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Abstract 

Multiple myeloma (MM) is characterized by the clonal proliferation of malignant plasma cells within the bone 

marrow.  While advancements made in chemotherapeutic treatment regimens may prolong MM patient 

survival, relapse is almost always inevitable.  This suggests that there exists a sub-population of MM cells that 

are capable of evading cytotoxic insult and that can recapitulate the tumor burden once this insult is removed. 

The human myeloma cell lines RPMI8226, U266-B1, and NCI-H929 are all comprised of a heterogenous make-

up of CD138+CD38+ and CD138-CD38+ cells present in an ~ 90-98: 2-10 ratio within the 2D tissue culture 

environment. It has been suggested that the CD138-CD38+ MM cells have the characteristics of a cancer stem 

cell (CSC) in that they are slowly proliferating, are able to undergo long-term self-renewal, are chemoresistant, 

and are able to differentiate into the mature CD138+CD38+ MM progeny cells.  Our data supports previous 

findings that CD138+CD38+ MM cells exhibit plasticity: the capability to de-differentiate, and give rise to their 

CD138-CD38+ precursor cell.  This interconversion is auto-regulated by the MM cells themselves, and ensures 

proper proliferation and maintenance of the population. We found that pure populations of either CD138+CD38+ 

or CD138-CD38+ cells are able to regulate this interconversion through the secretion of MIF-1, an inflammatory 

cytokine.  Additionally, we found that blocking MIF-1, using either the small molecule MIF-1 inhibitor 4-IPP, 

or MIF-1 neutralizing antibodies, favors de-differentiation of the CD138+CD38+ MM cells into their  CD138-

CD38+ progenitor population.  Our results suggest that both sorted MM cell populations secrete MIF-1 in order 

to establish and maintain their heterogeneic ratio in vitro and that this may occur in vivo to maintain a CSC 

population. We additionally propose that the regulation of MIF-1 expression may affect not only the 

differentiation status of MM cells, but also their response to chemotherapeutic agent, Bortezomib.  Our findings 

suggest that the general clinical approach used to treat MM should take into account the heterogenic make-up of 

the cancer and the presence of both CD138+ and CD138- MM cells, which have intrinsically different responses 

to chemotherapy.   
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Introduction 

MM characterization 

Multiple myeloma (MM) is the second most common hematological cancer1 and is more prevalent 

among African-Americans than other ethnic groups2.  This cancer is twice as likely to affect men as women and 

predominantly occurs in those over the age of 503.  MM is characterized by the proliferation of clonal plasma 

cells within the bone marrow4.  This aberrant proliferation causes lytic lesions of the bone and interferes with 

normal blood cell production, resulting in hypercalcemia, anemia, and also often causing renal insufficiency1, 5.  

Similar to normal plasma cells, MM tumor cells usually secrete immunoglobulin.  The myeloma cell product, M 

protein, can be detected in the peripheral blood and urine of patients and is used in the diagnosis and detection 

of minimal residual disease2, 6, 7.  The median survival of MM patients is between 5-10 years post diagnosis1.  

Patients can be treated with a combination of drugs including: dexamethasone (lymphocytotoxic), 

bortezomib (proteasome inhibitor), and lenalidomide (immunomodulator)1, 8, 9.  Depending on MM stage, 

treatment can include a regimen systemic therapy followed by high dose chemotherapy and autologous stem 

cell transplant (ASCT), where the patient’s own stem cells are first harvested and then re-administered.  While 

many MM patients achieve remission, almost all eventually relapse10.  This has led to the hypothesis that a 

population of cells exists, which is capable of evading cytotoxic insult and of re-initiating tumor growth.  These 

cancer stem cells (CSC) remain dormant and chemoresistant in the bone marrow niche.  The median overall 

survival of patients with relapsed, refractory MM, previously treated with bortezomib and lenalidomide, is 

between 5 to 9 months10, suggesting that these cells become resistant to therapy, and are able to expand.   

 

Cancer Stem Cell Hypothesis 

 The characteristics of the cancer stem cell (CSC) are predicated on the already established 

characteristics of the hematopoietic stem cell (HSC)11.    The HSC is pluripotent and produces all cell types 



8 
 

detected in the blood.  It has the ability to give rise to an HSC (self-renew), and further differentiates into the 

erythroid/megakaryocytic, myeloid, and lymphoid progenitors12, 13.  The erythroid/megakaryocytic progenitor 

produces red blood cells and megakaryocytes that produce platelets12.  The myeloid progenitors differentiate 

into the common granulocyte precursor that gives rise to two different lineages; granulocytes, which are 

neutrophils, basophils, and eosinophils; and monocytes and mast cells13.  The lymphoid progenitor can 

differentiate into T cells (effector T cells, cytotoxic T cells, natural killer T cells) , NK cells and B cells 

(memory B cells and plasma cells)12, 13 (Figure 3).  Figure 1 illustrates the ability of the pluripotent stem cell to 

self-renew and differentiate into lineage-

committed progenitors that also possess 

the potential to further differentiate.  HSCs 

proliferate at a slower rate and/or are 

quiescent.  The slow proliferative rate of 

these stem cells makes them more resistant 

to DNA damage caused by environmental 

factors or chemical agents14.  The HSC 

resides in the bone marrow niche, which 

itself is influential in the maintenance of the HSC population13, 14. 

