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Abstract

Acute lymphaoblastic leukemia (ALL) has many features in common with normal B-cell
progenitors, including their ability to respond to diverse signals from the bone marrow
microenvironment (BMM) resulting in regulation of cell cycle progression and survival. Bone
marrow derived cues influence many elements of both steady state hematopoiesis and
hematopoietic tumor cell phenotypes through modulation of gene expression. MicroRNAs
(miRNAS) are one regulatory class of small non-coding RNAs that have been shown to be
increasingly important in diverse settings of malignancy. In the current study, miRNA profiles
were globally altered in ALL cells following exposure to primary human bone marrow niche cells
including bone marrow stromal cells (BMSC) and primary human osteoblasts (HOB). Specifically,
mature miR-221 and miR-222 transcripts were decreased in ALL cells co-cultured with BMSC or
HOB, coincident with increased p27 (CDKN1B), a previously validated target. Increased p27
protein in ALL cells exposed to BMSC or HOB is consistent with accumulation of tumor cells in
the GO-phase of the cell cycle and resistance to chemotherapy induced death. Overexpression of
miR-221 in ALL cells during BMSC or HOB co-culture prompted cell cycle progression and
sensitization of ALL cells to cytotoxic agents, blunting the protective influence of the BMM.
These novel observations indicate that BMM regulation of miR-221/222 contributes to marrow
niche supported tumor cell quiescence and survival of residual cells.

Implications—Niche influenced miR-221/222 may define a novel therapeutic target in ALL to
be combined with existing cytotoxic agents to more effectively eradicate refractory disease that
contributes to relapse.
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Introduction

Acute lymphoblastic leukemia (ALL) is a disease that initiates, progresses and frequently
relapses in the bone marrow. Within the marrow space tumor cells occupy the same niche
that supports healthy hematopoiesis and have the capacity to respond to cues in that niche
which regulate diverse processes including hematopoietic cell quiescence (1,2). As such, it is
not surprising that the bone marrow is the site of initiation, progression, and often relapse of
aggressive hematopoietic malignancies (3). Bone marrow derived signals influence many
elements of both steady state hematopoietic cell development and tumor cell biology
through modulation of gene expression. Cues from human bone marrow stromal cells
(BMSC) and osteablasts (HOB), elements of the bone marrow niche that influence leukemic
cell biology, have been shown to influence crucial signaling associated with resistant ALL
survival and progression (4,5). We have previously reported microenvironment influence on
survival pathways (6-9) and the maintenance of a “tumor stem cell” phenotype (10) driven
by alteration of tumor cell gene expression profiles and regulation of protein expression or
activity. In the current study we investigated tumor cell microRNA (miRNA) regulation
influenced by stromal cells or osteoblasts as a novel mechanism by which the bone marrow
niche may influence leukemic cells.

MiRNAs define one non-coding RNA regulatory class that has been shown to be
increasingly important in hematopoietic cell biology (11). MiRNAs are small single-
stranded non-coding RNA molecules around 22-nucleotides (nt) long that regulate target
genes post-transcriptionally. Binding of miRNAs to complementary sequences in the 3”-
UTR of target MRNA prevents their translation through either translation termination,
MRNA cleavage, or mRNA destabilization. This regulation is mediated through the RNA
induced silencing complex (RISC). MiRNAs are essential in normal cell development and
maintenance, and their dysfunction has been shown to induce tumorigenesis in a variety of
settings (12).

Regulation of miRNAs can occur transcriptionally, as well as during their processing and
maturation (MiRNA biogenesis) into active mature miRNAs. The canonical miRNA
biogenesis is based on a stepwise processing machinery. MiRNAs are transcribed by RNA
polymerase 11 to produce a 5'-cap and 3" polyadenylated primary miRNA (pri-miRNA)
with one or more imperfect loop structures that are recognized by DGCR8 and cleaved by
the enzyme Drosha in the nucleus. Cleavage of the pri-miRNA stem loop structure generates
a precursor miRNA (pre-miRNA) that is recognized and transported to the cytoplasm by the
Exportin-5 protein. The pre-miRNA is cleaved by the enzyme Dicer (mature miRNA), and
loaded into the RNA-induced silencing complex (RISC) containing Argonaute (13,14).
Deficiencies in miRNA biogenesis have been shown to contribute to promotion and
progression of disease (15) and patient outcome (16) in various malignancies.

