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Abstract 

The role of miRNAs in niche regulation of ALL phenotype 

Blake S Moses 

 

While modern acute lymphoblastic leukemia (ALL) treatment regimens have dramatically 

improved the survival of ALL patients, disease relapse still occurs in approximately 20% of 

cases. ALL relapse is, in part, due to the inability of traditional chemotherapeutic agents to 

efficiently target quiescent, non-dividing tumor cells. The number of viable remaining leukemia 

cells in patients after initial treatment, termed minimal residual disease (MRD), is directly 

correlated with likelihood of disease relapse. This reflects the proliferative potential of these 

refractory cells, consistent with the ability of their healthy hematopoietic progenitor pro- and pre-

B cell counterparts. Developing novel therapies to combat refractory disease is essential in the 

continued battle of eradicating this cancer based on the aggressive nature of relapsed ALL that 

is much more challenging to effectively treat than disease at initial diagnosis. Many features of 

malignant immature B-lineage cells, as noted above, are shared with normal B cell progenitors, 

including their ability to respond to diverse signals from the bone marrow microenvironment that 

culminate on regulation of cell cycle progression and survival. Bone marrow derived cues from 

supportive stromal and osteoblast cells influence many elements of both steady state 

hematopoiesis and hematopoietic tumor cell phenotype through modulation of pro- and pre-B 

cell gene expression profiles.  

Developing a system that models interactions between bone marrow niche cells and 

leukemia is essential in supporting discovery of mediators of bone marrow protection of ALL. 

Although in vivo animal modeling can be superior to standard cell culture, disadvantages exist 
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including expense, time expenditure, and the inability to perform efficient high-throughput 

experimentation. In Chapters II and III, we describe an in vitro co-culture model in which both 

ALL cell lines and primary patient samples uniquely interact with bone marrow derived stromal 

cells (BMSC) or human osteoblasts (HOB). ALL cells in this model form distinct subpopulations, 

including one subset that buries beneath the adherent bone marrow niche cell monolayer, 

termed “phase dim” (PD) ALL. They exhibit a unique phenotype characterized by altered 

metabolism, distinct protein expression profiles, increased quiescence, and pronounced 

chemotherapy resistance. The PD ALL cell bone marrow derived protection is specific to bone 

marrow niche cells, compared to adherent cells from other anatomical locations suggesting 

biologically relevant features have been retained in this model that is, by design, simplified to 

allow targeted investigation. From these observations, along with the ability to isolate this 

clinically relevant ALL subpopulation, studies focused on the PD subpopulation of tumor cells 

may more efficiently inform pre-clinical design and the investigation of MRD and relapse that 

arises from bone marrow supported leukemia cells compared to models that include the entire 

tumor population. 

Utilizing the model outlined above, our laboratory focused on bone marrow niche 

regulated ALL miRNAs as a master regulator of phenotype that had not been previously 

evaluated in ALL as a potential pathway through which the marrow niche may impact on tumor 

cell biology. miRNAs define one regulatory class of small non-coding RNAs that have been 

shown to be increasingly important in diverse settings of malignancy. Global alterations in 

miRNA profiles were observed in ALL cells following exposure to BMSC or HOB. Two miRNAs 

of interest, miR-221 and miR-222, were reduced in ALL cells co-cultured with bone marrow niche 

cells coincident with an increase in CDKN1B (p27) protein levels. Increased p27 protein in ALL 
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cells exposed to BMSC or HOB is consistent with accumulation of tumor cells in the G0 phase 

of cell cycle and resistance to chemotherapy induced death described in Chapters II and III. 

Constitutive expression of miR-221 in ALL cells was partially able to overcome the protective 

nature of the bone marrow niche and render cells more susceptible to chemotherapy exposure. 

Traditional chemotherapy, with the addition of miR-221/222 manipulation, could be an intriguing 

addition to a clinician’s arsenal of treatment regimens for ALL with the potential to eradicate 

resistant disease or potentially decrease the intensity of agents required if sensitivity of tumor 

cells could be improved.  

The overall objective of these studies was to increase our understanding of bone marrow 

regulated chemotherapy resistant ALL by utilizing our well characterized in vitro co-culture 

model. Through this model system we identified a subset of bone marrow niche associated ALL 

cells that were quiescent and highly resistant to chemotherapy exposure, partially due to 

modulation of miR-221/222. From these studies, we hope to contribute to the design of novel 

treatment strategies for aggressive and resistant ALL, with an emphasis on improving the 

outcome of patients with disease with poor prognosis. Ideally, both a better response during 

initial treatment, as well as more efficacious therapy when relapse does occur can be achieved 

by better understanding the molecular basis of niche supported tumor cell survival. As a very 

common site of metastatic disease, the broader application of this work is the potential relevance 

to additional tumor types that find sanctuary from therapy-induced death in the same marrow 

niches that support normal hematopoiesis and hematopoietic disease. 
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Hematological malignancies – the historical perspective 

Cancers arising from the blood are collectively termed hematological malignancies. This 

varied class of cancers include numerous forms of lymphoma, leukemia, and myeloma. Less 

than 200 years have passed since Thomas Hodgkin documented the first case in medical 

literature of a hematological malignancy1. Later, the disease of the lymph and spleen was 

characterized and named by Samuel Wilks, designating it as “Hodgkin disease”2. Utilizing 

immunophenotyping and cytogenetics, it is now understood that hematological malignancies 

include diverse diseases with some of the causes of these cancers still not well understood. 

They affect all ages and have little, if any, hereditary pattern, although many have characteristic 

genetic rearrangements that contribute to phenotype and are predictive of outcome. To 

understand the uniqueness and struggles that have been faced in attempts to cure various 

hematological malignancies, it is important to appreciate the history of them. 

As mentioned above, the first recorded case of a hematological malignancy pertained to 

lymphoma, but leukemias were collectively considered a blood disease recognized between the 

4th and 5th century BC3. In the early nineteenth century, physicians recognized that pus and 

inflammation were associated with blood, but the explanation of how or why the blood was 

altered in color was not yet understood. Before the identification of leukemia, changes in the 

color of blood was interpreted as an infection4. The nineteenth century was considered the 

golden age for leukemia discovery and began when Alfred Donnè pioneered the microscope for 

observing blood cells in the 1820’s. Having the ability to visualize blood microscopically lead to 

the first diagnosis of leukemia made by John Hughes Bennett in 18455. He described alterations 

in size and shape of the blood cells unlike anything observed from infected patients who 
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produced pus and inflammation. Twenty-three years later a pathological anatomy professor, 

Ernest Neumann, linked the source of blood development to the bone marrow. Distinctions were 

made in 1877 amongst various blood cells by a stain developed by Paul Ehrlich which 

subsequently aided in the specific classifications of leukemia3,6. Work done by these scientists 

led to the generation of four subtype classifications of leukemia that include; chronic lymphocytic 

leukemia (CLL), chronic myeloid leukemia (CML), acute lymphoblastic leukemia (ALL), and 

acute myeloid leukemia (AML). These remain general classifications today. Although great 

strides were made in understanding blood diseases in a general way, the complexity and 

molecular based uniqueness that comprises these subtypes of leukemia were still unknown for 

several years which hindered treatment progress.  

When Watson and Crick discovered the molecular structure of DNA in 1953, the true 

complexity and potential causes of cancer began to be better understood7 From their work, 

scientists had the ability to detect abnormalities in cancer patients’ chromosomes. It wasn’t until 

1960 that chromosome abnormalities in leukemia were shown to be significant by pathologist 

Peter Nowell8. He and his colleague David Hungerford discovered that patients with CML had 

an abnormally small chromosome in their white blood cells. This abnormality would later be 

called the Philadelphia chromosome (Ph) and changes in protein expression downstream of this 

rearrangement, specifically constitutive Abl kinase activity, was later demonstrated to contribute 

to initiation of CML9,10 with the same rearrangement later described in some ALL as well. This 

observation represents just one of the genetic rearrangements that have been described in 

hematopoietic malignancies, with the bulk of disease lacking such characteristics. Before these 

scientific breakthroughs were made that provided insight into the diversity of disease and the 
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molecular underpinnings of some subtypes, treatment of leukemia was somewhat “generic” in 

nature. 

Early treatments for leukemia 

Early therapeutic agents for the treatment of leukemia were limited in their long term 

efficacy. Arsenic was first used by Lissauer in 1865 to treat leukemia and was the first agent to 

have some beneficial effects for patients11. Although arsenic was shown to reduce the number 

of white blood cells in a leukemic patient, it also reduced red blood cells and the benefits from 

the agent were short term. Blood transfusions12 and X-ray radiation13 were used to treat the 

disease as well. Like arsenic, the therapies had only short-term or no effect on leukemic patients 

survival. It wasn’t until 1941, during World War II, that great strides were made with leukemia 

treatment. The introduction and experimentation of nitrogen mustards and the influence they 

had on neoplasms changed the way hematological and other malignancies were managed3,14. 

Nitrogen mustards function by inducing an apoptotic response through alkylation of DNA 

molecules15,16 American and British groups14,17 both performed clinical trials using nitrogen 

mustard derivative methyl-bis-(β-chloroethyl) and collectively saw notable improvements in 

subsets of patients. Since this treatment strategy only benefited a small number of patients 

(majority of which were lymphomas) further chemotherapy exploration needed to occur.  

In 1946 the first antimetabolite agent, a folic acid antagonist, was synthesized by the 

Lederle laboratory along with the first effective clinical trials reported18. The success of the trials 

due to the drug’s effective mechanism of inhibiting DNA synthesis lead researchers to further 

study this class of chemotherapy. Using folic acid antagonists, Sidney Farber of Harvard Medical 

School began the first clinical trials with children that had acute leukemias19. The study was 
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shown to be beneficial to the majority of the infant and adolescent patients. The trial was the first 

time a treatment was shown to obtain a temporary remission in acute leukemia patients. After 

the notable success of the folic acid antagonists, chemical structures were improved upon which 

ultimately lead to the modern day chemotherapy agent methotrexate.  

Modern treatment regimens 

Modern treatments of leukemia involve a highly scheduled regime that assists in targeting 

tumor cells through a variety of cellular pathways. Standard treatments for acute leukemia 

consist of three general phases; however, it should be noted that specific characteristics at 

diagnosis will influence the therapeutic approach as well as institutional variation due to 

physician preference and experience. As noted, while the specific chemotherapies used depend 

to some degree on the clinician’s preference, but the different classes of drugs used are relatively 

standard. The first phase of treatment is the induction phase which utilizes a combination of 

drugs, including antimicrotubular agent vincristine, topoisomerase inhibitor doxorubicin, 

alkylating agent cyclophosphamide, metabolic enzyme L-asparaginase, and glucocorticoid 

prednisone over 4-6 weeks. The primary goal of this phase is to achieve a remission. After the 

initial induction regime, consolidation treatment is administered for 4-8 weeks using a multi-agent 

approach including antimetabolites methotrexate, cytarabine (Ara-C), and 6-mercaptopurine 

along with the other agents mentioned in the induction phase. The objective of this phase is to 

reduce the number of leukemic cells still present in the patient, with the multi-agent approach 

employed to assist in the prevention of any remaining leukemic cells from developing resistance 

to treatment. The last phase is maintenance therapy which consists of a combination of the same 

drugs used in both the induction and consolidation phases except at lower doses. This final 



www.manaraa.com

6 
 

phase is administered to help destroy any remaining cancer cells and can last between 2 to 3 

years depending on the patient’s risk level which is determined by a combination of factors 

including age, genetic abnormalities, and presence of minimal residual disease (MRD)20. 

Although this treatment regimen described in general above is often very effective, 

chemotherapy resistance and relapses still occur in about 20% of patients21. Currently 54,200 

new cases of leukemia occur every year in the United States with 6,200 of those cases being 

ALL. Leukemia causes 24,400 deaths a year with ALL contributing to 1,500 of those deaths in 

the United States22. Although great advances have been made in the treatment of leukemia, 

aggressive refractory disease and post chemotherapy treatment toxicities still exist and define 

significant clinical challenges. Further investigation is required to better treat disease relapse 

along with lowering long-term treatment toxicities in patients. This can only be achieved by 

understanding the molecular underpinnings of this disease to identify points of potential 

vulnerability that can be targeted. The bone marrow microenvironment is believed to be one site 

that plays an important role in the chemotherapy resistance and eventual relapse of leukemia23 

and while various other sites are also reported for initial relapse, including the testes and central 

nervous system24, the bone marrow is the most frequent23. Our laboratory focuses on bridging 

the gap between disease relapse and the mechanisms by which the marrow microenvironment 

influences this in ALL. 

The marrow microenvironment sanctuary 

The bone marrow niche consists of osteolineage cells, osteoclasts, sinusoidal endothelial 

cells, mesenchymal stromal cells, sympathetic neurons, adipocytes, and extracellular matrix. 

These factors provide support to hematopoietic stem and progenitor cell (HSPC) through the 
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regulation of self-renewal, proliferation, differentiation, localization and quiescence (Figure 1)25–

27. It is the site where the vast numbers and various types of blood cells are generated on a daily 

basis and where response to stressors, including injury and repair processes, are meticulously 

orchestrated. A significant body of literature exists to support the assertion that the bone marrow 

includes functionally distinct niches that support the different physiological circumstances 

hematopoietic cells may endure in addition to steady state “normal” hematopoiesis.  

The location within the marrow that is closest to the trabecular bone is termed the 

endosteal niche. Osteolineage cells, which include osteoblasts, have been shown in the 

endosteum by Xie et al.28 and others29,30 to secrete molecules including CXCL-12 and 

osteopontin that support migration, or homing, of HSPCs to the marrow. Hematopoietic derived 

osteoclasts have been shown within this niche to support bone marrow homeostasis by 

counterbalancing signaling administered by osteolineage cells31. Other cell types involved in the 

endosteal niche include mesenchymal cells and endothelial cells. Although it is somewhat 

unclear how the endosteal niche is involved in hematopoiesis26,27,30, recent evidence by several 

laboratories demonstrated no acute affect in HSPC frequency32,33, proliferation or 

differentiation34 when the number and function of mature osteoblasts were altered. On the other 

hand, another group has shown when osteoblast differentiation is blocked an almost complete 

elimination of hematopoiesis occurred, supporting the importance of this intact niche to promote 

normal hematopoiesis35. Although conflicting, these results, along with live-animal imaging of 

the HSPC niche in the mouse calvarium36, supports the hypothesis that differentiating 

osteoprogenitors within the endosteum are important in constructing and maintaining the HSPC 

niche, but do very little after maturation to directly maintain HSPCs37,38. On the contrary, 

evidence in mice supports that lymphoid progenitor cells are maintained and reliant on the 
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endosteal niche which displays importance in the context of lymphoid leukemia32. Indirect 

support from osteolineage cells does appear to occur in the context of calcium flux. Since 

calcium is vital to normal HSPC function, the regulation of free calcium by osteolineage cells is 

a very important contribution39. 