Stimuli that cause DNA damage/instability can transform normal stem cells, progenitor cells, or differentiated 

cells to become a malignant tumor cell or to become a cancer stem cell15.   Similar to the HSC, data suggest that 

the CSC is characterized by its ability to undergo long-term self-renewal, to give rise to differentiated progeny, 

to proliferate at a slower rate and/or to remain quiescent15, 16.  The CSC also appears to be chemoresistant and 

may exist in a niche that provides a physical barrier to protect against cytotoxic insult17.  These four 

characteristics define “stemness.”16, 18, 19 Chemotherapeutic agents that preferentially target rapidly dividing 

cells by inducing DNA damage and mitotic instability are ineffectual against CSCs, which do not proliferate as 

often as their rapidly dividing counterparts.  When the therapeutic insult is removed, CSCs are free to produce 

Figure 1. Possible origin of the cancer stem cell.  It has been 

postulated that cancer stem cells can be derived from normal stem 

cells, or more differentiated cells that have acquired some genetic 

mutation to endow them with stemness characteristics.  These 

malignant cells would regain the ability to self-renew, and differentiate 

which are hallmarks of cancer.  This figure was adapted from Zheng, 

S., Xin, L., Liang, A., Fu, Y. Cytotechnology 65, 505-512 (2013). 
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malignant progeny that can re-populate tumors in vivo.  Data also suggest that CSCs can be resistant to agents, 

like bortezomib, which do not rely on the proliferative state and/or DNA damage to arrest cells, suggesting 

additional mechanisms are responsible9, 20, 21.  The mechanism by which the CSC remains in its quiescent state 

is ill-defined, but may be due to extrinsic and intrinsic factors that are generated by autocrine or paracrine 

signaling from the CSC and/or its niche17, 22.  

The concept of the CSC has been more fully defined in other 

blood cancers, such as acute myeloid leukemia (AML), which was the 

first cancer shown to have CSCs23.  The CSCs in AML have been 

characterized by their specific cell-surface proteins and gene 

expression signatures, which frequently are shared between leukemic 

stem cells and normal HSCs, and have been used for targeted therapy24, 

25.  Evidence suggests that CSCs might also exist in several solid 

cancers as well, and can be identified by cell-surface markers, as seen 

in Table 126.  It has also been shown that targeting this population of 

cells through the use of monoclonal antibodies against specific cell surface markers or certain intracellular 

proteins has increased patient remission rates or overall survival in several cancers23, 27. In AML, the CSC 

population/leukemic stem cell can be quite heterogenous in its expression of several cell surface markers such 

as CD19, CD33, CD34, and CD3823, 24.  The advent of gemutuzumab ozogamicin (GO), which is a monoclonal 

antibody against CD33, is an example of targeted therapy against the leukemic stem cell (LSC) in AML28.  GO 

have proven to be effective in increasing the overall survival of patients with previously untreated de novo 

AML in combination with conventional high dose chemotherapeutic treatments24, 28, 29.  The best way to identify 

a cancer stem cell would be to identify a cell that has the characteristics of stemness: the ability to undergo 

long-term self-renewal, to remain quiescent, to undergo differentiation, and to remain chemoresistant26. 

  

Cancer CSC Marker 

AML CD34+ CD38- 

Breast CD44+ CD24low/- ESA+ 

Colon CD133+ 

Lung CD133+ 

Prostate CD44- α2β1
hi CD133+ 

Liver CD133+ 

Brain CD133+ CD15+ 

Table 1. Cancer Stem Cell Markers In 

Different Human Cancers.  This table 

was adapted from Rahman, M., 

Deleyrolle, L., Vedam-Mai, V., Azari, 

H., Abd-El-Barr, M., Reynolds, B. 

Neurosurgery, 68(2), 531-545 (2011). 
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Characteristics of Stemness 

 

Self-Renewal 

The first characteristic, self-renewal, is the potential of the cell to give rise to clonal progeny that retain 

characteristics of stemness30.  CSCs need to 

produce CSCs. Stem cells must maintain the 

ability to self-renew to provide for the 

survival and future replenishing of a specific 

cell type13.  Self-renewal of the stem cell can 

be either symmetric or asymmetric. In 

symmetric cell division, both daughter cells 

generated after cell division are identical to 

the parent cell and this allows for the 

maintenance of the stem cell pool31.  In asymmetric division, one daughter cell is identical to the parent stem 

cell, while the other has a differentiated cell fate31 (Figure 2). The more differentiated progenitor often has less 

proliferative capacity than its precursor32, 33.   

 

Differentiation 

The purpose of the tissue specific stem cell is to maintain homeostasis and provide a source to replenish the 

tissue after cell death or injury34.  This can only happen if the multipotent stem cell differentiates, produces a 

more specialized and mature progeny12.  The progression from the HSC to the terminally differentiated plasma 

cell (Figure 3) is an example of differentiation and illustrates that with each progressive phase of differentiation, 

cell surface markers are gained or lost due to the transcriptional regulation of the proteins necessary for proper 

Figure 2. Asymmetric division vs Symmetric division.  Types 

of stem cell division that illustrate its capacity to self-renew and 

differentiate. This figure was taken from Shahriyari, L., 

Komarova, N.L.PLoS ONE 8(10) e76195 (2013). 



11 
 

development and function12, 13.  These phenotypic changes can be analyzed by flow cytometry and can track the 

progression of differentiation.  

Slowly Proliferating/ Quiescence 

The cell cycle is separated into four 

phases35.  The first phase, G1 phase, is 

a period of cell growth, where there is 

an increase in cellular organelles and 

the cell is transcriptionally active, 

preparing for cell division36.  A cell in 

G1 phase has a 2N DNA content and a 

low, but steadily increasing RNA 

content. The second phase is S phase, 

also known as the synthesis phase, 

where DNA is replicated. A cell in S 

phase has DNA content between 2N-

4N, indicative of the increasing DNA 

content of the cell.  The third phase, 

G2 phase, is where the cell continues to be transcriptionally active and grow in size in preparation for 

cytokinesis.  A cell in G2 phase has a 4N DNA content and a high level of RNA. The final phase, M phase, or 

mitosis, is where the cell divides.  When a cell exits the cell cycle for extended periods of time, such as seen 

with dormant HSCs in the bone marrow, it exists in a quiescent phase also known as G0 phase.  This phase is 

characterized by the lack of DNA replication and low transcription, and has a 2N DNA content and the lowest 

relative level of RNA36, 37.  Using fluorescent dyes that bind or intercalate into DNA or RNA, these cell cycle 

phases can be resolved by flow cytometry38.  Figure 4A is an example of cell cycle phase separation and shows 

Figure 3. Lineage commitment of the pluripotent Hematopoietic 

Stem Cell.  The HSC differentiates to give rise to all cell types of the 

blood and immune.  This figure was taken from Parham, P. (2009) The 

Immune System. NY, NY: Garland Science. 
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the resolution of proliferating cells based on their DNA content.  Figure 4B shows the progression of cells from 

G0 phase (low DNA, low RNA) into the cell cycle and S phase (high DNA, high RNA).  

