.com/scientificreports/

Author Contributions

E.S.,,M.O.D,, CS. and A.S. designed the study. E.S., E.O.R. and S.P.S.D. wrote the manuscript. E.S., D.B., AM.C.,
R.M., E.O.R. and S.P.S.D. performed the wet-laboratory experiments, C.O. has performed the bioinformatical
analysis. E.S., E.O.R,, S.P.S.D., D.B., C.O. carried out the statistical analyses. E.O.R., D.B,, S.P.S.D., C.0., AM.C.,
RM.,, CS., AS., J.Q, M.O.D. and E.S. contributed to data interpretation, edited and approved the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-33982-y.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFIC REPORTS |

(2018) 8:15752 | DOI:10.1038/541598-018-33982-y 15


http://dx.doi.org/10.1038/s41598-018-33982-y
http://creativecommons.org/licenses/by/4.0/

	Repression of Mcl-1 expression by the CDC7/CDK9 inhibitor PHA-767491 overcomes bone marrow stroma-mediated drug resistance  ...
	Results

	Bone marrow mesenchymal stromal cells protect AML cells from therapeutic drugs. 
	AML cells residing in the bone marrow microenvironment have increased Mcl-1 expression. 
	Combined ABT-737 and PHA-767491 treatment targets both the bulk AML blasts and the CD34+/CD38− cell population. 

	Discussion

	Materials and Methods

	Reagents. 
	Cell culture. 
	Ethics Statement. 
	Immunophenotyping and viability assay. 
	Western blotting. 
	Gene expression analysis. 
	siRNA transfection. 
	Statistical Analysis. 

	Acknowledgements

	Figure 1 Bone marrow mesenchymal cells reduce AML sensitivity to ABT- 737 and cytarabine.
	Figure 2 Primary AML blasts gain resistance against cytotoxic therapeutics when cultured in contact with BMSCs.
	Figure 3 Bone marrow stromal cells induce Mcl-1 expression in AML cells.
	Figure 4 Inhibition of Bcl-2 and Bcl-XL fails to revert BMSC-driven drug resistance.
	Figure 5 AML cells supported by BMSCs display high sensitivity to ABT-737 upon repression of Mcl-1 expression.
	Figure 6 Mcl-1 is an effector of bone marrow stroma-driven drug resistance.
	Figure 7 Repression of Mcl-1 expression with PHA-767491 or pharmacological inhibition with A1210477 reverts BMSC-driven drug resistance of AML blasts.
	Figure 8 PHA-767491 does not sensitise non-AML HSCs to ABT-737.