Most recent evidence suggests that the main location for HSPC support is the 

perivascular niche26,40. As the name implies, this niche location is heavily influenced by blood 

vesicles. Since the endothelial layers of the dorsal aorta and umbilical arteries have been 

proposed to be the origins of HSCs, their heavy association with the vasculature within the bone 

marrow is not unforeseen41,42. HSCs in this niche are surrounded by sinusoids or other vessels 

along with numerous tissue types involved in their maintenance and differentiation including 

mesenchymal stromal, osteolineage progenitors, endothelial, and sympathetic nervous tissue27. 

Signals including stem cell factor, CXCL-12, Notch ligands, and TGF-β are released by these 

supportive cells to home and regulate surrounding HSCs43. Together, cytokines and growth 

factors released by the surrounding bone marrow stroma regulate key transcription factors and 

other lineage specific proteins within hematopoietic cells that initiate differentiation events or 

maintain stem/progenitor cell self-renewal. FoxO transcription factors are an example of a family 

of genes that are temporally expressed due to external signaling cues to hematopoietic cells that 

control cell proliferation, survival, and self-renewal44. The microenvironment control over 

hematopoietic differentiation has been observed when a number of different cytokines and 

growth factors stimulate the expression of STAT transcription factors45. The precise control of 

transcription factor activity, including FoxO and STAT proteins, by the bone marrow stroma is 

vital because modulations in both have been shown to contribute to myeloid and lymphoid 

malignancies46,47. Collectively, the bone marrow niche is critical for the establishment, 
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maintenance, and proper differentiation of hematopoietic cells and disruption of any of the 

baseline functions can facilitate malignant transformation of hematopoietic progenitor cells48. 

Leukemia support by the bone marrow niche 

Due to the protective, growth stimulating environment created within the bone marrow, it 

is one of the most common sites for tumor metastasis49. In contrast to other tumor types that 

often metastasize to the marrow, leukemia typically initiates, progresses, and often relapses in 

this site as noted previously. Given the remarkable similarity between healthy and malignant 

immature hematopoietic cells is it not surprising that these tumors thrive in this anatomical 

setting. Hematopoietic malignancies take full advantage of bone marrow niche signaling by 

sharing similar surface cytokine and chemokine receptors as well as adhesion molecule 

expression profiles50. Since the normal immature B-lineage hematopoietic and malignant cells 

are similar, the malignant cells are well positioned to respond to similar cues which can induce 

quiescent and protected phenotypes51,52. Cues received by leukemia cells after commandeering 

the HSPC niche allow the cells to evade stressors such as chemotherapy treatment, leading to 

treatment resistance and reestablishment of disease following completion of therapy.  

Our lab and several others have provided evidence for B cell leukemia robustly 

responding to the bone marrow niche, leading to an increase in survival and preservation of a 

stem-like phenotype53–63. Early work investigated how leukemic cells in physical contact with 

stroma, specifically the interaction between tumor cell VLA-4 and stromal cell VCAM-1, lead to 

an increase in chemotherapy protection through PI3K activated pathways and anti-apoptotic Bcl-

2 expression53,55. Later, it was demonstrated that the survival advantage of leukemic cell Akt 

activation due to stromal interaction after chemotherapy exposure56 was required for optimal 
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microenvironment derived protection of tumor cells during cytotoxic stress. Alterations were also 

observed in cleaved Caspase-3 pro-apoptotic pathway54 and in VEGF induced activation of Bcl-

2 when leukemic cells had access to bone marrow derived stromal cells57,58. In addition, the 

preservation of stem-like characteristics through the primitive hematopoietic adhesion molecule 

VE-cadherin, often considered a classic endothelial cell marker, was observed on leukemia cells 

in contact with stromal cells, indicating a unique position of the leukemia cells to respond to self-

renewal and/or proliferative cues derived from the bone marrow niche60,61. Recently, we have 

described cell cycle alterations, along with metabolite variation in leukemia cells co-cultured with 

stromal cells and osteoblasts, leading to a quiescent, chemotherapy resistant sub-population of 

ALL cells (Chapter II and III)64,65. Furthermore, we observed different leukemic sub-populations 

forming when influenced by the bone marrow derived cells. Following individual isolation, a 

distinct survival advantage was seen in one population, those physically buried beneath marrow 

derived adherent layers, when compared to tumor cells either freely floating in the media or 

loosely adherent to the top of stroma or osteoblasts. This anatomical and phenotypic 

heterogeneity, observed even in vitro, suggests complexity of disease even though leukemia is 

often considered a clonal disease66. The bone marrow microenvironment can have an immense 

impact on tumor cell phenotype and is clearly dynamic as described in Chapter III where these 

populations of tumor are described in more detail. 

Leukemia-stromal cell interaction is not considered unidirectional, but rather an 

interchange of signaling. Evidence of leukemic cells remodeling the bone marrow niche to 

produce a more favorable environment that supports their specific behavior has been shown by 

Kim et al.67 and Krause et al.25 along with several others68,69. These alterations were shown to 

benefit leukemia cell survival, self-renewal, and anchorage to the bone marrow. Altering the 
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bone marrow niche has devastating effects on normal HSPC pools which often leads to 

hematopoietic cell exhaustion and reduction of normal blood cell development. Counter to the 

involvement the leukemic cells have on the bone marrow niche, the marrow niche can influence 

hematopoietic transformation. For example, Raaijmakers et al. observed that in vivo deletion of 

Dicer1 from osteoprogenitor cells induced myelodysplasia and AML in mice34. Together, these 

observations demonstrate the extensive cross-talk that occurs between leukemia and the bone 

marrow niche.  

miRNAs in hematopoiesis 

As mentioned above, signaling from the microenvironment is essential for normal 

hematopoiesis to occur via the modulation of hematopoietic gene expression. Extensive 

research has been described focused on the alterations of noncoding RNA (ncRNA) expression 

in these cells as well 70,71. Several studies have demonstrated the temporal importance of 

ncRNA, specifically microRNA (miRNA) expression on self-renewal and differentiation of 

hematopoietic cells 72–75. Similar to coding genes during hematopoiesis, miRNA transcription is 

tightly regulated during differentiation events (Figure 2)76. The importance of miRNAs in 

hematopoiesis has been clearly shown when miRNA regulator proteins including DGCR877, 

Dicer78, and Ago279 were conditionally knocked out of HSCs in mice causing severe 

hematopoietic defects. Disruption of miRNA expression at key points has been shown to cause 

abnormal differentiation and behavior. For example, miRNA 155 (miR-155) knockout in mice 

affected T-cell differentiation, germinal B cell response, and immunological response to bacterial 

infections80. Zhou B, et al. and Chen CZ, et al. observed a blunting in lymphoid differentiation 

when miR-150 and miR-181 expression, respectively, were altered at different lymphoid stages 
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further supporting the reliance hematopoiesis has on miRNAs81,82. The increasing number of 

miRNAs that have been shown to influence hematopoiesis indicates the importance of this 

mechanism in HSPC regulation, highlighting the need for future investigations in this field as we 

attempt to better understand the dysregulated hematopoiesis that results in leukemic disease. 

Discovery and function of miRNA 

The first miRNA, lin-4, was discovered in the nematode C. elagans in 1993 by Victor 

Ambros and colleagues83. Ambros discovered that lin-4 negatively affected the protein levels of 

lin-14 and lin-28, and these two proteins inhibit the expression of larva differentiation protein lin-

2984. They concluded that there was a hierarchical mode of control with lin-4 at the top of the 

hierarchy. Because of the partisan levels of control, lin-4, which was unique in that it didn’t code 

for a protein, and lin-14 were sequenced by Ambros and Ruvkun, respectively. When Ambros’ 

group sequenced lin-4, they discovered two copies of its mRNA, both having less nucleotides 

than any other gene that had been sequenced to date. Once the two laboratories compared the 

sequences between lin-4 and lin-14, they recognized that the two copies of lin-4 had 

complementary sequences to several regions of the 3’ untranslated region (UTR) of lin-1483. 

After performing reporter assays using the binding sites of lin-14 from wild type or mutated lin-4 

C. elegans, it was confirmed there was direct binding of lin-4 mRNA (later referred to miRNA) to 

lin-14 mRNA causing a repression in mRNA translation85. The biological significance of miRNAs 

was not appreciated until 2000, when Reinhart et al. first discovered let-7. Unlike lin-4, let-7 is 

shown to be highly conserved and expressed across species, including humans86.  

Since the first discovery in 1993, nearly 2600 miRNAs have been validated in humans. 

miRNAs regulate gene function by binding to target mRNAs predominantly within their 3’UTR87. 
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Mature miRNAs are 19-23 nucleotides in length and contain a seed sequence located between 

nucleotides 2-8 of the 5’ end. The seed sequence facilitates the specific target binding through 

consecutive Watson-Crick base pairing88. A single miRNA has the potential to target hundreds 

of different mRNAs leading to vast phenotypic alterations by minimal miRNA expression 

variation89. This observation positions miRNAs as influential regulators of diverse events, making 

their regulation in tumor cell biology a critical, and rapidly growing, area of interest. miRNA genes 

can share promoter regions with other genes or have their own promoter regions specific only 

to their gene or gene cluster. They are located within introns of coding genes (intragenic) or can 

be located in DNA regions between coding genes (intergenic) which used to be thought of as 

“junk” DNA. Transcription of miRNAs is similar to protein coding genes in that the majority are 

transcribed by RNA polymerase II, then 5’ capped and 3’ polyadenylated90. In animals, miRNAs 

function by near-precise complementary binding to target gene mRNA facilitated by RNA-

induced silencing complex (RISC) machinery. Once bound, miRNA either silence target mRNAs 

through translation repression, mRNA deadenylation, or rarely cleavage of mRNA91. miRNA-

mRNA binding specificity is generally reliant on the seed sequence complementary, and it has 

been shown that mutation of just one of the nucleotides within the mRNA target region can inhibit 

efficient miRNA binding and silencing92. This observation further supports the highly precise 

mechanism of miRNA regulation. 

miRNAs in leukemia 

Implications that miRNAs may be involved in cancer began to arise following the 

identification of a genome-wide correlation between genomic localization of miRNA genes and 

cancer associated genomic regions as described by Calin et al.93. The first discovered miRNA 
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in disease was by Carlo Croce and colleagues who investigated a chromosome deletion event 

that occurred in the majority of CLL patients. The deleted locus did not appear to have an 

annotated gene present, but the event had an inverse correlation to Bcl-2 expression. Later the 

group discovered that the locus contained miR-15 and miR-16, and that they were both master 

regulators of Bcl-2 in the context of CLL94. When the locus containing the two miRNAs was 

knocked out of HSCs in healthy mice, greater than 42% of mice had abnormal B cell proliferation 

which eventually led to the presentation of leukemia95. The magnitude of miRNA alterations in 

leukemia was not brought to light until miRNA genome-wide expression studies were conducted 

which described the expression pattern differences in normal patients relative to acute leukemia 

patients’ bone marrow96,97. From these initial observations there have been numerous studies 

outlining the involvement of miRNAs in leukemia. As shown in Figure 2, miRNAs are vital to the 

delicate balance of differentiation and self-renewal in hematopoiesis. If their expression is 

dysregulated, maintained at inappropriately high levels or down regulated in response to external 

stimuli, such as bone marrow niche elaborated signals, disease has been shown to arise98,99.  

miRNA biogenesis and regulation 

After transcription, the majority of miRNAs go through several processing steps in order 

to become mature, functional miRNA. The initial transcript, designated the primary transcript 

(pri-) is large, consisting of potentially several thousand base pairs in length with secondary 

stem-loop structures100. An RNase III enzyme Drosha, along with RNA binding protein DGCR8 

and other accessory proteins, form the microprocessor complex within the nucleus and 

specifically cleave the pri-miRNA at the base of the secondary stem-loop structures77. The 

miRNA is then in its shorter precursor (pre-) form and exported out of the nucleus through 
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exportin molecules101. In the cytoplasm, the pre-miRNA is cleaved once more by Dicer with 

assistance from double stranded binding protein, TRBP, to form the passenger and guide strand 

miRNA duplex102. The miRNA duplex is separated and the guide strand binds to one of the four 

Argonaute proteins along other core proteins that bind to form the miRNA RISC complex 

(miRISC)103,104. The details related to all the steps mentioned above are not fully understood, 

and specific aspects of regulation of loading of the miRNA duplex and separation of passenger 

and guide miRNA strands are still controversial. Several chaperone and accessory proteins are 

involved in the this process105,106; In addition, there are four Argonaute family members, each 

able to be modified and phosphorylated to create numerous complex combinations that appear 

to be not only species specific, but cell type specific as well103. Adding to the complexity of 

miRNA biogenesis, several modifications can be made to not only the biogenesis proteins, but 

to miRNAs directly (Figure 3)107. Relevant to our model, alterations that occur due to hypoxia, 

TGF-β, and other signaling pathways influenced by the bone marrow niche cells have the 

potential to vastly change the landscape of global miRNA biogenesis within leukemia cells108–

111.  

The role of miR-221 and -222 in cancer 

Protein coding genes that facilitate cancer initiation and progression are designated as 

oncogenes. Conversely, genes that are responsible for controlling abnormal cell proliferation 

and survival are described as tumor suppressor genes. miRNAs can be classified under either 

of these two umbrellas as well. In both cases, coding and noncoding genes may fall under either 

class and is context specific. In the instance of miR-221 and -222 (miR-221/222) they are 

traditionally observed as oncogenic miRNA (oncomiRs)112–114. The two miRNAs are located in a 
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stable locus on the X chromosome and are transcribed from the same primary transcript 

therefore are regulated by the same promoter. They share identical seed sequences which 

makes their targets nearly indistinguishable115. The observed difference in mRNA target 

specificity arises from disparities in complementary base pairing outside of the seed 

sequence116. The two miRNAs are oncomiRs because they positively regulate cell proliferation 

and are traditionally upregulated in tumor cells compared to matching normal tissue 114,117,118. 