Most tissue specific stem cells are maintained in a quiescent state until certain chemical or physical factors 

stimulate their proliferation and exit from G0 phase.  Once in cycle, division will be asymmetric or symmetric, 

and differentiated progeny may be produced31.  Cancer stem cells are typically detected in the G0 phase14, 19. 

Chemoresistance  

In some cases, the fourth characteristic of stemness, 

chemoresistance is a result of quiescence, because 

most high dose chemotherapeutic drugs cause DNA 

instability26.  For cells that are proliferating and 

progressing through the cell cycle, DNA damage 

triggers cell cycle arrest and/or apoptosis, measured 

as chemosensitivity26. Chemoresistance can be 

assessed by measuring the viability of cells after 

incubation with a specific chemotherapeutic drug.   

However, CSCs frequently appear resistant to non-

DNA damaging agents as well.  Data suggest that 

CSCs frequently overexpress multi-drug resistant transporters that actively pump out the drug, thereby 

preventing the cell from metabolizing the toxic agent and permitting them to remain viable in the presence of 

the chemotherapeutic agent16.  CSCs may also evade toxicity due to their location, where the tumor 

microenvironment shelters these cells from exposure to chemotherapeutic drugs17, 22.  It has been shown in a 

mouse model of AML that the endosteal region of the bone marrow acts as a protective niche for human AML 

stem cells resulting in a quiescent and chemoresistant population of cells39.   

Figure 4. Cell cycle analysis using flow cytometry.  

A) Cell Cycle profile of mouse kidney proximal tubule 

cells stained with propidium iodide (PI). Panel A was 

taken from Price, P.M., Safirstein, R.L., Megyesi, J. Am 

J Physiol Renal Physiol 286: F378-F384 (2004).  B) 

Cell cycle entry of naïve cord blood, naïve adult and 

memory T cells activated by IL-7.  Panel B was taken 

from Verhoeyen,E et.al. Blood 101(6); 2167-2174 

(2003). 
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 These four characteristics define stemness, regardless of cell surface marker expression26.  The concept 

of the CSC is controversial, and some do not believe that a distinct population of cells must exist18.  It has been 

suggested that “stemness” might simply be a characteristic that is acquired during tumor progression40, 41.  The 

proliferating tumorigenic cell in MM is the plasma cell and my work and that of others has demonstrated in 

both primary patient-derived tumor cells and in MM cell lines that a subset of plasma cells can be consistently 

detected that meets the characteristics of stemness33, 42-44.  The examination of this population is the basis of my 

thesis work. 

 

B Cell Development 

B cells are generated in the bone marrow from the HSC via the lymphoid progenitor45 (Figure 5).  In the 

presence of chemokine gradients, the naïve B cell relocates to the secondary lymphoid tissues, such as the 

spleen and/or lymph nodes45, 46.  

Here, naïve B cells are activated 

through the binding of antigen to 

their BCR (or surface Ig), and co-

stimulation by CD40 Ligand present 

on a helper T cell, which causes 

rapid cell division of the B cell to 

form a structure called the germinal 

center45, 47.  Within the germinal 

center, B cells undergo class-switch 

recombination where rearrangement 

of the heavy chain locus constant 

regions will result in the switch of one immunoglobulin class to another, such as IgM to IgG47.  The B cell also 

Figure 5. Illustration of the maturation and transport of the B cell into 

terminally differentiated plasma cells between first and second lymphoid 

tissues. This figure is adapted from Hallek, M., Bergsagel, P.L., Anderson, 

K.C. Blood, 91(1), 3-21 (1998). 
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undergoes the process of affinity maturation which consists of two interrelated processes; somatic 

hypermutation and clonal selection45.  In somatic hypermutation, single point mutations, deletions, or insertions 

are introduced into the variable regions of both the heavy and light chains of the immunoglobulin gene45.  In the 

process of clonal selection, follicular dendritic cells display antigen to B cells within germinal centers, and B 

cells that express immunoglobulin with the highest affinity to that antigen are able to bind and proliferate, 

(positive selection)41, 45.  Ultimately, the full maturation of the B cell results in the cessation of cell cycle 

progression and the induction of the differentiation program that leads to synthesis and expression of the 

appropriate high affinity immunoglobulin, to produce an antibody with increased antigen specificity41.  Antigen 

selected B cells exit the germinal center as either an affinity matured memory B cell or a pre-plasma 

cell/plasmablast41 (Figure 6).   

Memory B cells can be retained in the spleen or lymph nodes and serve as part of the secondary immune 

response, which provides the rapid proliferation and secretion of the antibody in the event the same antigen is 

later encountered45, 47.  During B cell development, cell surface markers are transiently expressed at different 

stages and can be used to characterize each subpopulation.  Some of the established and noted cell surface 

markers associated with post-germinal center B cells are CD19, CD21, CD27, and B22047. These B cell markers 

are gradually lost during maturation, concomitant with the upregulation of syndecan-1 (CD138), CD38, and 

CD44, which are hallmarks of mature, non-cycling, immunoglobulin-secreting plasma cells41, 47.  Intermediate 

phases of the maturing plasma cell do exist; the prePC, the immature precursor is CD138-, CD38+ whereas the 

terminally differentiated antibody-secreting plasma cell is CD138+, CD38+41.  Plasmablasts that exit the 

germinal center of secondary lymphoid tissues can either remain in those tissues or relocate to the bone marrow 

where stromal cell interaction along with chemokine availability promote differentiation into an antibody 

secreting plasma cell41, 48.  As a part of the humoral branch of the immune system, the purpose of the plasma 

cell is to secrete functioning antibodies into circulation49.   Normal plasma cells are maintained in a non-

proliferative state and are found within the bone marrow and secondary lymphoid tissues dependent on their 

pre-determined life span49.  Short lived plasma cells are found close to where antigen is encountered, only 
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secrete IgM and die between 7 -10 days46, 49.  Long lived plasma cells secrete antibody that has high affinity 

toward antigen, are found within the bone marrow, and have a life span of more than 30 days45, 49 (Figure 5). 