Our lab has previously shown ALL cells associated with the bone marrow microenvironment
(BMM) have altered cell cycle kinetics coincident with protection from several conventional
chemotherapeutic agents (17). Two miRNAs described to regulate leukemic cell
proliferation are miR-221 and miR-222 (18). They are clustered miRNAs that are located on
the small arm of the X chromosome where they are transcribed on a single pri-miRNA by
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RNA polymerase Il and regulate a nearly identical set of genes due to conservation of their
seed sequence. A well validated miR-221/222 target gene in numerous cancers (18-20),
including ALL (21), is the cell cycle inhibitor cyclin-dependent kinase inhibitor 1B
(CDKNL1B; p27). The expression of p27 has been shown to blunt cell cycle progression at
the Gg/G1 transition with levels of p27 being higher in quiescent cells compared to those that
are actively cycling (22). Manipulation of either miR-221 or miR-222 has the potential to
result in cell cycle progression of previously quiescent cells, increasing the efficacy of S
phase specific chemotherapeutic agents in inducing apoptosis.

The current study demonstrates that exposure of tumor cells to signals from either human
primary BMSC or HOB reduce ALL levels of mature miR-221/222 without overt changes in
miRNA stability. Notable changes in the expression of miRNA biogenesis proteins, which
may contribute to a blunting in mature miR-221/222, were observed in ALL cells following
co-culture with either BMSC or HOB. Constitutive overexpression of miR-221/222 resulted
in sustained proliferation and chemosensitivity of ALL cells, even during BMSC or HOB
co-culture. These data suggest potential niche regulation of miRNAs may define a novel
upstream signaling pathway that promotes tumor cell quiescence and coincident resistance
to chemotherapy. The ability to interrupt BMM regulation of miR-221/222 in ALL cells
provides a possible novel point of therapeutic intervention to eradicate quiescent,
chemoresistant ALL cells that contribute to relapse of disease following cessation of
treatment.

Materials and Methods

Cell lines and culture conditions

In the following experiments, Philadelphia chromosome positive (Ph+) lymphoblastic cell
lines SUP-B15 (ATCC #CRL-1926; date obtained: Aug. 2011) and Nalm-27 (Fujisaki
Cancer Center; date obtained: July 2009) and Ph- REH (ATCC#CRL-8286; date obtained:
Nov. 2014) were utilized. Cell line authentication is routinely monitored every 6 months by
B-cell surface immunostaining and fluorescence /n situ hybridization (FISH) analysis for
Philadelphia gene status (date tested- Oct. 2015). In addition, primary human leukemic cells
were acquired from the West Virginia University Health Sciences Center and West Virginia
University Cancer Institute tissue bank. Primary patient sample 1 (P1) is a 43 year old
female patient with ALL at diagnosis and primary patient sample 2 (P2) is a 61 year old
male patient with CML in blast crisis (blasts considered active lymphoid disease). For
primary patient samples, a pathology report accompanying the corresponding tissue of
origin confirmed the identity of the samples. Representative elements of the
microenvironment are modeled through use of BMSC and HOB. BMSC are isolated from
patients who have not received chemotherapy and have no evidence of marrow disease.
HOBs (PromocCell) are isolated from femoral trabecular bone tissue from the knee or hip
joint region. In tumor-BMSC/HOB co-culture, ALL cells are seeded at 0.5-1.0 x 108
cells/ml on ~85% confluent stromal layer and fed every 4 days at which time leukemic cells
are collected for inclusion in experiments with remaining leukemic cells moved to new
primary BMSC or HOB adherent layers consistently every 12 days. Cultures are maintained
in 5% O, to model normal bone marrow oxygen tension, reported to range from 1-7% (23).
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The tumor population used in this study comprise of ALL cells which physically interact
with the stromal adherent layer as opposed to the ALL cells in media suspension. The
adherent tumor cell subpopulation, which we previously described to be the most
chemotherapy resistant (referred to as the phase dim population), were separated from the
stromal layers by size exclusion with G10 Sephadex (Sigma) (24) and used in experiments
described below.

Chemotherapeutic reagents

Cytarabine (Ara-C; Selleckchem, Cat # S1648) and Vincristine (VCR; Selleckchem, Cat #
S1241) were stored per manufacturer recommendations and were diluted in base media
immediately prior to use. Experimental concentrations of Ara-C [1uM] or VCR [25 pM]
were used to approximate clinically relevant doses reported as serum levels in ALL patients
(25,26).