The most thoroughly annotated miR-221/222 target gene is cell cycle regulator CDKN1B 

(p27)119–122. p27 inhibits cell cycle progression at the G0 to S phase transition by binding to and 

regulating the activity of cyclin-dependent kinases123. In various normal and cancerous tissues, 

including leukemia, p27 is highly regulated and considered the master regulator of cellular 

quiescence114,119,121,123–128. In our model, we observe downregulation of miR-221/222 in 

leukemia cells co-cultured with bone marrow stromal cells and osteoblasts (Chapter IV). As a 

consequence, an increase in p27 protein level and a reduction in cell cycle progression are seen, 

leading to chemotherapy resistance. Forced expression of miR-221/222 sensitizes bone marrow 

niche regulated leukemia cells to chemotherapy exposure and is a potential technique to 

therapeutically target chemotherapy resistant leukemia.  

Summary 

In summary, the bone marrow microenvironment is a complex system of cell types that 

regulate the development of hematopoietic cells. Different sub-locations within the bone marrow 

have been shown to have very different roles in blood cell development within this unique 

anatomical site. As a consequence, solid and hematological malignancies can exploit the 

nurturing, protective niches resulting in a very difficult to treat, highly resistant diseases. Specific 
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to our in vitro model, viability of ALL cells that receive quiescence inducing signals from the 

marrow niche are virtually unaffected by traditional cytotoxic chemotherapy agents (Chapter II 

and III). Novel strategies need to be established in order to disrupt the bone marrow 

microenvironment interactions with leukemia. Disrupting these interactions can lead to 

sensitization of leukemic cells to chemotherapy treatment. Achieving this can provide benefits 

to patient care in two ways. First, through the establishment of sustained remission with 

eradication of disease. A secondary benefit is derived from diminishing the adverse effects of 

chemotherapy treatment by lowering the dose or duration of exposure to cytotoxic agents. The 

latter has the greatest chance in improving the quality of life in pediatric patients by decreasing 

the incidence of chemotherapy induced long term cognition deficiencies as well as blunting the 

likelihood of secondary malignancies documented to sometimes occur following sustained 

treatment. Overall, the findings presented in this dissertation outline the potential of niche 

regulated miR-221/222 to influence chemotherapy resistance in ALL cells through the use of a 

novel co-culture system. We hope this work will collectively provide a broader appreciation for 

the role the bone marrow microenvironment in regulation of leukemic disease and its response 

to treatment. 
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Figure 1. Haematopoietic stem cells (HSCs) and restricted haematopoietic progenitors occupy 
distinct niches in the bone marrow. 

Morrison, S. J. & Scadden, D. T. The bone marrow niche for haematopoietic stem cells. Nature 505, 
327–334 (2014). 

Permissions License number: 3826800602685 

  



www.manaraa.com

28 
 

 

  

 

 

 

Figure 2. Involvement of miRNAs in hematopoiesis and immune system function 

Baltimore, D., Boldin, M. P., O’Connell, R. M., Rao, D. S. & Taganov, K. D. MicroRNAs: new regulators 
of immune cell development and function. Nat. Immunol. 9, 839–845 (2008). 
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Figure 3. Canonical linear processing and alternative routes of miRNA maturation 

Shen, J. & Hung, M.-C. Signaling-Mediated Regulation of MicroRNA Processing. Cancer Res. 75, 783–
791 (2015). 
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SHORT ABSTRACT: The current report summarizes a protocol that can be utilized to model 

the influence of the bone marrow microenvironment niche on leukemic cells with emphasis 

placed on enrichment of the most chemoresistant subpopulation.   

LONG ABSTRACT:  It is well established that the bone marrow microenvironment provides a 

unique site of sanctuary for hematopoietic diseases that both initiate and progress in this site.  

The model presented in the current report utilizes human primary bone marrow stromal cells and 

osteoblasts as two representative cell types from the marrow niche that influence tumor cell 

phenotype.  The in vitro co-culture conditions described for human leukemic cells with these 

primary niche components support the generation of a chemoresistant subpopulation of tumor 

cells that can be efficiently recovered from culture for analysis by diverse techniques. A strict 

feeding schedule to prevent nutrient fluxes followed by gel type 10 cross-linked dextran (G10) 

particles recovery of the population of tumor cells that have migrated beneath the adherent bone 

marrow stromal cells (BMSC) or osteoblasts (OB) generating a “phase dim” (PD) population of 

tumor cells, provides a consistent source of purified therapy resistant leukemic cells.  This 

clinically relevant population of tumor cells can be evaluated by standard methods to investigate 

apoptotic, metabolic, and cell cycle regulatory pathways as well as providing a more rigorous 

target in which to test novel therapeutic strategies prior to pre-clinical investigations targeted at 

minimal residual disease.   
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INTRODUCTION:  The overall goal of the method described is to provide an efficient, cost-

effective in vitro approach that supports investigation of the mechanisms that underlie bone 

marrow supported survival of leukemic cells during chemotherapy exposure. It is well 

documented that surviving residual tumor cells that persist after treatment contribute to relapse 

of disease that is often more aggressive than that at diagnosis and is often less effectively 

treated1–8. Models that include leukemic cells in isolation, such as those limited to culture of cells 

in media alone, for testing of therapeutic approaches do not factor in these critical signals, or the 

heterogeneity of disease that occurs in response to availability of niche derived cues in which 

tumor cell subpopulations with very specific interactions with niche cells derive enhanced 

protection. Standard 2D co-culture models that co-culture bone marrow derived stromal cells 

and leukemic cells have somewhat addressed the contribution of the marrow niche and have 

shown that interaction with bone marrow microenvironment cells increases their resistance to 

chemotherapy and alters their growth characteristics9–14. These models however often fail to 

recapitulate long term survival of tumor cells and do not accurately inform the outcomes 

associated with the most resistant leukemic cell populations that contribute to MRD. In vivo 

models remain critical and define the “gold standard” for investigation of innovative therapies 

prior to clinical trials but they are often challenged by the time and cost required to test 

hypotheses related to resistant tumors and relapse of disease. As such, development of more 

informative 2D models would be of benefit for pilot investigations to better inform the design of 

subsequent murine based pre-clinical design.  

The 2D in vitro model presented in this report lacks the complexity of the true in vivo 

microenvironment, but provides a cost effective and reproducible means to interrogate tumor 

interactions with the microenvironment that lends itself specifically to enrichment of the 
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chemoresistant subpopulation of tumor cells. This distinction is valuable as evaluation of the 

entire population of tumor cells may mask the phenotype of a minor group of therapy resistant 

tumor cells that comprise the most important target. An additional advantage is the scalability of 

the model to fit the analysis of interest. Bulk cultures can be established for those analyses 

requiring significant recovery of tumor cells, while small scale co-cultures in multi-well plates can 

be utilized for PCR based analysis or microscopy based evaluations.  

Based on this need we developed an in vitro model to address the heterogeneity of disease that 

is characteristic of B-lineage acute lymphoblastic leukemia (ALL).  We demonstrate that ALL 

cells, which share many characteristics in common with their healthy counterparts, localize to 

distinct compartments of BMSC or OB co-culture.  Three populations of tumor cells are 

generated that have distinct phenotypes that are valuable for investigation of therapeutic 

response. Specifically, we demonstrate that (ALL) cells recovered from the “phase dim” (PD) 

population of co-culture are consistently refractory to therapy with survival that approximates 

tumor cells that have not been exposed to cytotoxic agents. These ALL cells, from either 

established cell lines or primary patient samples, migrate beneath adherent stromal cells or 

osteoblast layers but can be captured following trypsinization of cultures and separation of cell 

types by utilization of gel type 10 cross-linked dextran (G10) particle columns15.  

Here we present a setup of a 2D co-culture that can be employed to model interactions between 

bone marrow microenvironment stromal cells (BMSC/OB) and leukemic cells. Of particular 

importance is the observation that leukemic cells form three spatial subpopulations relative to 

the stromal cell monolayer and that the PD population represents a chemotherapy resistant 

tumor population due to its interaction with the BMSC or OB. Furthermore, we demonstrate how 
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to effectively isolate the leukemic cell populations by G10 columns. Of note, we have found that 

isolation of these subpopulations allows for downstream analysis of the most resistant PD 

population to determine potential modes of resistance that are conferred to these cells due to 

their interaction with the bone marrow microenvironment stromal cells or osteoblasts. 

Techniques that we have utilized downstream of this co-culture and isolation model include flow 

cytometric evaluation, proteomic analysis and targeted protein expression evaluation as well as 

more recently developed laser ablation electrospray ionization (LAESI) and Seahorse analysis 

to evaluate metabolic profiles. Through use of this model in combination with the techniques 

above we have found that the PD population of leukemic cells has a chemotherapy resistant 

phenotype that is unique when compared to leukemic cells cultured in media alone or those 

recovered from the other subpopulations in the same co-culture. As such, this model lends itself 

to more rigorous evaluation to test strategies targeting the most chemotherapy resistant 

leukemic cells which derive their resistant phenotype through interaction with the bone marrow 

microenvironment.    

 

Protocol: 

1. Advanced preparation  

1.1) Preparing G10 particles. 

1.1.1) Prepare G10 slurry by adding 50 ml 1x PBS to 10g G10 particles. Mix by inversion and 
allow G10 to settle out of phosphate buffered saline (PBS) at 4ºC overnight.  

1.1.2) The day of G10 column separation, aspirate PBS from settled G10 particles and add 
50 ml fresh PBS. Mix by inversion. Repeat twice, adding 50 ml fresh PBS to settled G10 
particles and store at 4ºC until ready to use. 

1.2) Culturing BMSC and OB. 
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1.2.1) Both BMSC or OB are maintained at 37 ºC in 6% CO2 and grown on 10 cm tissue 
culture plates until 90% confluency is reached. 

1.2.2) BMSC or OB cells are trypsinized and split 1:2 onto new 10 cm plates.  The cells are 
grown to these standards until needed for leukemic co-culturing. 

2. Establishing and maintaining co-culture 

2.1) Add 5-20 x106 leukemic cells in 10 ml of tumor specific culture media onto an 80-90% 
confluent BMSC or OB plate. 

NOTE: Our lab maintains co-cultures at 37 ºC in 5% O2 to better recapitulate the bone marrow 
microenvironment which has been shown to range from 1 to 7%16–18 . However, maintaining 
co-cultures at this oxygen tension is not critical for the establishment of the three leukemic 
subpopulations and is at the discretion of the lab.  

2.2) Every 4th day remove all but 1 ml of media (including leukemic cells in suspension) and 
replace with 9 ml fresh leukemic culture media.  

NOTE: When removing 9 ml of media from plate, be careful not to disturb the BMSC or OB 
adherent layer. Remove media by tilting plate to the side and aspirate media in the corner of 
the plate. Additionally, when adding fresh media, be sure to add drop wise in the corner of 
the plate against the sidewall to ensure minimal disruption of the BMSC or OB adherent layer.  

2.3) After the 12th day of co-culture, rinse leukemic cells from BMSC or OB layer  by pipetting 
culture media from dish up and down gently over the dish approximately 5 to 10 times and 
then collect in 15 ml conical tube. Reseed onto new 80-90% confluent BMSC or OB plate as 
described in step 2.1. 
 
NOTE: The gentle rinsing of the co-culture as described in step 2.3 will remove S and PB 
leukemic cells without disrupting the BMSC or OB monolayer. This allows only tumor cells to 
be transferred to the next co-culture plate.  This 12 day cycle can be repeated as many times 
as needed based on user needs.   

 
3. Preparing G10  bead columns 

NOTE: If sterile downstream analysis or culturing is required following G10 column 
separation the following steps should be carried out using sterile technique and G10 columns 
should be setup in a sterile biological hood. 

3.1) Pre-warm cell culture media to 37ºC in water bath (~30 ml per column). 

3.2) Using a 10 ml disposable syringe, remove and discard plunger.   
 
3.3) Add glass wool to syringe. 
 
3.3.1) Using tweezers, pull apart glass wool into thin loose strands. Add multiple layers of 
lightly packed glass wool to the syringe until 2/3 of the syringe is filled with glass wool. 
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NOTE: The glass wool is crucial to prevent loose G10 particles from contaminating the 
leukemic cell collection. Make sure glass wool is packed enough to support the G10 particles, 
but not too densely packed to block media flow through the column.  

3.4) Attach 1-way stopcock to the tip of the syringe in the closed position. 
 
3.5) Clamp syringe column to ring stand high enough so a 50 ml conical tube (collection tube) 
can be placed underneath stopcock. Place collection tube under syringe column. 
 
3.6) Using a 10 ml pipette add, drop-wise, G10  particles resuspended in PBS to the column 
on top of the glass wool. Continue adding G10 particles until a ~2 ml pellet (as measured by 
graduations on syringe) of G10 particles forms on top of the glass wool.   
 
3.7) Equilibrate the G10 column with pre-warmed media. 
 
3.7.1) Add 2 ml of pre-warmed media to column. Open stopcock valve slowly so that media 
flows out of the column drop-wise.  
 
3.7.2) Repeat step 3.7.1 until a total of 10 ml of pre-warmed media have been ran across the 
column. 

NOTE: If G10 particles are seen in the flow through in the collection tube, either 1) add more  
G10 particles to maintain ~2 ml pellet making sure no additional G10 particles escape from 
the column or 2) replace column with an unused one and repeat steps 3.5-3.7.1.   

3.7.4) Once the pre-warmed media drains from the column, close the stopcock and discard 
collection tube with flow through.  
 
3.7.5) Add new collection tube under column. Column is ready to be loaded with media + cell 
mixture.   
 
NOTE: Columns should be used immediately and not allowed to dry.  
 
4. Separating 3 subpopulations within co-culture 

 
4.1) Collection of suspension (S) tumor subpopulation. 
 
4.1.1) Aspirate media from co-culture plate with pipette and gently reapply the same media 
to rinse the plate and collect media containing leukemic cells in a 15 ml conical tube. The 
leukemic cells collected are the S subpopulation.  
 