The cell surface marker CD138 (syndecan-1) is an important indicator of the maturation of the pre-

plasma cell into the terminally differentiated plasma cell, but it also has been shown to have a function in 

cell:cell and cell:matrix adhesion50.  Normal plasma cells are maintained in the bone marrow through the 

interaction of CD138 and the stromal matrix via type I collagen34, 49.  Cytokines can shift a cell’s ability to 

adhere to extracellular matrices by causing the downregulation of cell surface markers important for cell:cell 

adhesion, as has been seen in B cell development where maturing pre-B cells downregulate the chemokine 

receptor, CXCR4, causing them to leave the 

bone marrow microenvironment to translocate 

to secondary lymphoid tissues51.   

This maturation process is also highly 

dependent on the presence or absence of two 

transcription factors, Bcl-6 (B cell lymphoma-

6) and Blimp1 (B lymphocyte-induced 

maturation protein 1)52, 53.  Pre-B cells and 

naïve B cells express high levels of Bcl6 and 

low levels of Blimp-1, whereas mature 

plasma cells have the inverse expression of 

both transcription factors54.  It has been 

shown that these transcriptions factors 

repress each other during B cell development55-57. Bcl6 functions as a transcriptional repressor for multiple 

targets, including Blimp1, p27, and Bcl-258. In the pre-B cell, Bcl-6 expression is at its highest and is down-

regulated as the B cell develops into an antibody-secreting plasma cell where the expression of Blimp1 is at its 

highest level.  Blimp-1 expression causes the differentiation of B cells into plasma cells and has been shown to 

Figure 6.  Proposed malignant Plasma Cell generation and MM 

cell heterogeneity model.  After B cell interaction with CD40 

ligand and antigen, B cells proliferate to form germinal centers.  B 

cells that are selected to exit the germinal center are classified as a 

pre-plasma cell (prePC).  These cells then arrest (big red arrow) and 

further differentiate into a functioning plasma cell (PC).  Genetic 

instability or environmental factors (thick black arrow) can cause a 

normal prePC to differentiate into two malignant classes of PC: 

MM1 and MM2.  This figure was taken from Chen-Kiang, S. 

Immunol Rev 194: 39-47 (2003).    
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inhibit the expression of AID, Ku-70, Ku-86, DNA-PKcs and STAT6, which are required for class switching 

within the germinal center41, 56.  In patient-derived MM tumor cells, both plasma cells and precursor cells 

express Blimp6, 59. IRF4 (IFN regulatory factor 4) is also an important transcription factor in B cell 

differentiation and has been shown to downregulate BCL-6 expression60.  IRF4 is overexpressed in MM tumor 

cells and its expression is crucial to the homing of the MM cell to the BM as well as its survival51. 

Multiple Myeloma Development 

In general, the majority of MM tumor cells isolated from patients are CD138+, terminally differentiated 

plasma cells.  However, both CD138- and CD138+ MM cells can be detected in primary MM tumor samples 

and commercially available cell lines33.  It has been suggested that the CD138+ MM cell arises from the prePC, 

CD138- MM cell through the acquisition of additional mutations, allowing further differentiation into two 

classes of aberrant plasma cells: MM1 and MM241.  According to the model posed by the Chen-Kiang lab, the 

MM1 cells are the non-cycling plasma cells (most likely the CSC) and the MM2 cells are the rapidly dividing 

plasma cells.  These two classes of plasma cells home to the bone marrow where they cause the lesions 

attributed to this disease41 (Figure 6).  

Data suggest that the MM tumor cell, is a CD138- CD38+ prePC, or a cell that has phenotypically left 

the B cell classification and is transitioning into a mature, differentiated CD138+CD38+ plasma cell42.  Both 

CD138+ and CD138- cells are found within the bone marrow.  The Matsui lab found that CD138- cells were 

able to form more colonies than the differentiated CD138+ cells after serial re-plating in methylcellulose, 

suggesting that the CD138- cells possess long-term self-renewal capabilities9.  When NOD/SCID mice were 

injected intravenously with either CD138+ or CD138- patient-derived cells, only CD138- cells were able to 

engraft into the bone marrow of these mice9.  However, upon analysis of these bone marrow aspirates, they 

found that the cells had become CD138+ and expressed the same light chain restriction as the initial patient 

material9.  This was the first suggestion that this prePC CD138- cell had the stem-like phenotype.   
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Other labs have since shown that both CD138- and CD138+ cells are able to engraft and colonize bone 

marrow if a different mouse model is used.  Chaidos et al. (2013) was able to show that primary human 

CD138+ as well as CD138- cells were able to engraft NSG (NOD/SCID/ common cytokine receptor γ-chain 

deficient) mice, and human CD138- cells were detected in the bone marrow aspirates in both groups42. Kim, et 

al (2012) compared the engraftment capability of CD138+ and CD138- primary MM cells injected into 

NOD/SCID, NSG, and RAG2-/γc- (recombinase-activating gene 2/ common cytokine receptor γ chain-deficient) 

mice injected either intravenously, intrafemorally with primary MM cells, or by subcutaneous placement of 

fetal human bone with primary MM cells43.  This study showed that human fetal bone grafts injected with 

CD138+ MM primary cells resulted in the detection of human antibodies in the serum of 30% of 

immunocompromised mice.  Only one of seventy one immunocompromised mice (NSG and RAG2-/γc-) that 

had primary MM cells injected intravenously or intrafemorally was able to successfully engraft43. Additionally, 

more than 60% of these xenotransplantation mouse models showed expansion of the human MM primary cells 

resulting in both CD138+ and CD138- cells43. This suggests that the microenvironment may play a significant 

role in the cell fate of both the CD138- and CD138+ cell.  However, only xenografts of CD138+ MM primary 

cells were serially transplantable in immunocompromised mice, suggesting that in this study CD138+ cells 

might be the source of the CSC population.  