Evaluation of leukemic cell viability

ALL cells were cultured in media alone or co-cultured with BMSC or HOB for 4 days to
establish tumor-adherent cell interactions. At day 4, cultures were provided fresh media and
exposed to Ara-C or VCR for 48 hours. Viability was evaluated by trypan blue exclusion in
triplicate samples.

Antibodies and western blot analysis

Rabbit polyclonal anti-p27 (Cat # 3686), Drosha (Cat # 3364), Dicer (Cat # 5362), and Agol
(Cat # 5053) were purchased from Cell Signaling Technology and used at a 1:1000 dilution.
Mouse polyclonal anti-GAPDH was purchased from Research Diagnostics Inc. RDI. Protein
was isolated by lysing cells and concentration was determined using the bicinchoninic acid
(BCA) protein assay (Pierce). Proteins were resolved on SDS-PAGE gels and transferred to
nitrocellulose membranes. Membranes were blocked in TBS 5%/nonfat dry milk 0.05%
Tween-20 and probed with the indicated primary antibodies. After incubation with
horseradish peroxidase—conjugated secondary antibodies, signal was visualized using
enhanced chemiluminescence reagents (Amersham). Densitometry was performed by
scanning the developed X-ray film (BioExcell) and quantified using ImageJ.

RNA isolation and quantitative real-time PCR (QRT-PCR)

RNA was isolated from leukemic cells using the MirVana RNA isolation kit with TURBO
DNase I digestion (Life Technologies). One-step qRT-PCRs for primary miRNA transcripts
were performed in triplicate using 50 ng of RNA per well, with the QuiantiTect SYBR
Green RT-PCR kit (Qiagen) and mature miRNA levels were performed in triplicate using 20
ng of RNA per well measured by 2-step gRT-PCR with TagMan reagents (Life
Technologies) on an Applied Biosystems 7500 real-time PCR machine. GUSB and U6 were
used as loading controls. The primer sequence for primary miR-221/222 transcript; forward-
TGGTAGTAGGTA AGTCCCAGAA and reverse- TCAACACAACTGCCTACTGC. Primer
sets designed to amplify mature miR-221/222 were purchased from Life Technologies.
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MiRNA microarray profiling and target gene annotation

For initial profiling to identify subsequent targets for more in depth investigation, total RNA
was isolated from Sup-B15 ALL cells cultured in media only or in co-culture with BMSC or
HOB from triplicate independent cultures. RNA was processed by LC Sciences and miRNA
microarray assays completed as previously described (27) (Microarray data are available in
the ArrayExpress database (www.ebi.ac.uk/arrayexpress) under accession number E-
MTAB-4744). Mature miRNAs in SUP-B15 cells co-cultured with BMSC or HOB that had
a mean relative intensity of 500 or greater (0 to 30000 intensity scale) and a P value < 0.05
when compared to Sup-B15 cells grown in media without any BMSC or HOB exposure
were further analyzed. Heatmap was created using GenePattern software. Using the
prediction software TargetScan (28) and DIANA TarBase (29) a list of predicted target genes
based on the seed sequence of the miRNA and validated target genes based on previously
published work was generated for investigation.

Generation of overexpressing and miRNA sponge leukemic cells

The overexpression of p27 was achieved by lenti-viral transduction of leukemic cells using
an open reading frame expression plasmid for p27 validated and purchased from
GeneCopoeia. To generate the miR-221 overexpressing lenti-viral vector, a fragment of
approximately 1 kilobase corresponding to the precursor miRNA and the surrounding
sequences was amplified from normal genomic DNA. A large portion of miRNA
surrounding sequence was included in the attempt to allow correct processing of pre-
miR-221 to its mature form and to induce overexpression while preserving a physiologic
mechanism of miRNA production. MiRNA sponge expressing ALL cells were generated
using antisense miRNA binding sites modified from (30). Two binding sites were designed
for miR-221 and miR-222 per sponge sequence.

Cell proliferation assay

ALL cells were labeled with cell retention dye CellTrace-FarRed (Life Technologies) as
described by manufacturer instructions. Cells were then cultured under normal growth
conditions for 4 days in either media only or co-culture with BMSC or HOB. Tumor cell
samples were fixed with 3.7% formaldehyde and CellTrace fluorescence intensity was
measured by flow cytometry using LSRFortessa (BD Pharmingen). Proliferation indices
were calculated using FCS Express4.