4.2) Collection of Phase Bright (PB) tumor subpopulation. 
 
4.2.1) Add 10 ml fresh media back onto co-culture plate. Rinse vigorously by pipetting added 
media up and down approximately 5 times to remove adherent leukemic cells but not hard 
enough to dislodge adherent BMSC/OB component.  
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4.2.2) Aspirate with pipette and collect media in a 15 ml conical tube. The collected cells are 
the PB subpopulation.  
 
4.3) Collection of Phase Dim (PD) tumor subpopulation. 
 
4.3.1) Rinse plate with 1 ml PBS to remove remaining media. Trypsinize co-culture plate with 
3 ml trypsin and place into 37ºC incubator for 5 min. 
 
4.3.2) Remove plate out of incubator and gently tap sides of the plate to dislodge adherent 
BMSC/OB. 
 
4.3.3) Add 1 ml fetal bovine serum (FBS) and pipette up and down 3-5 times to break apart 
large cell aggregates. 
 
4.3.4) Collect media with cells in a 15 ml conical tube. These cells are the unpurified PD 
subpopulation with BMSC/OB as well.  
 
4.4) Centrifuge 3 isolated subpopulations at 400x g for 7 min. Aspirate and discard 
supernatant then individually resuspend pellets in 1 ml pre-warmed media. Cells are ready 
to be loaded onto a G10 column.  
 
5. Loading co-culture cells onto G10  column 
 
NOTE: Make sure stopcock is completely closed before adding media containing cells to 
G10 column. Also, each subpopulation must be ran over a separate G10 column so not to 
introduce any bias between populations in downstream analysis.  
 

 
5.1) Using a 1000 µl pipette, add 1 ml of each cell subpopulation in pre-warmed media to a 
separate G10 column drop-wise. The media containing the cells should remain on top or 
within G10 pellet.  
 
5.2) Allow cells to incubate on G10 pellet for 20 min at RT.  
 
NOTE: Stopcock remains closed for duration of incubation. 

 
6. Collecting leukemic cells from G10 column 

 
6.1) Add 1-3 ml pre-warmed media to each G10 column. 
 
6.2) Open stopcock valve and allow media to slowly exit the column drop-wise. 
 
NOTE: It is crucial to maintain a slow flow rate from the column or the G10 pellet containing 
BMSC/OB can wash out of the column and contaminate the isolated leukemic cells. 
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6.3) Continue to add pre-warmed media in small increments (1-2 ml) to G10 column until a 
total of 15 to 20 ml has run through column and has been collected. Close stopcock valve 
and cap collection tube. 
 
NOTE: If a G10 particle pellet is seen at the bottom of collection tube, gently remove media 
from the tube leaving G10 particle pellet undisturbed and transfer to new tube. 
 
6.4) Centrifuge collected media at 400x g for 7 min at RT.   
 
6.5) Remove supernatant and resuspend cell pellet in buffer appropriate for downstream 
application. 
 
6.6) Cells are now a pure population of leukemic cells free of BMSC or OB contamination 
and are ready to be applied to downstream applications at user discretion.  
 
NOTE: Leukemic cell viability should remain unchanged when passing cells through G10 
columns. 

 

Representative results: Successful setup and culture of this co-culture model will result in the 

establishment of 3 subpopulations of leukemic cells relative to the adherent BMSC or OB 

monolayer. Figure 1 shows how ALL cells seeded into a BMSC monolayer initially appear as 

only a single population of suspended leukemic cells. Over the course of 4 days leukemic cells 

interact with the BMSC to form 3 spatial subpopulations of leukemic cells (suspended (S), phase 

bright (PB), and phase dim (PD)).  While the 3 subpopulations of tumor cells can commonly be 

seen after 24 hours of co-culture with BMSC or OB we co-culture the cells for 4 days to allow 

the full dynamics and interactions between the leukemic cells and BMSC/OB cells to take place 

before any manipulation or experimentation takes place (Figure 1). Also, note that we maintain 

the co-cultures at an oxygen tension of 5% to recapitulate bone marrow physiology, which has 

been reported to range from 1-7%16–18.  

A vast majority of downstream analysis requires the separation of the leukemic cells from the 

BMSC or OB. To achieve this we use G10 columns to harvest a pure population of leukemic 
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cells (Figure 2A). Following trypsinization of BMSC and PD REH cells a mixed population is 

seen by two distinct forward/side populations by flow cytometry (Figure 2B, top panel).  

Following G10 separation a pure population of only REH ALL cells is recovered, which was 

confirmed by forward/side scatter flow cytometry (Figure2B, bottom panel).  

Use of this co-culture model and the ability to isolate leukemic cells from 3 subpopulations when 

in co-culture with BMSC or OB allows for interrogation of leukemic cell phenotype with relation 

to its spatial location relative to the adherent BMSC or OB monolayer. Of particular interest, is 

that ALL cells recovered from the PD population of a BMSC or OB co-culture have little to no 

cell death following exposure to cytotoxic chemotherapy (Figure 3 A,B).   

Discussion: Minimal residual disease (MRD) which contributes to relapse of disease continues 

to be a major clinical challenge in the treatment of aggressive refractory ALL, as well as, a host 

of other hematological malignancies. The bone marrow microenvironment is the most common 

site of relapse in ALL3,8. As such, models that model the bone marrow microenvironment are 

vital tools to test hypotheses related to leukemic tumor cell survival and maintenance of MRD 

during chemotherapy exposure. While mouse models define the gold standard for testing 

questions related to drug efficacy, 2D co-culture continues to be a cost effective methodology 

for testing hypotheses and drug strategies related to bone morrow microenvironment support of 

leukemic cell survival. Many groups have shown that co-culture of leukemic cells with BMSC or 

OB provides a survival advantage when challenged with chemotherapy agents9,10,12–14,19–21. 

Work modeling normal immature CD34+ hematopoietic cells in co-culture with mesenchymal 

stem cells (MSC) revealed that hematopoietic cells will interact with the adherent monolayer of 

MSCs to form three distinct spatial populations of hematopoietic cells22,23. Proliferation and 
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differentiation of the CD34+ cells was effected relative to their location within the co-culture22. 

We have expanded on this observation to test questions related to bone marrow 

microenvironment stromal cell support of a resistant population of tumor cells within a 2D co-

culture and its isolation for downstream analysis.  

Unlike standard 2D co-culture models which typically sample leukemic cells by removal 

of the suspended tumor, our model shows that co-culture represents a more dynamic interaction 

in which leukemic cells in co-culture with BMSC or OB form three subpopulations relative to the 

BMSC or OB monolayer (Figure 1). The tumor subpopulations that form are suspended (S) 

tumor, which is freely floating in the media; phase bright (PB) that is adhered to the surface of 

the BMSC or OB; and the phase dim (PD) which have buried beneath the BMSC or OB 

monolayer (Figure 1).  In this model, we found that a strict feeding and reseeding schedule is 

important to achieve consistent results in a co-culture model and therefore we feed the co-

cultures at 4 day intervals and transfer tumor to new BMSC or OB monolayers every 12 days.  

This may require modification for alternative tumor types as needed. The number of tumor cells 

that will migrate below the BMSC or OB to form the PD population may vary between different 

leukemic cells. This can be a limitation of the model, when the number of PD tumor cells are low 

making it difficult to collect enough cells for downstream analysis. In some cases this problem 

can be overcome by establishing replicate co-cultures to allow for pooling of the three individual 

subpopulations.  

As this model relies on tumor cell interaction with the BMSC or OB it is important to have 

an effective method to remove stromal cell contamination to address specific biology of the 

leukemic cells. To accomplish this separation of tumor cells from stroma we use G10 columns. 

Proper setup and use of these columns is crucial for isolation of pure tumor populations for 
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downstream analysis. As highlighted in Figure 2B, proper execution of the G10 column 

separation results in recovery of tumor cells at greater than 99% purity. This allows for 

downstream analysis of the leukemic cells without complication of interpretation of results that 

would result from stromal cell contamination. It is important to note that all leukemic cell types 

whether cell lines or primary patient samples will vary slightly in their ability to pass through the 

G10 columns. Before use in large scale experiments users should determine the number of 

leukemic cells they must input to recover the desired amount needed for their specific 

downstream needs. In addition, the amount of wash media ran over the G10 column post 

incubation can be increased to try and increase the number of cells recovered. Care should be 

taken to insure that the additional washes do not cause stromal cell contamination which can be 

determined post wash by cell counts or flow cytometry analysis of flow through.    

In establishing this model, we observed that leukemic cells recovered from the PD 

population have increased viability compared to leukemic cells grown in media alone, as well as 

to those recovered from the S or PB populations in the same co-culture when exposed to 

cytotoxic chemotherapy (Figure 3 a-b). This is significant because it represents a population of 

leukemic cells in vitro that derive pronounced protection from chemotherapy. This provides a 

useful tool to test treatment strategies aimed at targeting the most resistant tumor population, 

which is supported by the bone marrow microenvironment. Furthermore, because these 

leukemic cells are so well protected by the BMSC or OB co-culture it is amenable to in vitro 

combination treatment strategies, that in media alone or standard co-culture models would 

appear to or would completely kill the tumor which is not always representative of effects seen 

in resistant microenvironment supported leukemic populations.   
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Finally, we believe that use of this model can provide valuable insight into the interactions 

between BMSC/OB, and leukemic cells that are responsible for resistance to chemotherapy 

treatment, lead to MRD, and subsequently relapse. This model provides an in vitro platform to 

design experiments which will better inform downstream pre-clinical models. Though we show 

use of this model to test interactions between bone marrow stromal cells and ALL derived 

leukemic cells, we are hopeful that future directions and applications of this model will be useful 

in a variety of malignancies in which the bone marrow microenvironment provides a site of 

sanctuary for tumors during chemotherapeutic intervention.     
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Figure legends  

Figure 1: ALL cells in co-culture with BMSC or OB form three spatial populations. Our lab 

uses an in vitro co-culture system to model leukemic cell interactions with bone marrow 

microenvironment derived stromal cells (BMSC or OB). To establish co-culture, leukemic cells 

(Red) are seeded onto an 80-90% confluent monolayer of BMSC or OB (Blue), which is denoted 

as ‘Time 0’. Co-cultures are maintained at 37ºC at 5% oxygen to approximate conditions of the 

bone marrow microenvironment. Leukemic cells will begin to form 3 subpopulations as early as 

24 hours, but to allow for complete interactions to form we allow co-cultures 4 days to establish 

before utilizing leukemic cells for experiments. By day 4 (right panels), three subpopulations of 

leukemic cells will form in relation to the adherent monolayer. The schematic (top right) and the 

phase contrast microscopy (bottom right) show the suspended (S) leukemic cells freely floating 

in the media; phase bright (PB) leukemic cells which are adhered to the surface of the BMSC or 

OB monolayer; and the phase dim (PD) leukemic cells that have migrated beneath the BMSC 

or OB monolayer. Scale bar represents 10 microns. 

Figure 2: Use of G10 columns allows for separation of ALL cells from BMSC/OB. (A) 

Demonstration of the process of using a G10 column to separate ALL cells from BMSC/OB co-

culture to achieve a pure population of tumor cells for downstream analysis. From left to right, a 

mixture of ALL cells and BMSC/OB cells is added to the top of the G10 column; (Center) cell 

mixture will settle in the G10 slurry and should be incubated at RT for 20 min (Note: Stopcock 

is in the closed position throughout first two steps); (right) leukemic cells are recovered by 

opening the stopcock and rinsing column with pre-warmed media. (B) Top panel shows before 

G10 separation that there is a mixed population of cells containing BMSC (blue gate) and REH 

ALL cells (red gate) by evaluating forward (FSC) and side scatter (SSC) analysis. Bottom panel, 
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following G10  separation only the pure population of REH ALL cells (red gate) remain with less 

than 1% stromal cell contamination (blue gate).   

Figure 3: PD leukemic cells have increased resistance to chemotherapy exposure. SD-1 

leukemic cells recovered from the PD population of a BMSC co-culture (A) do not display 

reduced viability following a 4 day exposure to Ara-C [1µM], MTX [50µM], or VCR [25µM], similar 

to untreated controls (note that a second dose of Ara-C added at 48 hours to account for any 

drug loss due to stability) . Leukemic cells from the media alone, S, and PB populations have 

significantly reduced viability as determined by trypan blue exclusion. SD-1 leukemic cells co-

cultured with OB cells display similar trends in viability (B). Results are expressed as mean ± 

SEM. (*) denotes p < 0.05, unpaired t-test relative to untreated controls. 
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Figure 2: Use of G10 columns allows for separation of ALL cells from BMSC/OB 
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Figure 3: PD leukemic cells have increased resistance to chemotherapy exposure 
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Abstract 

Acute lymphoblastic leukemia (ALL) treatment regimens have dramatically improved the survival 

of ALL patients. However, chemoresistant minimal residual disease (MRD) that persists 

following cessation of therapy contributes to aggressive relapse. The bone marrow 

microenvironment (BMM) is an established “site of sanctuary” for ALL as well as myeloid lineage 

hematopoietic disease, with signals in this unique anatomical location contributing to drug 

resistance. Several models have been developed to recapitulate the interactions between the 

BMM and ALL cells. However, many in vitro models fail to accurately reflect the level of 

protection afforded to the most resistant sub-set of leukemic cells during co-culture with BMM 

elements. Pre-clinical in vivo models have advantages, but can be costly, and are often not fully 

informed by optimal in vitro studies. In the current report we describe an innovative extension of 

2D co-culture wherein ALL cells uniquely interact with bone marrow derived stromal cells. Tumor 

cells in this model bury beneath primary human bone marrow derived stromal cells or 

osteoblasts, termed “phase dim” (PD) ALL, and exhibit a unique phenotype characterized by 

altered metabolism, distinct protein expression profiles, increased quiescence, and pronounced 

chemotherapy resistance. Investigation focused on the PD subpopulation may more efficiently 

inform pre-clinical design and investigation of MRD and relapse that arises from BMM supported 

leukemic tumor cells.  
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Introduction 

The bone marrow microenvironment (BMM) is a well-established “site of sanctuary” in a host of 

malignancies, with the most common being of hematopoietic origin[1–8]. In leukemia, the BMM 

serves as the site of initiation and progression of disease. The BMM is also the most common 

site of relapse, where leukemic cells respond to signals that are critical for the support of 

“healthy” steady-state hematopoiesis[2,9,10]. Quiescence, metabolism, and survival pathways 

are all influenced by the BMM and are pathways known to be co-opted by leukemic cells in the 

marrow niche to promote treatment resistance[5,7,11]. Studies from many laboratories have 

furthered our understanding of the interplay between leukemic cells and the BMM, however, 

relapse of disease continues to be a clinical challenge.  