At first, these studies might seem conflicting.  However, in Yaccoby et al. (2005), CD138+ CD38+ 

cells, isolated from primary bone marrow samples of patients with MM, were co-cultured with osteoclasts and 

the cell surface expressions of B cell and plasma cell markers were analyzed after 6 weeks44.  These 

experiments showed that the CD138+ CD38+ CD45- mature plasma cell population gave rise to plasma cells 

that had reduced CD138, and CD38 expression and began to express CD45. CD138-CD45+ is indicative of a 

plasma precursor cell (pre-PC).  This study suggests that CD138+ cells were able to de-differentiate into 

CD138- cells and the osteoclast microenvironment was responsible44.  These newly dedifferentiated CD138-

MM plasma cells were more chemoresistant displaying a decrease in Annexin V staining after treatment with 

chemotherapeutic agent, dexamethasone, consistent with the idea that CD138- cells were the CSC.  Even 
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though there is a physical interaction between the MM cells and osteoclasts, the MM cells do not adhere to the 

osteoclasts suggesting that soluble factors present in the media are responsible for this de-differentiation.  

Osteoclasts secrete several cytokines, such as IL-6, which promote plasma cell survival.  In the Yaccoby et al. 

(2005) study, neutralizing antibodies were used against both IL-6 and the IL-6 receptor to determine the effect 

on the differentiation status of MM plasma cells44.  This method did not inhibit the de-differentiation of 

CD138+ MM plasma cells, suggesting that IL-6 was not the cytokine responsible for MM plasma cell de-

differentiation.  

The capacity of both the immature CD138- pre-PC and the mature CD138+ PC to initiate tumor growth 

was also suggested by Chaidos et al.42 (2013). In this study, the CD138- pre-PCs were quiescent (detected in the 

G0/G1 phase) and were more morphologically similar to B cells than to fully differentiated CD138+ plasma 

cells.  Upon engraftment of NSG mice, the CD138- pre-PC MM population gave rise to differentiated CD138+ 

MM cells. However, the mature CD138+ primary MM cells were also able to engraft into NSG mice and both 

CD138+ and CD138- human cells were found in the bone marrow, spleen and liver of these mice.  Based on 

mathematical modeling, Chaidos et al. (2013) suggested that the CD138- cells detected in the CD138+ 

engrafted animals were likely to be derived from the CD138+ cells, suggesting a plasticity existed in the 

CD138+ MM cell population42.  Here, the cell surface markers, in addition to CD138, which further 

characterized both the pre-PC and the PC, were CD319, CD19, and CD38. CD138-CD319+CD38++CD19- 

described the pre-PC and CD138+CD319+CD38++CD19- described the mature PC42.   

  

 Role of Tumor Microenvironment and CSC maintenance 

The tumor microenvironment may play a significant role in maintaining and enhancing tumor growth, 

especially in MM.  The plethora of cell types that make up this specialized and nurturing environment could 

both shelter and influence the cancer stem cell. The bone marrow microenvironment associated with MM 

primarily consists of hematopoietic stem cells, osteoclasts, osteoblasts, fibroblasts, macrophages, adipocytes 
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and endothelial cells, which have been shown to interact with these malignant plasma cells61, 62. Osteoclasts 

associated with MM have been shown to secrete elevated levels of IL-6 and IL-8, which in turn activate MM 

tumor cells causing rapid proliferation63.  Certain cytokines are readily released by MM tumor cells48, 59, 64.  An 

important attribute for the preservation of the CSC is the ability to influence the surrounding microenvironment 

to support cell growth and proliferation.  This is usually carried out through the secretion in an autocrine 

regulatory manner of certain cytokines that act as chemoattractants for the recruitment of specialized cells.  

Cytokines often associated with MM are IL-6, IL-8, TNF-α, IFN-γ, SDF1, and MIF-148, 65, 66 (Figure 7).   

  In 2008, the Kirshner lab created an in vitro three-dimensional model to investigate and track the clonal 

expansion of the chemoresistant MM cell67.  They constructed a 3D pseudo-bone marrow microenvironment 

using a fibronectin/collagen I surface 

(called the reconstructed Endosteal 

layer), overlaid with bone marrow 

mononuclear cells isolated from MM 

patients in a fibronectin/matrigel 

mixture, and additionally covered in 

growth media containing patient 

serum67.  They were able to stain the 

patient bone marrow mononuclear 

cells with CFSE (carboxyfluorescein 

succinimidyl ester) to track MM cell 

proliferation over time.  After 3 weeks in culture, the cells were removed from the pseudo-bone marrow 

microenvironment and stained for their expression of CD138.  They found that after extended culture, there 

were still MM PCs that were high for CFSE (non-dividing) as well as MM PCs that were low for CFSE 

(dividing). They observed that all of these CFSEhi PCs localized to the endosteal niche of the 3D pseudo-BM, 

the CD20+ B cells localized to the middle layer, and the CD138+ CFSElow PCs localized mainly to the top of 

Figure 7. Cytokines associated with MM cell survival within the tumor 

microenvironment. This figure is from Hideshima, T., Anderson, K.C. Nat 

Rev 2, 927-937 (2002).  
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the 3D-pseudo-BM. When treated with melphalan, there was an increase in the percentage of CFSEhi PCs in 

comparison to the untreated 3D-pseudo BM, suggesting that these cells were chemoresistant and quiescent67.  

This data suggest that the MM CSC is a physiological population of cells that can maintain their survival by 

actively creating a niche when cultured in the presence of accessory cells.  These MM CSCs were slowly 

proliferating, chemoresistant and had characteristics of stemness. 

 Taken together, MM PCs can be influenced by their microenvironment.  Cytokines secreted by cells of 

the bone marrow stroma can cause the MM PC to re-program itself and become the MM CSC or the physical 

location of the MM PC within the bone marrow provides a protective barrier from cytotoxic insult.   