Immunofluorescence imaging

Confocal images were acquired using an upright LSM 510 Zeiss microscope and processed
using Zen2009 software and Adobe Photoshop with fluorescence intensity held constant for
any experiment in which image acquisition would be compared across samples. ALL sub-
populations (tumor cells floating freely in co-culture versus those physically attached to or
beneath adherent BMSC or HOB) were cytospun on glass slides following G10 Sephadex
purification. Cells were fixed with 4% PFA, blocked in 1x PBS 5% FBS 0.3% Triton X-100,
washed with 1x PBS, and incubated with rabbit anti-p27 (1:100) followed by anti-rabbit
Alexa 647 (1:200). Slides were washed with PBS and mounted to coverslips using Prolong®
Gold anti-fade/DAPI overnight (Life Technologies).
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Statistical analysis

Results

All data are presented as the mean * standard error (with the exception for gPCR data which
was mean = standard deviation) and the statistical significances between conditions were
determined by the Student #test or 2-way ANOVA test using GraphPad software. All results
are representative of at least 3 independent experiments (p < 0.05 indicated by an * to denote
statistical significance).

ALL cells have reduced expression of miRNA biogenesis proteins when influenced by

BMM

It has been well documented that BMM niches that support hematopoiesis are hypoxic (31).
Hypoxia and other factors associated with these niches have been reported by others to
regulate miRNA biogenesis (32). To determine whether miRNA biogenesis proteins are
regulated in ALL cells exposed to BMSC or HOB, Nalm-27 and REH ALL cell lines were
co-cultured with BMSC or HOB and protein abundance measured by western blot. Drosha, a
major component of the nuclear microprocessing complex during miRNA biogenesis, was
downregulated in ALL cells co-cultured with BMSC or HOB compared to media only
control (Fig. 1). A repression of Dicer, a cytoplasmic RNase |11 that cleaves precursor
miRNA into mature miRNA duplexes, was also observed in ALL cells in co-culture, but not
the RISC component Agol (Fig. 1) or Ago 2 (DNS). These data suggest an alteration in
miRNA biogenesis processing in ALL cells influenced by the BMM.

The BMM regulates leukemic miRNAs

To determine if leukemic cells co-cultured with BMSC or HOB have altered miRNA profiles
as a result of dysregulation in the expression of proteins involved in miRNA biogenesis (Fig.
1), we performed a miRNA microarray on SUP-B15 ALL cell line co-cultured with BMSC
or HOB or cultured in media only. A subset of miRNAs had altered abundance when
influenced by the BMM (Fig. 2A). We focused on miR-221 and miR-222 because they had
the highest significant repression in leukemic cells co-cultured with either BMSC or HOB
compared to media alone control and they have been previously shown to target cell cycle
and survival genes (Fig. 2B) (18). Validation by qRT-PCR of miR-221 and miR-222 levels
presented a 2- to 8-fold repression in SUP-B15 cells co-cultured with BMSC or HOB
relative to media alone control cells (Fig. 2C). This observation was consistent in Nalm-27
and REH ALL cell lines as well as primary patient samples when co-cultured with BMSC or
HOB (Fig. 2D). Cell cycle inhibitor CDKN1B (p27) protein abundance, which is known to
be negatively regulated by both miR-221 and miR-222 (18,20), was increased in leukemic
cell lines and patient samples when tumor cells were co-cultured with BMSC or HOB as
shown by western blot (Fig. 2E) and immunofluorescence based imaging (Fig. 2F)
compared to leukemic cells grown in media alone. Consistent with p27 two other validated
miR-221/222 target genes which have been previously shown to play a role in cellular
quiescence and survival, PTEN and CDKN1C (p57), were assessed in leukemic cells under
conditions mentioned above. Both PTEN and p57 protein abundance was increased in
leukemic cells co-cultured with BMSC or HOB compared to leukemic cells grown in media
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alone (Supplementary Fig. S1A,B) further demonstrating the potential miR-221/222
alteration is eliciting.

Increased abundance of p27 in ALL leads to chemoresistance

In order to determine if alterations in p27 protein abundance affect ALL cell phenotype, a
constitutively expressed p27 construct was generated in order to increase p27 protein
abundance in ALL cells. REH leukemic cells transduced with the p27 overexpression
construct had a 35-fold increase in protein abundance compared to empty vector control and
were comparable to leukemic cells co-cultured with BMSC or HOB when assessed by
western blot analysis (Supplementary Fig. S2A). Coincident with the increase in p27 protein
abundance, leukemic cells expressing the p27 construct are more chemoresistant to Ara-C
and Vincristine relative to empty vector control cells (Supplementary Fig. S2B).