A number of models have been employed to recapitulate the interactions between the bone 

marrow niche and leukemic cells. In vivo murine models have provided insight and have become 

standard pre-clinical models in which to test novel therapeutic strategies[12–14]. While in vivo 

models define the gold standard they are labor intensive, time consuming, and costly to test 

hypotheses related to relapse of disease. Also, while the BMM can be effectively imaged during 

disease progression or treatment response, sequential sampling of tumor recovered from the 

niche is only achievable upon termination of experiments, resulting in evaluation of snapshots in 

time. Often, ongoing analyses are limited to peripheral circulating tumor that does not reflect the 

most treatment-resistant subpopulation of interest. Standard 2D in vitro models, while lacking 

the complexity of the in vivo microenvironment, provide an alternative means to interrogate 

tumor interactions with the microenvironment. Several groups have demonstrated that 2D co-

culture with primary human bone marrow stromal cells (BMSC) and osteoblasts (HOB) protect 
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human leukemic cells from chemotherapy induced death[2,6,8,11,15]. However, standard in 

vitro models lack the ability to predict long term survival of sub-sets of resistant leukemic cells, 

and as a result, are not ideal for evaluation of mechanisms that underlie MRD.  

Studies including co-culture of healthy hematopoietic stem cells with mesenchymal stromal cells 

(MSC) revealed that co-culture models exhibit a more dynamic nature than was previously 

appreciated. Hematopoietic cells interacted with MSCs in three distinct spatial 

compartments[16]. The subpopulations included uniquely identifiable suspended (S), phase 

bright (PB), or phase dim (PD) tumor cells when evaluated by light microscopy. Differences in 

the hematopoietic stem cell phenotype correlated with location of the hematopoietic cell relative 

to adherent MSC. Of particular relevance to the current study was the observation that the 

“phase dim” (PD) population of hematopoietic cells that buried beneath the MSC monolayer was 

immature and quiescent, two characteristics that have been associated with chemotherapy 

resistance[16,17]. In addition, it has previously been described that tumor cells closely 

associated with BMSC or HOB niches in vivo are more resistant to chemotherapy-induced 

apoptosis[11,18]. 

Based on previous works we sought to determine whether B- lineage acute lymphoblastic 

leukemia (ALL) cells, which share many common characteristics with their healthy pre- and pro-

B cell counterparts, would localize to distinct compartments of BMSC or HOB co-culture resulting 

in distinct subpopulations for investigation of therapeutic resistance. We demonstrate that ALL 

cells recovered from the PD population of co-culture are phenotypically distinct, and exhibit many 

characteristics of refractory disease described in vivo. PD derived tumor cells are resistant to 

therapy with survival that approximates tumor cells that have not been exposed to cytotoxic 
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agents. When compared to the other subpopulations recovered from the same co-culture, PD 

leukemic cells, in addition to their marked survival during chemotherapy exposure, were 

characterized by increased quiescence and elevated glycolytic activity. Our observations 

suggest that a biologically relevant model of minimal residual disease can be utilized in vitro that 

benefits from the inclusion of relevant human derived BMM constituents and targeted evaluation 

of the most resistant component of ALL. The PD leukemic cells in this model lend themselves to 

more rigorous drug screening than can be achieved when total leukemic populations are 

evaluated. Importantly, this novel approach of focus on the PD tumor cells may also more 

efficiently inform pre-clinical design to investigate MRD and relapse, with specific consideration 

of resistant subpopulations supported by the BMM. 

Materials and Methods 

Cell lines and culture conditions 

Bcr;Abl (Ph+) lymphoblastic cell lines Tom-1 (DSMZ-ACC 578), Nalm-27 (Fujisaki Cancer 

Center), Nalm-30 (Fujisaki Cancer Center), and Sup-B15 (ATCC-CRL-1929) and (Ph-) REH 

(ATCC-CRL-8286) and Nalm-6 (ATCC-CRL-1567) were utilized. De-identified primary bone 

marrow stromal cells (BMSC) were provided by the Mary Babb Randolph Cancer Center 

(MBRCC) Biospecimen Processing Core and the West Virginia University Department of 

Pathology Tissue Bank. BMSC cultures were established as previously described[19]. Human 

osteoblasts (HOB) were purchased (PromoCell, Heidelberg, Germany), and cultured according 

to the supplier’s recommendations. Co-cultures were established by seeding leukemic cells onto 

80-90% confluent BMSC or HOB monolayers. Cultures were fed every 4 days and tumor cells 

collected for inclusion in experiments with remaining leukemic cells moved to new primary BMSC 



www.manaraa.com

55 
 

or HOB adherent layers every 12 days. Cultures were maintained in 5% O2 to model normal 

bone marrow oxygen tension, reported to range from 1-7%[20–22]. Suspended (S) leukemic 

cells floating freely in the media were removed by gentle pipetting. Phase bright (PB) tumor cells, 

that were loosely adherent to the top of BMSC or HOB, were harvested by vigorous pipetting. 

Phase dim (PD) leukemic cells that were buried firmly beneath adherent BMSC or HOB were 

recovered by trypsinization of the adherent layer and PD tumor. The S, PB, and PD tumor 

populations were separated from BMSC/HOB by size exclusion with G10 Sephadex (Sigma, St 

Louis, MO, USA) column separation[23,24]. 

Microscopy 

Phase contrast images were acquired using a Leica DMIL LED microscope and processed by 

Leica application suite version 4.0 software (Buffalo Grove, IL, USA). Confocal images were 

acquired using an upright LSM 510 Zeiss microscope and processed using Zen2009 software 

(Thornwood, NY, USA). Fluorescence intensity for image acquisition was only altered when 

fluorescence intensities were not compared between samples.  

Subpopulation tracking 

The three ALL subpopulations were isolated from co-culture as described above. Each 

subpopulation (S, PB and PD) was individually stained with CellTracker™ Green, CellTracker™ 

Violet, or CellTracker™ Deep Red (Life Technologies, Grand Island, NY, USA) following the 

manufacturer’s protocol. An equal number of cells from each population was combined and 

cultured on coverslips with confluent BMSC or HOB for 1, 4 and 48 hours. Coverslips were 

extensively washed with PBS to remove S and PB subpopulations, fixed with 4% 
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paraformaldehyde, and stained with phalloidin-TRITC (Sigma). Slides were mounted with 

Prolong® Gold anti-fade (Life Technologies), and evaluated by confocal microscopy. 

Chemotherapeutic agents  

Cytarabine (Ara-C) (Selleckchem, Houston, TX, USA; Cat # S1648), Methotrexate (MTX) 

(Selleckchem, Cat # S1210) and Vincristine (VCR) (Selleckchem, Cat # S1241) were stored per 

manufacturer recommendations, and diluted in base media immediately prior to use. 

Experimental concentrations of Ara-C [1 µM], MTX [50 µM], or VCR [25 µM] were used to 

approximate clinically relevant doses in ALL[25–29]. 

Evaluation of leukemic cell viability  

ALL cells were cultured in media alone, or co-cultured with BMSC or HOB for 4 days to establish 

S, PB, and PD tumor populations. At day 4, cultures were provided fresh media and exposed to 

Ara-C, MTX, or VCR for 4 days. Cells treated with Ara-C were exposed to a second dose at 48 

hours. Viability was evaluated by trypan blue exclusion in triplicate samples. 

Annexin V/PI staining 

Cell culture and chemotherapy exposure were completed as described above. Following drug 

exposure ALL cells were stained using an Annexin V (FITC)/ propidium iodide (PI) apoptosis 

detection kit (Trevigen, Gaithersburg, MD, USA; Cat # 4830-01-K) according to the 

recommended protocol of the manufacturer. Collection and analysis were performed in triplicate 

using the LSRFortessa (Becton Dickenson, San Jose, CA, USA). 

Co-culture of tumor cells with non-bone marrow derived adherent cells 
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ALL cells were cultured in media alone, or co-cultured with sheep choroid plexus epithelial cells 

(SCP) (ATCC-CRL-1700), 3T3 mouse embryonic fibroblasts (3T3) (ATCC-CRL-1658), mouse 

embryonic fibroblasts (MEF) (ATCC-CRL-2991), human embryonic kidney cells (293T) (ATCC-

CRL-3216), or HT-1080 human fibrosarcoma derived cells (HT) (ATCC-CCL-121). Leukemic 

cells were cultured with adherent layers for 4 days to establish S, PB, and PD tumor populations 

comparable to those established with human BMSC/HOB. At day 4, cultures were exposed to 

Ara-C and evaluated for viability by trypan blue exclusion in triplicate as described above.  

In vitro relapse model 

ALL cells were grown in co-culture with BMSC or HOB for 4 days. At day 4, cultures were 

provided fresh media and exposed to Ara-C for 72 hours. Following Ara-C exposure, S and PB 

ALL cell subpopulations were harvested as previously described  and viability enumerated by 

trypan blue exclusion. Co-cultures, in which PD tumor cells remained buried beneath adherent 

BMSC/HOB, were rinsed to remove residual Ara-C and subsequently repopulation was 

monitored. ALL cells that comprised the regenerated S and PB fractions were enumerated at 5 

day intervals at which time fresh media was provided. Cultures were maintained until tumor 

burden compromised BMSC or HOB monolayers.  

Western blot analysis 

Specific targets of glycolytic regulation were detected by rabbit mAb Hexokinase 1 (Cell 

Signaling Technologies, Danvers, MA, USA; C35C4; Cat # 2024) and rabbit mAb Hexokinase 2 

(C64G5; Cat # 2867). Following incubation with horseradish peroxidase–conjugated secondary 

antibodies, signal was visualized using enhanced chemiluminescence (Amersham, Piscataway, 

NJ, USA). Densitometry was quantified by ImageJ with signal normalized to GAPDH. 
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Ki-67 staining 

ALL subpopulations were either cytospun following G10 Sephadex purification following co-

culture or analysis was completed on ALL cells during co-culture with BMSC or HOB grown on 

coverslips. Cells were fixed with 4% paraformaldehyde, washed with PBS, permeabilized with 

0.1% Triton X-100 (Sigma) in PBS, and incubated with rabbit anti-Ki-67 followed by Alexa 488 

anti-rabbit. Phalloidin-TRITC was used to visualize the actin cytoskeleton. Cells were washed 

with PBS and mounted to glass slides (coverslip staining) or coverslips (cytospins) with Prolong® 

Gold anti-fade/DAPI. Images were acquired by confocal microscopy and a minimum of 50 cells 

were counted to quantitate percent positive Ki-67 cells in triplicate.  

Cell cycle analysis 

G0 accumulation of ALL cells was investigated by evaluation of the DNA/RNA content 

quantitated by Hoechst33342/Pyronin Y (H/PY) (Sigma) double staining as previously 

described.[30] To evaluate the overall cell cycle profile of ALL cells, leukemic cells were collected 

from media or the PD population of co-culture after 12 days. ALL cells were fixed in 70% ethanol, 

treated with RNase (Sigma), and stained with PI for DNA analysis. All samples were performed 

in triplicate and processed on a FACSFortessia flow cytometer, and analyzed by FCS Express 

4 software.  

Oxygen consumption and Extracellular Acidification analysis  

Leukemic cells (800,000 cells/well) were collected from media alone or isolated from 

BMSC/HOB co-culture and incubated in an XFe96 cell culture microplate coated with Cell-Tak 

(BD Biosciences). The XFe 96 Analyzer with XF Assay Media containing sodium pyruvate and 

glucose was used to determine Oxygen Consumption Rate [OCR] measurements, or with XF 
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Base Media with L-glutamine to determine Extracellular Acidification Rate [ECAR] 

measurements. The XF plate was calibrated overnight with XF Calibrant at 37ºC. On the day of 

the measurements, tumor cells were plated directly in XF media, and basal measurements (OCR 

or ECAR) were collected at three time points. All analysis was performed using XFe 96 Analyzer 

(Seahorse Bioscience, North Billerica, MA, USA)  

Laser Ablation Electrospray Ionization (LAESI) and LC-MS/MS 

Leukemic cells cultured in medium alone or harvested from the PD population of BMSC or HOB 

co-culture were analyzed by LAESI-MS for metabolic profiling. Quantitative proteomic LC-

MS/MS analyses were performed on the following cell treatments: leukemic cells grown in media 

alone and co-culture with BMSC, BMSC/HOB, and HOB (Protea Biosciences, Morgantown, WV, 

USA). Detailed methodology and statistical analyses are included in Supplementary Materials 

and Methods. 

Statistical analysis 

Results are expressed as mean ± SEM. An unpaired t-test was performed to analyze results of 

cell viability data, H/PY, and KI67 quantitation (Graph Pad Software, La Jolla, CA, USA). Results 

of basal ECAR and OCR rates were analyzed by One-way ANOVA with Dunnett’s post hoc 

(Sigma Plot, San Jose, CA, USA). A p value of < 0.05 was considered statistically significant as 

detailed in figure legends. Error bars throughout figures are represent standard error (SEM). 
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Results 

ALL cells in co-culture with BMSC or HOB form three distinct spatial compartments.  

A panel of ALL cell lines formed three spatially and phenotypically distinct populations during co-

culture with BMSC (Figure 1) or HOB (DNS). ALL cells were separated into suspended tumor 

(S), which are not in physical contact with BMSC/HOB, phase bright (PB) that are loosely 

adherent to BMSC/HOB and phase dim (PD) subpopulations which bury beneath the BMSC or 

HOB monolayer (Figure 1). Each individual subpopulation re-establishes the PD subpopulation 

when collected and placed into subsequent co-cultures. When individual ALL subpopulations (S, 

PB, and PD) were removed from BMSC or HOB co-culture, stained with distinct dyes and re-

plated for 1-48h of interaction with BMM, no unique affinity was observed within any group of 

ALL cells to repopulate the PD compartment (Figure 2).  