MM Cell Lines In Multiple Myeloma Research 

As advances in MM research continue, experimentation using higher order subjects, such as mice, rabbits, 

macaques, are especially valuable since they have the potential to mimic the cellular and systemic interactions 

that might happen in a patient suffering with MM.  However, for the >30 years since they have been created, 

MM cell lines have been a powerful avenue to study the complexities of MM pathogenesis.  Studying these 

transformed MM cells in vitro, in the absence of an extracellular matrix or niche, can still highlight novel 

characteristics within MM.  Some of the most commonly used MM cell lines are RPMI8226, AMO-1, MOLP-8, 

KMS-12-BM, EJM, IM-9, U266-B1, NCI-H929, and OPM-2933, 68.  The three MM cell lines used in my study 

are RPMI8226, U266-B1, and NCI-H929.   There are several chromosomal translocations that can be found in 

patients, which are associated with disease progression and prognosis.  There are five chromosomal 

translocation events between oncogenes and the IgH locus that occur in nearly 50% of all MM and MGUS 

(monoclonal gammopathy of undetermined significance) patient-derived clonal plasma cells69.  These are: 1) 

4p16 (MMSET and FGFR3), 2) 6p21 (Cyclin D3), 3) 11q13 (Cyclin D1), 4) 16q23 (c-MAF), and 5) 20q11 

(MAFB)6, 70.    These translocations are also found in the MM cell lines. The RPMI 8226 cell line was generated 

from cultures grown after leukapheresis was performed on a 61 year old Caucasian man with MM and this cell 
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line contains the MAF, IgH translocation71.  MAF (avian musculoaponeurotic fibrosarcoma oncogene homolog) 

is a transcription factor that targets cyclin D2 and regulates lineage-specific hematopoiesis. 

The RPMI 8226 cell line has been shown to be heterogeneous in that it consists of CD138+ CD38+ cells 

(~90-95%) and a subpopulation 

CD138-CD38+ (~5-10%)9. The 

U266-B1 cell line was generated 

from leukocytes isolated from 

peripheral blood of a 53 year old 

Caucasian man diagnosed with MM 

and this cell line contains the 

cyclinD1, IgH translocation72.   

Cyclin D is present in three isoforms; 

D1, D2, and D3.  This protein is 

essential for progression through the G1 phase of the cell cycle by forming a complex with cyclin-dependent 

kinases (cdk4/6)36.  The U266-B1 cell line is also heterogenous in that it consists of both mature plasma cells 

(CD138+, ~ 95-98%) and immature plasmablasts (CD138-, ~2-5%)33. However there is also differential 

expression of CD38 on U266 MM cells.  The NCI-H929 cell line was generated from cells isolated from a 

pleural effusion of a 62 year old Caucasian woman, with relapsed MM73.  This cell line contains the 

FGFR3/MMSET, IgH translocation.  FGRFR3 is the gene encoding the fibroblast growth factor receptor 3 and 

has been shown to be upregulated in approximately 40% of MM patients.  MMSET is the multiple myeloma 

SET domain protein, which is a histone methyltransferase and thereby has a role in regulating transcription. 

Both FGFR3 and MMSET are located on chromosome 4 and the t(4;14) translocation that occurs in MM results 

in overexpression of both FGFR3 and MMSET.  The NCI-H929 cell line is also heterogeneous in that it 

contains both CD138+CD38++ (~95-98%) and CD138-CD38++ (~2-5%) MM cells33.  Previous data has shown 

that of these three MM cell lines, only U266-B1 retains the capacity to secrete monoclonal Ig71-74.  Thus, the 

Figure 8. Karyotypic instability events that lead to the progression of 

malignant and immortalized plasma cells. This figure is adapted from 

Hallek, M., Bergsagel, P.L., Anderson, K.C. Blood 91(1), 3-21 (1998). 
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characterization of the karyotype of these MM cell lines is a good model system to use despite immortalization 

and the fact that they grow in the absence of accessory cells.  These genetic differences underscore the 

observation that different translocations can result in malignant plasma cells and develop the tumorigenic 

heterogeneity and epigenetic plasticity indicative of MM that are the focus of my study.  

 Because of the controversy as to the nature of the MM CSC, I decided to investigate and identify the 

CSC based on the characteristics of stemness in addition to cell surface markers.  Both primary patient material 

and MM tumor cell lines contain the subset of CD138- cells believed to be the MM CSC.  We wanted to 

determine how this potential MM CSC could be an active participant in its own maintenance even in the 

absence of accessory cells.  We hypothesize that we can identify the MM CSC population using assays to 

determine the capacity of a population to self-renew, to differentiate, to remain quiescent and to be 

chemoresistant.   Using flow cytometry, both the immature CD138- MM cell population and the CD138+ MM 

cell population from the MM cell lines can be sorted to 99% purity, which allows us to characterize and analyze 

each population for cell surface marker expression, cell cycle phase, response to chemotherapy, and cytokine 

secretion.  We further determined whether manipulating any of these secreted cytokines was able to alter the 

stem-like characteristics of the CD138- MM cell population or the plasticity of the mature CD138+ MM cell 

population. Thus, I was able to generate the goals of my specific aims as outlined below. 
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Specific Aims 

Specific Aim 1:  

 To characterize the MM CD138- precursor and the differentiated MM CD138+ from the RPMI8226, 

U266-B1, and NCI-H929 cell lines for stemness characteristics:  the abilities to self-renew, to produce 

differentiated progeny, to remain quiescent and chemoresistant. 

This aim seeks to determine if a sub-population of MM cells exists within three MM cell lines (RPMI 8226, 

U266-B1, and NCI-H929) that is able to meet all the requirements of stemness. Both CD138- and CD138+ MM 

cells from all three cell lines will be isolated as pure populations based on cell surface expression markers. We 

will assay the CD138- and CD138+ populations to test whether either population meets our four defined 

characteristics of stemness: a) quiescence, b) differentiation, c) self-renewal, and d) chemosensitivity. Our data 

suggests that the CD138- cell is the precursor to the CD138+ mature differentiated MM cell and meets the 

qualifications of a MM CSC, but there also exists an inherent plasticity in the CD138+ population that allows 

for de-differentiation to occur, giving rise to the CD138- precursor.    