Sequestering miR-221 and miR-222 creates a more quiescent, chemoresistant ALL

phenotype

To determine the contribution of miR-221/222 to ALL cell cycle progression and
chemotherapy resistance, a constitutively expressed miRNA sponge targeting miR-221/222
was generated to sequester miR-221/222 by serving as a competitive binding partner to the
two mature miRNAs and subsequently blunting their ability to bind to endogenous target
genes (Fig. 3A). The effectiveness of sequestering the two miRNAs is shown in Figure 3A
by measuring intracellular p27 protein abundance by western blot in leukemic cells under
media only growth conditions as a validated target. This observation was confirmed by
immunofluorescence imaging of p27 (Fig. 3B). Blunting miR-221/222 regulation of p27 was
associated with leukemic cells proliferating at a slower rate than empty vector control cells
assessed by the proliferation index measured after 4 days using generational tracking (Fig.
3C). Coincident with reduced proliferation, miR-221/222 sponge cells are more
chemoresistant to Ara-C and Vincristine relative to empty vector control cells (Fig. 3D).

MiR-221 overexpression alters p27 abundance, proliferation rate, and chemosensitivity in
ALL influenced by BMM

In order to investigate the significance of forced expression of miR-221/222 on ALL cell
phenotype, including during BMM co-culture, ALL cell lines constitutively expressing pre-
miR-221 were developed. To confirm mature miR-221 overexpression gRT-PCR was
completed with a 4- and 6-fold overexpression observed in Nalm-27 and REH ALL cells
respectively (Fig. 4A). As demonstrated by western blot in Figure 4B, Nalm-27 and REH
ALL cell lines overexpressing miR-221 are characterized by reduced abundance of p27, by
approximately five-fold, when compared to empty vector controls. This observation was
confirmed by immunofluorescence imaging (Fig. 4C).

Based on the observation that miR-221 overexpressing ALL cells had a marked reduction of
the downstream target p27 when cultured in media only (Fig. 4), we next determined
whether reduction would be maintained in ALL cells influenced by the BMM. Both
Nalm-27 and REH empty vector control cells and miR-221 overexpressing cells were co-
cultured with BMSC or HOB and the abundance of miR-221 and p27 transcripts and protein
was evaluated by gRT-PCR and western blot, respectively. ALL cells overexpressing
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miR-221 co-cultured with BMSC or HOB had miR-221 abundance comparable to ALL cells
grown in media alone (Fig. 5A). When p27 abundance was assessed, miR-221
overexpressing cells had reduced levels of p27 when co-cultured with BMSC or HOB
compared to matched empty vector control counterparts (Fig. 5B). To investigate if
modulation of miR-221 in ALL cells can overcome the quiescent influence of the BMM,
cell proliferation index was measured. ALL cells with empty vector or miR-221
overexpression were co-cultured with BMSC or HOB for 4 days. ALL cells with miR-221
overexpression proliferated significantly more than empty vector control cells when in
media only as well as under co-cultured conditions (Fig. 5C). To determine whether ALL
cells overexpressing miR-221 could overcome the protective influences of the BMM, the
empty vector and miR-221 overexpressing ALL cells were co-cultured with BMSC or HOB
and exposed to Ara-C or Vincristine. ALL cells overexpressing miR-221 were significantly
more sensitive to chemotherapy exposure than empty vector controls, even during BMSC or
HOB co-culture conditions (Fig. 5D).

BMM influences miR-221/222 biogenesis

Based on the observation that BMSC or HOB co-culture correlated with repressed miRNA
biogenesis proteins (Fig. 1) and reduced mature miR-221/222 transcript abundance (Fig.
2A), investigation of the pri-miRNA levels of miR-221/222 by qRT-PCR was completed.
This aspect of the evaluation was aimed to determine if initial expression of the pri-miRNA
transcript was potentially upstream of reduced mature transcript levels that were detected.
Important to the experimental approach taken is that miR-221 and miR-222 are transcribed
from the same pri-miRNA transcript. We observed that miR-221/222 primary transcript
levels were unchanged in Nalm-27 and REH cells co-cultured with BMSC or HOB, but
mature miR-221 was repressed in ALL cells compared to tumor cells cultured in media only
(Fig. 6). Because regulation of miR-221 and miR-222 does not appear to be due to
transcriptional alteration, the stability of miR-221 and miR-222 when influenced by the
BMM was assessed. No significant change in stability of the miRNAs being investigated
was observed when leukemic cells grown in media only or co-cultured with BMSC or HOB
were compared after actinomycin D exposure (DNS). This observations suggests that
miR-221/222 stability is unaffected by the BMM and not a mechanism by which the BMM
affects mature miR-221/222 levels.