ALL cells located in the PD population of BMSC or HOB co-culture demonstrate 

pronounced resistance to chemotherapy-induced death.  

PD ALL cells in BMSC/HOB co-culture have pronounced protection from chemotherapy-induced 

death when compared to media alone, S, or PB tumor cells following exposure to Ara-C, 

methotrexate (MTX), or vincristine (VCR) (Figure 3A-B and DNS). ALL cells readily establish 

three subpopulations (S, PB and PD) when co-cultured with several types of adherent layers 

established from sites other than the bone marrow, however, the PD population is not protected 

from Ara-C induced cell death (Figure 3C). Furthermore, we determined if surviving PD tumor 

cells from human BMSC or HOB co-culture could reconstitute the culture upon conclusion of 

chemotherapy exposure to simulate a purposefully simplified “in vitro relapse”. Following a 

quiescent period of approximately 15 to 20 days, ALL cells from the chemotherapy resistant PD 
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population migrated from beneath the stromal layers and initiated proliferation to re-populate the 

cultures (Figure 3D).  

 

ALL cells influenced by BMM have altered cell cycle distribution and quiescence.  

PD ALL cells have an increased G0/G1 fraction compared to media alone ALL cells (Figure 4A). 

The G0/G1 combined fraction was further investigated to determine the sub-set of PD ALL cells 

that are specifically in the G0 (quiescent) phase by H/PY double staining. Corresponding to the 

increase in G0/G1, PD cells have an increase in the percentage of cells in G0 compared to ALL 

cells in media alone (Figure 4B). Ki-67 staining was completed for analysis of the PD ALL 

population (Figure 4C) with PD ALL cells consistently having diminished Ki-67 staining when 

compared to media controls (Figure 4C-D). In addition to cell cycle analysis and Ki-67 expression 

alterations, global proteomic analysis was performed. As shown in Figure 5, proteins involved in 

cell cycle progression and DNA accessibility were altered in the leukemic cells influenced by the 

BMM. For a select group of histone-related proteins, alterations were seen in SUP-B15 ALL cells 

co-cultured with BMSC versus those co-cultured with HOB.  

BMSC/HOB cues alter ALL metabolic profiles. 

PD ALL cells have an increased level of glycolytic activity reflected by increased extracellular 

acidification rate (ECAR) when compared to ALL cells in media alone (Figure 6A). In agreement 

with increased basal glycolytic activity, PD ALL cells also have increased Hexokinase 1 and 2 

protein levels (Figure 6B). While glycolytic activity was increased in the PD population, basal 

levels of oxidative phosphorylation are significantly diminished in leukemic cells in co-culture 

(Figure 6C). Metabolomic analysis was completed to compare global changes between leukemic 
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cells in the presence (PD) or absence (media alone) of microenvironment cues with clustering 

of m/z according to expression level reflecting distinct metabolic profiles (Figure 6D).  

 

 

Discussion  

In this study, using an extension of 2D co-culture techniques we have demonstrated that a panel 

of ALL cell lines when in co-culture with BMSC or HOB form three distinct spatial compartments: 

S, PB, and PD. Of these, the PD population is the most resistant and quiescent subpopulation 

generated by BMM interactions in vitro, and provides a valuable tool that can be applied for 

studying aggressive, resistant leukemia for targeted intervention. To evaluate whether the three 

individual groups of ALL cells had specific affinity for the location from which they were isolated, 

cell tracking experiments were completed. Leukemic cells in our model behave stochastically, 

and did not preferentially reconstitute the location from which they were isolated (Figure 2). S, 

PB or PD derived ALL cells readily buried under BMSC or HOB ("became PD"). This observation 

suggests a very dynamic phenotype, driven by the specific cues in distinct locations, versus a 

sustained phenotypic alteration or ALL cell “memory”.  

Our laboratory has previously shown that in general BMSC provide chemotherapy protection to 

leukemic cells via soluble factors[32,33] and adhesion interactions in standard 2D co-

cultures[15,34–36]. When the attention was directed to the PD subpopulation, they were shown 

to be the most resistant to chemotherapy exposure. Protection was specific to interactions with 

BMM-derived BMSC, HOB or NSG derived BMSC (Figure 3A-C, DNS). The value of our model 

approach is the observation that, with inclusion of just one niche component, either BMSC or 
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HOB, a distinct group of tumor cells can be isolated that have altered cell cycle profiles, 

metabolic signatures and cytotoxic agent response. Future work can expand upon this model, 

increasing its complexity through methodical addition of other key bone marrow 

microenvironment components, such as endothelial cells[36], to better recapitulate the resistant 

leukemic niche in vitro  to answer specific, clinically relevant questions with emphasis on 

interruption of signals that influence ALL cell quiescence, metabolic activity, and apoptosis.  

Tumor cells that are in a quiescent state have been described by other groups to be drug 

resistant[37]. We observed that PD cells accumulate in the G0/G1 phase of cell cycle with a 

reduction in S phase (Figure 4A). Coincident with induction of quiescence, PD cells had 

increased p27 suggesting this may be one mechanism by which the cells are arrested in a G0 

state (DNS; figure 4B). The PD population does not demonstrate 100% accumulation in G0 

indicating that cell cycle interruption does not explain the entire escape from S phase specific 

drug-induced apoptosis. Even within the purified PD subpopulation multiple pathways are likely 

influenced by niche cells that converge on blunting apoptosis. PD ALL cells also had a reduced 

proliferation index measured by Ki-67 staining (Figure 4C-D), again consistent with the assertion 

that the BMM alters ALL proliferation, which may be one contributing factor to increased 

chemotherapy resistance (Figures 3-4). Future studies will be important to evaluate a broader 

range of drugs in this model, including those that are not S phase specific, to expand our 

understanding of the resistant subpopulation.  

Diverse protein pathways were altered in leukemic cells during co-culture with BMM cells 

evaluated by MS/MS analysis (Figure 5). Key pathways with significant alteration in ALL cells 

were those associated with cell cycle progression and DNA accessibility. Interestingly, 
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differences were not only seen in ALL cells from BMM niche co-culture compared to media alone, 

but also in histone related protein expression between ALL cells influenced by BMSC compared 

to HOB. Although both cell types are derived from the bone marrow, it is not surprising that they 

influence ALL gene expression differently based the uniqueness of the endosteal and 

perivascular niches[38,39]. This reflects the complexity of the marrow niche and 

compartmentalization of function that is critical for regulated development of healthy 

hematopoietic cells through controlled differentiation, proliferation, survival and eventual egress 

to the periphery.  

We further characterized the metabolomic profiles of the PD subpopulation compared to tumor 

cells grown in media alone utilizing LAESI-MS. The metabolic signatures of leukemic cells 

provided microenvironment cues were notably distinct from ALL cells deprived of these signals 

(Figure 6). This global evaluation was not intended to identify specific targets but rather to 

determine if overall metabolite patterns were shifted (Figure 6D). The cellular metabolism of this 

subpopulation of leukemic cells has been altered by the bone marrow microenvironment 

interactions, resulting in quiescent cells with high glycolytic potential (Figure 6A-B). This has 

been previously observed in quiescent fibroblasts[40], and the notion that the PD cells are 

“primed” for proliferation when they are released from quiescent constraints is a characteristic 

previously reported in activated dormant T cells[41]. 

A particular concern that remains in ALL is the aggressive treatment strategies required to treat 

relapse in children with the marked potential of late effects and secondary malignancies. Against 

this backdrop, it is essential to expand the knowledge we obtain in vitro for efficient translation 

to pre-clinical modeling, subsequent novel drug trials, and generation of new treatment 
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paradigms for patients. Clearly limitations are significant in modeling a complex and dynamic 

disease such as ALL in vitro. The unique leukemic co-culture model described with an emphasis 

on a functionally distinct, quiescent and chemoresistant PD subpopulation provides a valuable 

tool for future analysis. Further dissection of the molecular pathways regulated by the BMM and 

the “sanctuary” that is created for leukemic cells to generate refractory disease still needs to be 

extensively studied in order to achieve a higher percentage of disease free survival in leukemia 

patients.  
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Supplemental methods: 

Culture conditions 

Co-cultures were established by seeding leukemic cells onto 80-90% confluent BMSC or HOB 

monolayers. Cultures were fed every 4 days and tumor cells collected for inclusion in 

experiments with remaining leukemic cells moved to new primary BMSC or HOB adherent layers 

every 12 days. Cultures were maintained in 5% O2 to model normal bone marrow oxygen 

tension, reported to range from 1-7%[1–3]. Suspended (S) leukemic cells floating freely in the 

media were removed by gentle pipetting. Phase bright (PB) tumor cells, that were loosely 

adherent to the top of BMSC or HOB, were harvested by vigorous pipetting. Phase dim (PD) 

leukemic cells that were buried firmly beneath adherent BMSC or HOB were recovered by 

trypsinization of the adherent layer and PD tumor. The S, PB, and PD tumor populations were 
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separated from BMSC/HOB by size exclusion with G10 Sephadex (Sigma, St Louis, MO, USA) 

column separation[4].  

Microscopy 

Phase contrast images were acquired using a Leica DMIL LED microscope and processed by 

Leica application suite version 4.0 software (Buffalo Grove, IL, USA). Confocal images were 

acquired using an upright LSM 510 Zeiss microscope and processed using Zen2009 software 

(Thornwood, NY, USA). Fluorescence intensity for image acquisition was only altered when 

fluorescence intensities were not compared between samples.  

Co-culture of tumor cells with non-bone marrow derived adherent cells 

ALL cells were cultured in media alone, or co-cultured with sheep choroid plexus epithelial cells 

(SCP) (ATCC-CRL-1700), 3T3 mouse embryonic fibroblasts (3T3) (ATCC-CRL-1658), mouse 

embryonic fibroblasts (MEF) (ATCC-CRL-2991), human embryonic kidney cells (293T) (ATCC-

CRL-3216), or HT-1080 human fibrosarcoma derived cells (HT) (ATCC-CCL-121). Leukemic 

cells were cultured with adherent layers for 4 days to establish S, PB, and PD tumor populations 

comparable to those established with human BMSC/HOB. At day 4, cultures were exposed to 

Ara-C and evaluated for viability by trypan blue exclusion in triplicate. 

In vitro relapse model 

ALL cells were grown in co-culture with BMSC or HOB for 4 days. At day 4, cultures were 

provided fresh media and exposed to Ara-C for 72 hours. Following Ara-C exposure, S and PB 

ALL cell subpopulations were harvested as previously described  and viability enumerated by 

trypan blue exclusion. Co-cultures, in which PD tumor cells remained buried beneath adherent 
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BMSC/HOB, were rinsed to remove residual Ara-C and subsequently repopulation was 

monitored. ALL cells that comprised the regenerated S and PB fractions were enumerated at 5 

day intervals at which time fresh media was provided. Cultures were maintained until tumor 

burden compromised BMSC or HOB monolayers. 

Western blot analysis 

Specific targets of glycolytic regulation were detected by rabbit mAb Hexokinase 1 (Cell 

Signaling Technologies, Danvers, MA, USA; C35C4; Cat # 2024) and rabbit mAb Hexokinase 2 

(C64G5; Cat # 2867). Following incubation with horseradish peroxidase–conjugated secondary 

antibodies, signal was visualized using enhanced chemiluminescence (Amersham, Piscataway, 

NJ, USA). Densitometry was quantified by ImageJ with signal normalized to GAPDH. 

Ki-67 staining 

ALL subpopulations were either cytospun following G10 Sephadex purification following co-

culture or analysis was completed on ALL cells during co-culture with BMSC or HOB grown on 

coverslips. Cells were fixed with 4% paraformaldehyde, washed with PBS, permeabilized with 

0.1% Triton X-100 (Sigma) in PBS, and incubated with rabbit anti-Ki-67 followed by Alexa 488 

anti-rabbit. Phalloidin-TRITC was used to visualize the actin cytoskeleton. Cells were washed 

with PBS and mounted to glass slides (coverslip staining) or coverslips (cytospins) with Prolong® 

Gold anti-fade/DAPI. Images were acquired by confocal microscopy and a minimum of 50 cells 

were counted to quantitate percent positive Ki-67 cells in triplicate. 
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Seahorse analysis  

Leukemic cells (800,000 cells/well) were collected from media alone or isolated from 

BMSC/HOB co-culture and incubated in an XFe96 cell culture microplate coated with Cell-Tak 

(BD Biosciences). The XFe 96 Analyzer with XF Assay Media containing sodium pyruvate and 

glucose was used to determine Oxygen Consumption Rate [OCR] measurements, or with XF 

Base Media with L-glutamine to determine Extracellular Acidification Rate [ECAR] 

measurements. The XF plate was calibrated overnight with XF Calibrant at 37ºC. On the day of 

the measurements, tumor cells were plated directly in XF media, and basal measurements (OCR 

or ECAR) were collected at three time points. 

Laser Ablation Electrospray Ionization (LAESI) 

Prior to direct analysis by laser ablation electrospray ionization (LAESI-MS) each cell pellet 

(5x106 cells) was centrifuged at 1,000 x g for 2 minutes at 4°C. The entire pellet (~3 µL) was 

dispensed onto a glass microscope slide for LAESI-MS analyses. In vivo molecular profiling was 

performed on the cells with a LAESI DP-1000 Direct Ionization source interfaced with a Thermo 

QExactive mass spectrometer (Thermo Scientific). Electrospray solution (50% methanol/0.1% 

acetic acid) flowed at 1 µL/min through a stainless steel emitter tip (320 µm OD and 100 µm ID; 

New Objective, Woburn, MA) at an electrospray voltage 4 kV. Three technical replicates (250 

laser pulses at 10 Hz with a laser energy 600 µJ) were performed per three biological replicates. 

The LAESI peltier stage was cooled to 4°C. Full scan mass spectrometer profiles were collected 

over a mass range of m/z 50 to 750 at 35,000 mass resolution with m/z 37[5]. 1012 selected for 

real-time mass accuracy lockmass correction. 

Post-analysis processing and multivariate statistics 
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Post LAESI-MS acquisition, the spectra were averaged across each technical replicate per 

biological replicate (approximately 175 scans).  Multivariate statistics were applied in order to 

compare media treatment to BMSC and HOB, respectively. Mass Profiler Professional (Agilent, 

version 13 build 211261) was used to determine significantly altered m/z using a Benjamini 

Hochberg false discovery rate corrected p-value <0.01 from ANOVA testing1. Putatively altered 

m/z visualized using the heatmap function. 