 

Specific Aim 2: 

To determine which cytokines are responsible for the plasticity that permits a tumor cell to gain or lose 

the stemness phenotype, and to target these pathways, demonstrating that blocking this interconversion 

will alter chemosensitivity.  

This aim seeks to identify the impact of specific cytokines on MM cell fate. Both pure sorted CD138- and 

CD138+ MM cells will be isolated and replated in standard tissue culture conditions to permit differentiation 

and de-differentiation respectively. We measured cytokine levels secreted into the media from these MM cell 

populations themselves using a cytokine array to track 36 different cytokines and their relative levels. We 

identified MIF-1 as being rapidly secreted from both the CD138+ and CD138- MM cell populations. To validate 

the role of MIF-1 in influencing differentiation or dedifferentiation, neutralizing antibodies, and/or a known 

specific drug was used to block these processes.  Ultimately the response of MM cells treated with neutralizing 
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antibodies or a specific drug to chemotherapy will be compared to determine if this impacts chemosensitivity of 

CD138- and CD138+ MM cells.  
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Macrophage Inhibitory Factor-1 (MIF-1) Controls the Plasticity of Multiple Myeloma Tumor Cells 

 

Danielle F. Joseph1 and Stacy W. Blain2* 

 

 

1School of Graduate Studies, SUNY Downstate Medical Center, Brooklyn, N.Y., 3Depts. Of Pediatrics and Cell 

Biology, SUNY Downstate Medical Center, Brooklyn, N.Y. 

 

Aim: To investigate the role of MIF-1 on the plasticity of MM plasma cells of 3 different commercially 

available MM cell lines and whether it alters chemosensitivity. 

Authorship Contributions: DJ performed the experiments, SB performed experiments of primary MM 

samples, and SB and DJ wrote the manuscript. 

 

 

 

 

 

 

 

 

 

 

 

 

 



30 
 

Abstract 

Multiple Myeloma (MM) is the second most common hematological malignancy with a median survival of 5-10 

years. While current treatments initially cause remission, relapse almost always occurs, leading to the 

hypothesis that a chemotherapy-resistant cancer stem cell (CSC) remains dormant, undergoes self-renewal and 

differentiation to reestablish disease. Our finding is that the mature cancer cell (CD138+, rapidly proliferating 

and chemosensitive) has developmental plasticity; namely, the ability to dedifferentiate back into its own 

chemoresistant CSC progenitor, the CD138–, quiescent pre-plasma cell. In our 2D culture system, we observe 

multiple cycles of differentiation and dedifferentiation in the absence of niche or supportive accessory cells, 

suggesting that soluble cytokines secreted by the MM cells themselves are responsible for this bidirectional 

interconversion and that stemness and chemoresistance are dynamic characteristics that can be acquired or lost 

and thus are targetable. By examining cytokine secretion of CD138- and CD138+ RPMI-8226 cells, we 

identified that concomitant with interconversion, Macrophage Migration Inhibitory Factor (MIF-1) is secreted. 

The addition of a small molecule MIF-1 inhibitor (4-IPP) or MIF-1 neutralizing antibodies to CD138+ cells 

accelerated dedifferentiation back into the CD138- progenitor, while addition of recombinant MIF-1 drove cells 

towards CD138+ differentiation. As the CD138+ MM cell is chemosensitive, targeting MIF-1 and/or the 

pathways that it regulates could be a viable way to modulate stemness and chemosensitivity, which could in 

turn transform the treatment of MM. 
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Introduction 

Multiple myeloma (MM) is the second most prevalent hematological malignancy in the United States, with a 

survival rate of 47% within the first five years post diagnosis 2, 3.  It is characterized by the proliferation of 

clonal plasma cells within the bone marrow, which can interfere with normal blood cell production and also 

secrete non-functioning monoclonal antibodies called M protein 4-6.  The tumor cells colonize the bone marrow, 

and symptomatically, this results in anemia, lytic bone lesions, hypercalcemia, in addition to renal failure 7, 8.  

Together with autologous stem cell transplantation and the introduction of novel therapies such as proteasome  

inhibitors  and immunomodulatory drugs, patients frequently show improvement, even to the point of 

remission. However, relapse is usually inevitable, suggesting that there exists a subset of MM tumor cells that 

are able to evade cytotoxic insult and eventually recapitulate tumor burden 9-11.  This has led to the hypothesis 

that a population of chemoresistant cancer stem cells (CSC) persists and remains dormant until a time post-

treatment when they reinitiate growth and re-establish tumor burden 11-13.  

In addition to cell surface markers, which have been used to identify CSC populations, “stemness” can be 

phenotypically defined. Similar to the hematopoietic stem cell (HSC), the CSC: 1) exists in a quiescent, slowly 

proliferating state, 2) possesses the ability to differentiate into more mature progeny, 3) is resistant to 

chemotherapy, and 4) has the ability to undergo long-term self-renewal in order to maintain the CSC population 

itself 14-16. The CSC may be derived from a hematopoietic stem cell that has acquired oncogenic mutation(s) 

allowing it to become tumorigenic while maintaining stemness OR alternatively from a differentiated tumor 

plasma cell that dedifferentiates and reacquires stemness properties (i.e. self-renewal, differentiation, quiescence, 

chemoresistance). MM tumor cells are clonal plasma cells, which have isotype switched, suggesting that the 

progenitor arises from a post-germinal center B cell lineage, such as a plasma cell precursor or plasma cell itself 

6, 17, 18. A marker distinguishing an immature plasma cell (prePC) and a mature plasma cell 19 is the acquisition of 