Discussion

While significant progress has been made in the treatment of ALL, disease relapse remains a
concern that requires identification of mechanism-based innovative treatments. Specifically
in children, aggressive treatment strategies required to treat relapsed ALL, with marked
potential of late effects and treatment induced secondary malignancies, is a clinical
challenge (33). Against this backdrop it is essential to reduce the toxicity of treatment
without blunting efficacy. Targeting microenvironment-protected tumor cells which are
typically more resistant to chemotherapy treatment (6,7,9) may provide a strategy in the
treatment of resistant and refractory ALL. A fundamental understanding of the mechanisms
by which the microenvironment is protecting this subset of tumor cells may contribute to the
development of novel therapeutic approaches.
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Varied perspectives exist regarding whether therapeutic strategies should attempt to maintain
cancer cells in a dormant-like state to blunt expansion versus attempting to force these cells
through division rendering them responsive to cell cycle specific conventional
chemotherapeutic agents. Based on data that correlates the number of tumor cells present in
a patient after chemotherapy treatment with the likelihood of relapse (34), it may be ideal to
eradicate quiescent residual tumor cells in sites of sanctuary like the bone marrow, when
possible. For this approach to become a technical reality, we must better understand the
critical elements of microenvironment supported tumor cell quiescence, which we recognize
may be disease specific as well as sub-type specific given the heterogeneity within many
malignancies. As such, it is not assumed that one model supports broad applicability across
all types of lymphoblastic leukemia, but rather insights in a targeted setting may provide
insight into signaling pathways that warrant interrogation in other settings in which the
marrow microenvironment is well documented to provide a clinically problematic site of
sanctuary for tumor cells.

Healthy pro-B cells rely on the bone marrow’s signaling cues for survival, growth and
differentiation (35) to sustain one lineage of baseline hematopoiesis. In the setting of ALL
these interactions are “hijacked” and provide a sanctuary site for malignant B lineage cells
that share many characteristics with their normal counterparts. Earlier work from our lab and
many others has characterized altered pro-survival proteins, adhesion molecules, and stem
cell characteristics in leukemic cells influenced by the BMM (6-10,36). As our
understanding of the complexity of MRNA species has broadened, so have the opportunities
to better understand how the marrow niche may be influencing critical signaling pathways
with consideration beyond traditional gene expression analysis.

The tumor microenvironment has been shown to play a role in the regulation of miRNA
expression in diverse tumor types (37,38), and consistent with previous observations, BMM
interaction induced changes in ALL miRNA expression (Fig. 2A). Drosha and Dicer protein
expression was repressed in chemotherapy resistant, quiescent BMM influenced ALL cells
(Fig. 1). These observations align with recent findings that demonstrate altered miRNA
biogenesis correlated to disease progression and overall patient outcome (16,39). Initial
interpretation of these results might suggest global repression of mature miRNAs, and in our
model we do, in fact, observe that the majority of changes in miRNAs are reduced levels of
transcripts being detected in ALL cells co-cultured with BMM derived cells relative to
tumor cells grown in media alone (Fig. 2A; Supplementary Table 1,2). However, other
studies have demonstrated that miRNAs can be upregulated, even with a reduction in
processing, with late stage lung cancer miR-210 providing one example through increased
transcription (40). In the current study, two miRNAs down-regulated coincident with BMM
interaction are miR-221 and miR-222, previously described as oncomiRs. These oncomiRs
have been shown to be dysregulated in various cancer types (41,42) with expression
positively correlated with cell proliferation in gastric carcinoma and pancreatic cancer
(19,43). The most annotated target gene of miR-221/222 is the quiescence master regulator
p27 (18-20). We demonstrate that p27 is abundant in the leukemic cells influenced by the
BMM (Fig. 2D) consistent with previous observations of BMM supported ALL quiescence
7).
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Targeted reduction of miR-221/222 reduced ALL cell cycle progression and increased
chemotherapy resistance in the absence of any BMSC or HOB signal with a trend similar to
ALL cells during co-culture of niche cells (Fig. 3). Not surprisingly, given the complexity of
the BMM and interaction of multiple signaling cascades, interruption of miR-221/222 in
isolation did not completely recapitulate the effects of the niche. However, these data
combined with those from ALL cells constitutively overexpressing miR-221/222 suggest
miR-221/222 may play a role in the promotion of the quiescent and resistant phenotype
observed in ALL cells subsequent to BMM cell interaction.