Proteomics 

iTRAQ sample preparation 

Cell pellets were lysed 150µL of 0.1 M TEAB with 2% SDS, vortexed and sonicated for 20 

minutes in an ice bath, followed by centrifugation at 12,000 g for 10 minutes. Supernatant was 

quantified by BCA, and 200 µg of protein from each cell type was precipitated using cold acetone 

in a 6:1 acetone to sample ratio, chilling at -20°C overnight. Proteins were reduced and alkylated, 

and trypsin digested overnight. The iTRAQ labeling (Applied Biosciences) was performed 

according to manufacturer’s instructions, labeling for two hours, followed by adding an excess 

350 µL of water and incubating for 30 minutes to stop the labeling reaction. Samples Media, 

BMSC, BMSC/HOB, and HOB samples were labeled with tagged with the 115, 1116, 117, 118 

reagents, respectively. Samples were frozen to -80°C followed by overnight lyophilization, and 

cleaned up using strong cation exchange (SCX) SpinTips (Protea Biosciences). Samples were 

lyophilized after cleanup, and reconstituted in 40 µL of 0.1% formic acid/5% acetonitrile. 

LC-MS/MS 

Samples were separated by reverse phase chromatography using a Shimadzue LC-20AD HPLC 

system eluting over 90 minutes using a C18 column (Kinetex 100 x 2.1 mm C18, Phenomenex). 
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Gradient was 0-3 minutes 2% B, 3-70 minutes 2-40%B, 70-80 minutes 90% B followed by a 

column wash 80-85 minutes 90% B using a flow rate of 200 µL/minute. Mobile phase A was 

0.1% formic acid in water, mobile phase B was 0.1% formic acid in acetonitrile. Peptides were 

eluted with a positive ion mode applied voltage of 3.5 kV into a QTrap 5500 (AB Sciex). Using 

data independent acquisition, the 3 most intense multiply charged ions with ion intensities above 

a threshold of 50000 in each regular MS scan were subjected to MS/MS analyses. 

Data analysis 

MS/MS data were searched against the Swissprot human database downloaded January 7, 

2015. Data were searched with the Paragon search algorithm (Applied Biosciences) through the 

ProteinPilot software using trypsin as the enzyme, statics modifications of Cysteine and MMTS 

(Methylthio, the labeling reagent), dynamic modifications of deamidation (N,Q) and oxidation 

(M). Autobias was applied for quantification using GAPDH as a control to evaluate quantification. 

Altered proteins were designated as those with p-value <0.05 relative to Media. The web 

applications ToppCluster and WebGestalt were used for enrichment analysis and graphical 

representation of biological processes and pathways[6,7]. 

Statistical analysis 

Results are expressed as triplicate mean ± SEM. An unpaired t-test were performed for viability, 

H/PY, and KI67 quantitation (Graph Pad Software, La Jolla, CA, USA). Seahorse results were 

analyzed by One-way ANOVA with Dunnett’s post hoc (Sigma Plot, San Jose, CA, USA). p value 

of < 0.05 was considered statistically significant. 
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Figure legends  

Figure 1. Human acute lymphoblastic leukemia cells (ALL) occupy three functionally distinct 

spatial compartments during co-culture with BMSC. The left panels show suspended ALL tumor 

cells from representative cell lines (REH, Nalm-27 or Tom-1) grown in media alone. Right panels 

demonstrate co-culture dynamics with leukemic cells forming three functionally distinct 

populations in relation to the BMSC monolayer. Cells were co-cultured for 48 to 72h prior to 

acquiring images. The three ALL populations include suspended (S) cells which refract light, 

appear bright and are freely floating in culture media; phase bright (PB) tumor cells that are 

loosely attached to the surface of the adherent BMSC monolayer; and phase dim (PD) tumor 

cells which are beneath the BMSC monolayer and appear as phase dim cells upon light 

microscopy. Arrows highlight the PD subpopulation of ALL cells in co-culture with BMSC, which 

are enlarged in the inset for more detailed visualization. Scale bar= 10 µm.  

 

Figure 2. Each subpopulation of Nalm-27 ALL cells re-established the PD fraction when 

provided BMM niche cells. The S, PB and PD ALL subpopulations were collected from co-culture 

and individually stained with blue, far red and green fluorophores for visualization, respectively. 

Each subpopulation associated with BMSC (top panel) and HOB (bottom panel) observed after 

48h. Co-cultures were vigorously rinsed to remove S and PB tumor cells to visualize only PD 

tumor cells shown in the representative images. Actin was visualized by Phalloidin-TRITC 

staining. Levels including gamma were adjusted and a median filter was applied for image clarity 

with no comparison of intensity. Scale bar= 10 µm. 
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Figure 3. PD leukemic cells have pronounced resistance to chemotherapy induced death. (A) 

Leukemic cells recovered from the PD population of an HOB co-culture have significantly 

increased viability following exposure to Ara-C [1 µM], MTX [50 µM], or VCR [25 µM] determined 

by trypan blue exclusion or (B) Annexin V-FITC/PI staining when compared to matched controls 

that are exposed to cytotoxic agents in media alone. (C In contrast to human BMSC or HOB co-

culture, leukemic cells recovered from the PD population of non-bone marrow derived adherent 

layers do not have increased viability compared to untreated controls during exposure to Ara-C. 

(D) PD leukemic cells undergo a quiescent recovery period following Ara-C exposure, followed 

by an aggressive period of proliferation to repopulate the S and PB populations. (*) denotes p < 

0.05, unpaired t-test when compared to media alone or untreated controls.  

 

Figure 4. BMM cells influence the PD subpopulation cell cycle profile and increase quiescence. 

(A) PD cells have a higher percentage of cells in the G0/G1 phase and a reduction in S phase 

compared to media alone leukemic cells as measured by PI staining. (B) H/PY staining revealed 

the PD cells have a higher percentage of cells in G0 when compared to tumor cells cultured in 

media alone. (C) Assessing Ki-67 (green) expression by confocal microscopy, the PD cells had 

a reduction in Ki-67 positive cells. TRITC staining: red, DNA staining: blue, Ki-67: green. Scale 

bar equal= 10 µm. (*) denotes p < 0.05, unpaired t-test when compared to media alone.  

 

Figure 5. BMM alters global protein expression in ALL cells. The heat map shown represents 

differentially regulated proteins comparing Sup-B15 ALL cells co-cultured with BMSC or HOB to 

those grown in media alone. GAPDH was used as a control to normalize expression in all groups. 
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A p-value <0.05 for comparisons of co-culture relative to media alone was required for 

designation of a difference in protein abundance.  

 

Figure 6. PD cells isolated from bone marrow niche co-culture have a distinct metabolic 

phenotype when compared to ALL cells in the absence of microenvironment signals. (A) REH 

cells recovered from the PD population have increased basal glycolytic rates compared to tumor 

in media alone or their S and PB counterparts from the same BMSC or HOB co-culture as 

indicated by the increase in extracellular acidification rate (ECAR). (B) Western blot analyses 

indicated increased Hexokinase 1 and Hexokinase 2 protein expression in PD ALL cells 

compared to tumor cells maintained in media alone. (C) REH cells in co-culture with BMSC or 

HOB have decreased basal oxygen consumption compared to media alone controls as reflected 

by diminished oxygen consumption rate (OCR). (D) Laser ablation electrospray ionization mass 

spectrometry (LAESI-MS) metabolomic analysis of Nalm-27 cells cultured in media alone or 

recovered from the PD population of BMSC or HOB co-culture showed global changes of 

metabolites between ALL cells populations. Heat map represents differentially expressed 

metabolite ions (m/z values), p-value < 0.01. (*) denotes p < 0.05 by One-way ANOVA with 

Dunnett’s post hoc when compared to media alone.  
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Figure 1. Human acute lymphoblastic leukemia cells (ALL) occupy three functionally distinct 
spatial compartments during co-culture with BMSC 

  



www.manaraa.com

80 
 

 

 

 

 

Figure 2: Each subpopulation of Nalm-27 ALL cells re-established the PD fraction when 

provided BMM niche cells 
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Figure 3: PD leukemic cells have pronounced resistance to chemotherapy induced death 
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Figure 4: BMM cells influence the PD subpopulation cell cycle profile and increase quiescence 
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Figure 5: BMM alters global protein expression in ALL cells 
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Figure 6: PD cells isolated from bone marrow niche co-culture have a distinct metabolic 

phenotype when compared to ALL cells in the absence of microenvironment signals 
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Abstract: 

Acute lymphoblastic 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 phenotype through modulation of gene expression. miRNAs define 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 osteoblasts (HOB). Specifically, mature miR-221 and miR-222 

transcripts were decreased in ALL cells co-cultured with BMSC or HOB, coincident with an 

increase in the previously validated target, CDKN1B (p27). Increased p27 protein in ALL cells 

exposed to BMSC or HOB is consistent with accumulation of tumor cells G0 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 

suggest that BMM regulation of miR-221/222 may contribute to marrow niche supported tumor 

cell quiescence and survival of residual cells.  

Implications sentence: 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. 

  



www.manaraa.com

87 
 

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 

osteoblasts (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). 
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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 II 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 Argonuate (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 RNA 

polymerase II 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 (CDKN1B; p27). The 

expression of p27 has been shown to blunt cell cycle progression at the G0/G1 transition with 

levels of p27 being higher in quiescent cells compared to those that are actively cycling (22). 
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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.   

Methods: 

Cell lines and Culture Conditions.  In the following experiments, Philadelphia chromosome 

positive (Ph+) lymphoblastic cell lines SUP-B15 (ATCC #CRL-1926) and Nalm-27 (Fujisaki 

Cancer Center) and Ph- REH (ATCC#CRL-8286) were utilized. Cell line identity is routinely 

monitored by B-cell surface immunostaining and fluorescence in situ hybridization (FISH) 

analysis for Philadelphia gene status. In addition, primary human leukemic cells were acquired 

from the West Virginia University Health Sciences Center and West Virginia University Cancer 

Institute Biospecimen Processing Core and the Department of Pathology Tissue Bank. Primary 
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patient sample 1 (P1) is a patient with ALL at diagnosis and primary patient sample 2 (P2) is a 

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 (PromoCell) 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 106 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% O2 to model normal bone marrow oxygen tension, reported to range from 

1-7% (23). 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 discribed to be the most chemotherapy 

resistant, were separated from the stromal layers by size exclusion with G10 Sephadex (Sigma) 

previously described (24) and used 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 [1µM] or 

VCR [25 µM] 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 



www.manaraa.com

91 
 

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 Ago1 (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 qRT-PCR with 

TaqMan 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). 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 miRNA overexpressing and sponge leukemic cells.  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 
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by flow cytometry using LSRFortessia (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). 

Statistical analysis.  All data are presented as the mean ± standard error (with the exception 

for qPCR data which was mean ± standard deviation) and the statistical significances between 

conditions were determined by the Student t 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). 

Results: 

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-
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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 III that cleaves precursor miRNA into mature 

miRNA duplexes, was also observed in ALL cells in co-culture, but not the RISC component 

Ago1 (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.  
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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 qRT-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 
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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 qRT-

PCR and western blot, respectively. ALL cells overexpressing 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). 

 



www.manaraa.com

97 
 

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 
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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. 

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 correlate 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 
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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; Suppl 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 
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influenced by the BMM (Fig. 2D) consistent with previous observations of BMM supported ALL 

quiescence (17).  

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.  
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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-β, respectively. Anatomical niches that support hematopoietic cells in the BMM have been 

well characterized as being hypoxic (31) 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-

β (47,48) and our laboratory has previously described increased activation of TGF-β subsequent 

to chemotherapy (49). Exposure of hematopoietic tumors to both baseline and increased 

bioavailable TGF-β in the niche could result in an unintended result of tumor cell quiescence 

during treatment regulated, in part, by TGF-β regulated miRNA pathways.  

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 in early stages of development, there have been 

great strides made not only in the delivery, but also the specificity of miRNA therapy (50). 

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 
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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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Figure Legends: 

Figure 1.  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.  

Figure 2.  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, qRT-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, SUP-B15 (excluding immunofluorescence images), 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 µm. P1, patient sample 1; P2, 

patient sample 2.  

Figure 3.  miR-221/222 sponge ALL cells have increased p27, with reduced proliferation and 

chemosensitivity. A, Schematic of lentiviral miRNA sponge construct along with western blot of 
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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 µm. EV, empty 

vector; Sp, sponge; Ara-C, cytarabine; VCR, vincristine.  

Figure 4.  Overexpressing miR-221 reduces p27 abundance in ALL. A, qRT-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 µm. EV, empty 

vector; 221/ 221 OX, miR-221 overexpression.  

Figure 5.  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 



www.manaraa.com

109 
 

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 µm. 221 OX, miR-221 

overexpression; Ara-C, cytarabine; VCR, vincristine. 

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 qRT-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.  

  



www.manaraa.com

110 
 

 

 

Figure 1: The BMM alters miRNA biogenesis protein expression in ALL 
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Figure 2: ALL cells have miRNA alterations when influenced by the BMM 
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Figure 3: miR-221/222 sponge ALL cells have increased p27, with reduced proliferation and 

chemosensitivity 
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Figure 4: Overexpressing miR-221 reduces p27 abundance in ALL 
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Figure 5: miR-221 overexpression can overcome BMM regulation of ALL proliferation and 

survival 
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Figure 6: Primary transcript levels of miR-221/222 are unaltered in BMM influenced ALL 
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Significant advancements in leukemia treatment have been made since the first cytotoxic 

agent, arsenic, was administered in the mid-nineteenth century1. Drug selectivity has increased 

concurrent with the reduction in off-target toxicity. In the United States, the current percentage 

of patients with acute lymphoblastic leukemia (ALL) that achieve initial remission is greater than 

95%. Patients that are younger than fourteen tend to have a better prognosis than patients over 

the age of sixty2,3. This can be attributed, in part, to differences in treatment tolerance and the 

cytogenetics of patients that underpin specific cellular changes. Children can often tolerate more 

aggressive chemotherapy treatments than adults4. Children also have a lower likelihood of 

developing aggressive subtypes of leukemia which arise from cytogenetic abnormalities 

including translocations (i.e. Philadelphia chromosome)5. In all age groups the major concern 

lies with residual, treatment refractory, disease that is present after therapy has been completed. 

The number of remaining leukemia cells after treatment, termed minimal residual disease 

(MRD), has been shown to directly correlate with likelihood of disease relapse6. As mentioned 

previously, the bone marrow’s protective nature plays a pivotal role in disease relapse through 

diverse protective cues that it provides to tumor cells. Not only is the bone marrow 

microenvironment the site of disease initiation, it is the most common site for relapse7. The ability 

of leukemia cells to commandeer the niche and arrogate normal HSPC signaling factors has 

been demonstrated to directly impact tumor cell resistance and survival8,9. The interruption of 

the cross-talk between the bone marrow niche and tumor cells has the potential to improve 

survival rates of ALL patients by rendering tumor cells more vulnerable to therapy induced death. 

Although modern treatments may eradicate the majority of leukemia cells from patients, a 

minority of surviving tumor cells ultimately dictate the length of a patient’s disease-free survival. 

Modern conventional chemotherapy agents frequently target dividing cells. The misfortune with 
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this strategy is two-fold; first, treatment effects the viability of non-cancerous dividing cells as 

bystanders, and second, tumor cells that are in a quiescent state are more likely to remain viable 

after treatment10–12. The inability to target non-dividing tumor cells is a clinical challenge in which 

novel strategies are being established. Although the development of inhibitors which disrupt 

tumor metabolism or adoptive cell transfer of T-cells with chimeric antigen receptors have been 

successful in the treatment of non-proliferative tumor cells, there are a minimal amount of cancer 

subtypes that will achieve therapeutic response13,14. 

An initial step to combat refractory disease is to develop models which can specifically 

support examination of leukemia cells that are quiescent, and chemotherapy resistant, driven by 

bone marrow niche interactions. It is essential to investigate these interactions on a molecular 

scale in order to continue to bridge the gap between clinical application and bench-top results. 

Although in vivo models are beneficial because they more closely resemble human disease in a 

completely closed animal system, they can be very costly and time demanding. Developing in 

vitro models which conceivably are able to be modified for high-throughput experimentation, 

which are less expensive and more time efficient, could prove to be more effective. Advancing 

in vitro models would not replace the need for animal models, but it would potentially elevate in 

vivo experiment efficiency by better advising experimental design. With strong data in hand, for 

example, optimal use could be made of patient derived xenograph (PDX) models of 

hematopoietic disease.  Our research team has designed an in vitro model that can assist in the 

investigation of refractory leukemic disease. Rainer Ordemann’s laboratory observed CD34+ 

HSPC co-cultured with mesenchymal stem cells (MSCs) established different 

subpopulations15,16. The three HSPC subsets observed were either suspended in media (S), 

adhered to the MSCs monolayer which were phase bright (PB) under light contrast microscopy, 
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or were buried beneath the MSC monolayer which were phase dim (PD). Not only were the 

HSCs in different spatial locations, phenotypic variations including cell cycle profile, oxygen 

tension, and preservation of stem-like characteristics were witnessed15. Since leukemia cells 

have many similarities to HSPCs, our laboratory applied their observations to our model. As 

described in Chapter II17, leukemia cells form similar distinct populations when in co-culture with 

BMSC or HOB that HSPCs formed with MSCs. One population in particular, the PD subset 

physically buried beneath adherent BMSC or HOB, displayed a highly chemotherapy resistant 

phenotype. For reproducibility of results, a strict schedule of medium replacement and continued 

co-culture passage to newly confluent BMSC or HOB plates was maintained to ensure 

consistency with minimal culturing variability. In order to assess phenotypic changes within the 

different subsets of leukemia cells, previously developed G-10 sephadex particle column 

separation18 was utilized to separate the BMSC and HOB components from the tumor cells so 

that a pure population of leukemia cells could be isolated. Although our laboratory is aware of 

the fact that these specific leukemia cell populations may not be present in a patient in the same 

spatial context, the observation that a resistant, quiescent leukemic cell population exists which 

contributes to relapse of disease is apparent and has been previously shown to occur in 

patients12,19. As such, the resistant subset under the influence of BMSC or HOB provides a 

biologically relevant approach to address a significant clinical problem.  

Further investigation was necessary to acquire a better understanding of the highly 

resistant PD leukemia cell population. A surprising observation demonstrated in Chapter III; 

Figure 2 indicated that the PD population was not a “fixed” population in terms of either physical 

location or phenotype20. Any of the three leukemia populations (S, PB or PD) could reconstitute 

the PD population demonstrating that spatial location relative to the bone marrow niche cells is 
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the unique component dictating the altered phenotype of the cells and the relationship is 

dynamic. This observation further validates the influence the bone marrow microenvironment 

has on leukemia cells and why it is essential to disrupt these interactions. It also highlights the 

potential therapeutic advantage if approaches can be developed to drive tumor cells out of the 

protective niche since stable changes in tumor cells from the PD population were not noted. This 

approach is in contrast to the observation that sub-clones of leukemic cells have been described 

that have specific stable mutations and aggressive phenotype associated with it 21,22. This model 

is focused uniquely on transient resistance that is conferred by interaction with BMSC and HOB 

that may provide a therapeutic target. 

The protective nature that was observed from the bone marrow derived cells was shown 

to be highly specific to cells constituting that niche, and not simply “protection” of PD tumor cells 

buried beneath an adherent layer from any anatomical site. When ALL cells were co-cultured 

with non-bone marrow derived adherent cells (i.e. human embryonic kidney cells or mouse 

fibroblasts) and subsequently exposed to chemotherapy, protection was either entirely absent, 

or not as pronounced (Chapter III; Figure 3)20. Along with cell cycle distribution and 

chemosensitivity alterations, metabolite and histone gene expression profiles appear to have 

variations when comparing ALL cells grown in media alone to tumor cells co-cultured with BMSC 

or HOB (Chapter III; Figures 5,6)20. These data support a much broader hypothesis that the 

tumor microenvironment alters not only survival and quiescent signals, but the cell’s energy 

metabolism and epigenetic profile which has been supported by Cairns et al.23 and Taddei et 

al.24. Further experiments are underway in our laboratory to investigate the significance of niche 

regulated metabolism in pathogenesis of ALL. 
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From these observations, a broadened appreciation for the multitude of signaling 

pathways that are potentially affected by the bone marrow regulation on ALL was gained. Recent 

reports have illustrated the involvement miRNAs have in normal hematopoiesis and the 

importance of temporal miRNA expression in differentiating progenitor cells25. Bone marrow 

microenvironment regulation of miRNAs in normal differentiation stages of hematopoiesis25–27 

along with expanding observations that tumor cell miRNAs can be modulated by surrounding 

stroma28–31 contributed to our hypothesis that the bone marrow microenvironment regulates ALL 

cellular quiescence and survival through the modulation of miRNAs. We, and others, have 

documented many protein level changes in tumor cells that are influenced by niche signals, but 

miRNAs as a master regulator of tumor cell phenotype in this model had not been investigated32–

37. 

With a well-defined co-culture model, we sought to determine whether miRNAs were 

altered in ALL cells influenced by the bone marrow niche. miRNAs define one regulatory class 

of small non-coding RNAs that are ubiquitously expressed in plant and animal cells. Preliminary 

data showing that miRNA biogenesis proteins, Drosha and Dicer, were altered in ALL tumor 

cells co-cultured with BMSC or HOB (Chapter IV; Figure 1), further supported the rationale for 

investigating miRNA profiles in ALL cells. Consistent with the reduction in Drosha and Dicer 

levels, a miRNA microarray displayed a global decrease in miRNA levels in ALL cell cells co-

cultured with bone marrow niche cells. Focusing on modulated miRNAs that have previously 

been described to alter cell quiescence and survival38–43 and based on the results of the miRNA 

microarray, we assessed miR-221 and miR-222’s (miR-221/222) role in ALL cell phenotype. As 

highlighted in chapter IV, miR-221/222 abundance is reduced in leukemia cells co-cultured with 

BMSC or HOB compared to their counterparts grown in media alone. It has been demonstrated 
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by others that these miRNAs regulate the translation of the quiescence inducer p27 mRNA38,43–

45. Reduced miR-221/222 was coincident with accumulation of tumor cells in a quiescent cell 

cycle phase along with chemotherapy resistance (shown in Chapter II and III)17,20. To investigate 

the biological significance of reduced miR-221/222 levels in ALL cells, we designed a miRNA 

“sponge” construct that would constitutively sequester miR-221/222 and therefore reduce its 

binding to endogenous target genes, such as p27. We observed that both proliferation rates and 

chemotherapy sensitivity were lowered in ALL cells with expression of the miRNA sponge 

cultured in media alone compared to cells expressing the empty vector control construct. We 

conclude from these observations that reducing miR-221/222 effectiveness at regulating its 

target genes partially mimics the microenvironment protection and cell cycle control of ALL cells 

we have consistently observed. We next investigated whether constitutively increased miR-

221/222 levels in ALL cells that were co-cultured with BMSC or HOB, would sensitize the tumor 

cells to chemotherapy exposure, theoretically by blocking the ability of BMSC or HOB to support 

the down regulation of these miRNAs. While we did not expect this single manipulation to 

completely blunt the supportive role of the BMSC or HOB, the goal was to determine if 

downregulation of the miRNAs of interest was an essential part of the protective pathway. We 

examined this by constitutively expressing precursor miR-221 in ALL cells cultured in media 

alone or co-cultured with BMSC or HOB and measured their proliferation rates. As expected, 

ALL cells constitutively expressing miR-221 were more proliferative than empty vector control 

cells even when co-cultured with bone marrow niche cells. Important as a functional readout was 

the observation that when exposed to chemotherapy agents, even while in co-culture, ALL cells 

constitutively expressing miR-221 were less resistant than the empty vector controls. Together, 

these data indicate that ALL cells constitutively expressing miR-221 are partially able to 
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overcome the bone marrow niche protective nature and become more susceptible to 

chemotherapy exposure. The manipulation of miR-221/222 in ALL could be an intriguing clinical 

target in conjunction with traditional chemotherapy to potentially eradicate resistant disease or 

to potentially decrease the levels of drugs required if sensitivity of tumor cells could be enhanced.  

Although manipulating miRNA levels in vitro is a relatively standard technique, achieving 

this in humans remains challenging. miRNAs regulate over sixty percent of coding genes in 

humans46. Harnessing the potential to target tens to hundreds of genes which can redirect 

biological functions and pathways involved in tumor development and progression by 

manipulation of a single miRNA is an attractive concept. However, immediate concern is also 

raised regarding the global effect of such a strategy with the possibility that many critical 

functions in normal cells may also be disrupted with a negative outcome. This has been the 

longstanding issue with conventional therapy as well, and particularly challenging with leukemic 

cells that so closely resemble their healthy hematopoietic counterparts. As such, the issue in the 

forefront of miRNA or more broadly, RNA interference (RNAi) therapies is sustained stability and 

tissue selectiveness. To improve stability, investigators have developed various biological 

modifications including the addition of methyl groups and methylene bridges (locked nucleic 

acids) to ribose sugars which create RNA molecules which have a greater binding affinity to 

targets along with an increase resistance to RNase degradation47. A primary concern with RNAi 

therapy is target tissue specificity. The challenge begins with the RNA therapeutic exiting the 

circulatory system and transiting the cell membrane. Because the kidneys will filter and excrete 

molecules less than 50 kilodaltons (which include unconjugated RNA molecules), carrier 

constructs that encapsulate RNA molecules need to be utilized. PEGylated liposomes, lipidoids, 

and biodegradable polymers are a few of the methods employed as carriers to encapsulate RNA 
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therapeutics48. These complexes employ successful transition between lipid membranes, but a 

lack of tissue specificity remains a drawback. Recently, a polypeptide derived from Archaea can 

form a stable transmembrane alpha helix under acidic conditions, which can fold and insert into 

lipid membranes49. Binding a neutral molecule to this pH low insertion peptide (pHLIP) 

theoretically will flip the peptide and attached molecule through the cell membrane and into the 

cytoplasm under low pH conditions. This has been shown by Frank Slack’s laboratory to be an 

effective vehicle to selectively insert modified anti-sense miRNAs into low pH mouse tissues50. 

Since acidosis, which creates a low pH environment, is a hallmark of solid tumors51 and the 

leukemic bone marrow niche52, this molecule has potential to selectively target tumor cells 

including leukemia. Off-target selectivity is still a concern since many normal sites in the human 

body have lower than neutral pHs including the bone marrow, gastrointestinal tissue, and active 

muscle tissue51. Due to chemical and physical modifications along with the evolution of new 

technologies, miRNA therapy has strong therapeutic potential; but because of the tissue 

specificity quandary, clinical administration is still in its infancy. It remains important to continue 

the investigation of upstream regulators of miRNAs in order to discover the node of regulation 

that is clinically targetable until miRNA therapeutics become an applicable technology. 

Collectively, the observations noted herein have illustrated the intricacy of not only the 

bone marrow microenvironment regulation of ALL, but the complexity of modeling these 

interactions. The intention of the described in vitro co-culture model is to better model resistant 

disease of the bone marrow niche in hopes of further advancement in the field of treating 

refractory ALL subsets to compliment strategies that effectively deal with bulk tumor. Since the 

bone marrow is one of the most common sites of tumor metastasis, the model can be modified 

to study the microenvironment regulation of other hematological malignancies along with solid 
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malignancies further advancing its value. Utilizing this model we demonstrate for the first time 

that the bone marrow microenvironment represented by BMSC and HOB regulates ALL cell 

survival and quiescence, in part, through modulation of miR-221/222. Reestablishment of miR-

221 expression partially sensitized bone marrow niche influenced ALL cells to chemotherapy 

while increasing their proliferation rate, which may represent a route of clinical intervention. 

Future experiments will need to be designed in order to dissect the significance of ALL Drosha 

and Dicer modulation by the bone marrow niche and the phenotypic alterations that occur once 

their protein levels are elevated. Our hope is that in the near future miR-221/222 replacement 

therapy can be employed along with additional agents to assist in the complete eradication of 

ALL saving thousands of patient lives per year.  
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