Signals from BMM adherent BMSC or HOB did not significantly reduce the proliferation of
leukemic cells constitutively overexpressing miR-221 (Fig. 5C) and were not able to restore
chemoresistance in ALL cells when miR-221 was artificially sustained at or above baseline
levels during co-culture (Fig. 5D). This suggests that the ability of the BMM to reduce
miR-221 expression in leukemic cells is an important phenotypic change in ALL cells
influenced by the BMM associated with increased ALL survival. However, forced miR-221
overexpression did not result in a complete loss of protection when compared to cells
expressing the matched empty vector, again consistent with observations from several
laboratories that have described complex contributions of the BMM protection of leukemic
cells (9,44). It is not suggested that any one pathway will define an absolute point at which
niche protection can be eliminated, but rather an increased understanding of critical
signaling pathways that may include miRNA regulation may contribute to innovative
combination therapy to eradicate subsets of resistant residual cells.

Collectively, these data suggest that the BMM regulates ALL cell quiescence and resistance
from chemotherapy exposure by altering signals that converge on reduced levels of
miR-221/222. The alteration does not appear to be due to transcriptional regulation of
primary miR-221/222 transcript (Fig. 6), but potentially by the microenvironment effecting
key components in miRNA biogenesis. This observation is consistent with pathways
described in breast cancer (45) and in normal vascular smooth muscle cells (46) influenced
by hypoxia or TGF-, respectively. Anatomical niches that support hematopoietic cells in
the BMM have been well characterized as being hypoxic (31) and it was recently shown that
hypoxia can mediate the transcriptional repression of both Drosha and Dicer (47) which
raises the possibility of hypoxia as a key influence on healthy or malignant hematopoietic
cell miRNA profiles resulting in regulation of quiescence. In addition, stromal elements have
been reported by several labs to be a source of marrow TGF-B (48,49) and our laboratory
has previously described increased activation of TGF-f subsequent to chemotherapy (50).
Exposure of hematopoietic tumors to both baseline and increased bioavailable TGF- in the
niche could result in an unintended result of tumor cell quiescence during treatment
regulated, in part, by TGF-p regulated miRNA pathways.

Although in this current study miR-221/222’s contribution to the protected phenotype ALL
cells influenced by the BMM acquire was focused on exclusively, other miRNAs identified
in Figure 2A could impact leukemic cell characteristics as well. For example miR-185 and
miR-4521 were shown to be reduced in ALL cells in co-culture with BMSC or HOB.
miR-185 was previously shown to regulate the Akt pathway in non-small cell lung
carcinomas, acting as a tumor suppressor (51). Therefore, leukemic cells in co-culture with
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reduced miR-185 abundance may be contributing to the increase in protection of these
tumors cells when exposed to chemotherapy agents. Similarly, a reduction in miR-4521
abundance has been shown in chronic lymphocytic leukemia to contribute to the
pathogenesis and formation of this disease (52). Although the characterization of these two
miRNA in our model is outside the scope of this study, further in-depth investigation will
need to be performed to determine their potential role in BMM regulated leukemic cell
protection and survival.

The potential for the eradication of the quiescent leukemic cells that persist following
traditional treatment makes the miR-221/222-p27 pathway intriguing as a future clinical
target in residual disease. Although miRNA therapy is somewhat in its infancy, there have
been great strides made not only in the delivery, but also the specificity of miRNA therapy
(53). Because novel miRNA based therapies are being developed it is important to
understand the mechanisms by which miRNAs are being modulated in specific disease
settings, such as therapy resistant ALL, in order to target upstream regulators. Targeted
modulation of miRNA expression may provide an innovative approach to achieving the
ultimate therapeutic goal of increasing disease-free survival with reduced overall toxicity in
ALL. While relevant in general, progress is specifically needed in the pediatric population
that comprises the predominant group of patients with the most significant long-term effects
associated with aggressive therapy.
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The BMM alters miRNA biogenesis protein expression in ALL. Drosha, Dicer, and Ago-1

protein abundance was measured in Nalm-27 and REH ALL cells in media only or co-

cultured with BMSC or HOB by western blot. GAPDH was used as loading control. The
western blots are representative images of 3 independent experiments. M, media; B, BMSC;

H, HOB.
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Figure2.
ALL cells have miRNA alterations when influenced by the BMM. A, The heat map

represents miRNA microarray data comparing SUP-B15 ALL cells co-cultured with BMSC
or HOB to those grown in media only. B, The table represents miR-221 and miR-222
relative fold changes from the microarray along with experimentally validated target genes
taken from TarBase (29) and predicted target genes taken from TargetScan (28). C, qRT-
PCR validating miRNA microarray data measuring fold change of miR-221 and miR-222 in
SUP-B15 ALL cells from the same conditions as A. D, gRT-PCR of mature miR-221 fold
change in Nalm-27, REH, and 2 patient derived leukemic samples co-cultured with BMSC
or HOB compared to those grown in media only. E, Western blots and F,
immunofluorescence images of p27 abundance in Nalm-27, REH, and patient derived
leukemic samples (due to lack of adequate sample, western blot analysis was unable to be
performed for P2). Western blot values depict fold change relative to media only controls
and normalized to housekeeping gene GAPDH. Error bars represent standard deviation of
the mean with samples performed in triplicate. *, P < 0.05. Scale bars, 10 um. P1, patient
sample 1; P2, patient sample 2.
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Figure 3.
MiR-221/222 sponge ALL cells have increased p27, with reduced proliferation and

chemosensitivity. A, Schematic of lentiviral mMiRNA sponge construct along with western
blot of p27 abundance alterations within Nalm-27 and REH miR-221/222 sponge cells.
Values depict fold change relative to empty vector control and normalized to housekeeping
gene GAPDH. B, Immunofluorescent images of p27 in miR-221/222 sponge cells compared
to empty vector control. C, Proliferation index was measured 4 days after cell retention dye
addition in cells described in A. D, The viability of these cells after 48 hour exposure to Ara-
C and VCR were measured by trypan blue exclusion. Error bars represent standard error of
the mean with samples performed in triplicate. *, P < 0.05. Western blot, immunofluorescent
images and bar graphs are representative data from 3 independent experiments. Scale bars,
10 um. EV, empty vector; Sp, sponge; Ara-C, cytarabine; VCR, vincristine.
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Figure 4.

Overexpressing miR-221 reduces p27 abundance in ALL. A, gRT-PCR of miR-221 fold
change in Nalm-27 and REH cells overexpressing miR-221 compared to empty vector
control. B, Western blot analysis of p27 abundance in Nalm-27 and REH cells
overexpressing miR-221 or empty vector control. Values depict fold change relative empty
vector control and normalized to housekeeping gene GAPDH. C, Immunofluorescent images
of p27 expression under the same conditions as B. Error bars represent standard deviation of
the mean with samples performed in triplicate. *, P < 0.05. Western blot, immunofluorescent
images and bar graphs are representative data from 3 independent experiments. Scale bars,
10 um. EV, empty vector; 221/221 OX, miR-221 overexpression.
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Figure5.

MiR-221 overexpression can overcome BMM regulation of ALL proliferation and survival.
A, qRT-PCR of miR-221 fold change in Nalm-27 and REH overexpressing miR-221 co-
cultured with BMSC or HOB for 4 days compared to media only control. B, p27 abundance
was measured in Nalm-27 and REH comparing empty vector control to miR-221
overexpression cells when in media only, co-cultured with BMSC or HOB by western blot.
Values depict fold change relative to empty vector control and normalized to housekeeping
gene GAPDH. C, Proliferation index was measured 4 days after cell retention dye was added
with cells in same conditions as A,B. D, Viability of Nalm-27 and REH cells after 4 day co-
culture with BMSC or HOB and exposure to Ara-C and VCR for 48 hours and measured by
trypan blue exclusion. Error bars represent standard error of the mean with samples
performed in triplicate. *, P < 0.05. Results are representative data from 3 independent
experiments. Scale bars, 10 um. 221 OX, miR-221 overexpression; Ara-C, cytarabine; VCR,
vincristine.
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Figure 6.

Primary transcript levels of miR-221/222 are unaltered in BMM influenced ALL. Fold
change of the pri-miRNA of miR-221/222 and mature miR-221 was measured by gRT-PCR
in Nalm-27 and REH cells co-cultured with BMSC or HOB relative to cells cultured with
media only. Error bars represent standard deviation of the mean with samples performed in
triplicate. *, P < 0.05. Results are representative data from 3 independent experiments. pri-
miR, primary miRNA transcript; mature miR, mature miRNA.
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