CD138 and it is generally believed that the MM CSC population is CD138- as are pre-PCs. Matsui, et al. found 

that both primary tumor cells isolated from MM patients and MM cell lines are composed of a heterogeneous 

mixture of CD138- and CD138+ populations 5, 20, 21, but only the CD138- cells were able to engraft in the bone 
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marrow of NOD/SCID (non-obese diabetic/ severe compromised immunodeficient) mice 22. Upon analysis of 

bone marrow aspirates from these mice, they found that the cells were all CD138+ and expressed the same light 

chain restriction as the initial patient material, suggesting that the CD138- cells were the CSC population that 

with time gave rise to the differentiated CD138+ cells. Other laboratories, however, have shown that both CD138- 

and CD138+ cells can engraft the bone marrow when a different mouse model, NOD/SCID γ-chain deficient 

(NSG),  was used 23, and the authors suggested  that the recipient bone marrow niche might play a role in altering 

stemness. Chaidos et al. showed that patient-derived purified  CD138+ plasma cells could produce tumors in 

animals, but they detected both CD138- and CD138+ cells in the BM of mice, suggesting that the precursor 

CD138- cells were derived from or were the progeny of the CD138+ as a result of dedifferentiation 24. These 

findings imply that a functional plasticity between differentiated progeny and dedifferentiated precursor cells 

might exist and reconcile the difficulties in clearly defining the CSC population. If interconversion provides a 

way to continually renew the chemoresistant CSC population, this would contribute to the eventual relapse seen 

in this disease. 

To investigate this, we examined multiple MM cell lines to identify and isolate the CSC population. Our 

finding is that the mature myeloma cell (CD138+, rapidly proliferating and chemosensitive) has developmental 

plasticity; namely, the ability to dedifferentiate back into its own chemoresistant CSC progenitor, the CD138–, 

quiescent plasma cell. As these cells are grown in the absence of accessory cells, this suggests that soluble 

cytokines secreted by the MM cells themselves are responsible for this bidirectional interconversion. We 

identified MIF-1 (macrophage migration inhibitory factor-1) as a secreted cytokine that controls this 

interconversion in MM cell lines, and show that by manipulating the activity or levels of MIF-1 present in the 

culture media, we can shift the set point towards more differentiation or more dedifferentiation.  
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Materials and Methods 

Cells and Reagents.  Human Multiple Myeloma Cell Lines RPMI 8226, U266-B1, and NCI-H929 obtained 

from ATCC (American Type Culture Collection) were grown in RPMI1640 media containing 10% FBS, 1% 

Penicillin Streptomycin, 0.5% Ampicilin B.  RPMI 8226 cells were plated at a cell density of 250,000 cells/mL; 

U266-B1, 600,000 cells/mL; and NCI-H929, 450,000 cells/mL. Cells were split every 48 hours. 

Flow Cytometry and Sorting.  MM cell lines were stained with CD138 PE-Cy5 (Beckman Coulter) and CD38 

PE (BD Pharmingen) and sorted using the BioRad S3 cell sorter in complete media (2.5 x106/mL).  Analysis of 

additional cell surface proteins were analyzed: CD74 FITC (Abcam), Isotype Control IgG1 PE, CXCR4 PE, 

CD44 FITC (BD Pharmingen). Intracellular staining of Blimp1: Human Blimp1 Alexa-Fluor 488-conjugated 

antibody (R&D Systems). Cell cycle analysis: Vybrant DyeCycle Green Stain (Invitrogen) on sorted MM cells 

fixed with 70% ice cold ethanol.  All flow cytometry analysis used the BD FACScan (BD Biosciences) and 

CellQuest software (BD Biosciences).  Analyses were based on the acquisition of 10,000 events. 

Differentiation and Clonogenicity Assays.   Cells stained with CD138 and CD38 were sorted into 

CD138+CD38+ and CD138-CD38+ populations and re-plated in complete media at 37°C and 5% CO2. Cells 

were harvested at days 5, 10 and 13, stained with CD138 and CD38, fixed in 4% paraformaldehyde, and stored 

at 4º C for later analysis.  Freshly sorted CD138+CD38+ and CD138-CD38+ were resuspended in 

methylcellulose (Stem Cell Technologies) at 104 cells/ml.  Colonies were counted manually and photographs 

were taken using a light microscope under 4X magnification.  Colonies were measured using the annote tab to 

compare pixel number to the scale created by the Kodak film software.   

Quantitation of mRNA expression by real-time PCR.  Total mRNA was isolated from sorted MM cells using 

the RNeasy mini kit (Qiagen). cDNA for each sample was generated using the Verso cDNA kit (Thermo 

Scientific).  Quanititative PCR was completed using gene-specific primers along with Absolute Blue SyBr 

Green ROX (Thermo Scientific) for Blimp1 (forward primer: 5’-GTGTCAGAACGGGATGAACA-3’ and 

reverse primer: 5’-GCTCGGTTGCTTTAGACTGC-3’); IRF4 (forward primer: 5’-



34 
 

ACCGAAGCTGGAGGGACTAC-3’ and reverse primer: 5’-GTGGGGCACAAGCATAAAAG-3’); SDC1 

(forward primer: 5’-AGGACGAAGGCAGCTACTCCT-3’ and reverse primer: 5’-

TTTGGTGGGCTTCTGGTAGG-3’); MIF1 (forward primer: 5’-CCGGACAGGTCTACATCAACTATTAC-3’ 

and reverse primer: 5’-TAGGCGAAGGTGGAGTTGTTCC-3’); GAPDH (forward primer: 5’-

GACAGTCAGCCGCATCTTCT-3’ and reverse primer: 5’-GCGCCCAATACGACCAAATC-3’). The level of 

each gene was normalized to GAPDH expression. 

Chemosensitivity Assay. Sorted populations (CD138+CD38+ and CD138-CD38+) were treated with 0.01μM 

Bortezomib for 24 h. Chemosensitivity was measured as the change in viability before and after treatment as 

measured by trypan blue exclusion.  Viability was also measured using the MTT Assay (Promega) to measure 

the change in viability of sorted populations treated with either anti-MIF mAb (R&D Systems) or rMIF (R&D 

Systems) and consequently treated with 0.01μM Bortezomib for 24 hours.  

Tracking Assay.  Cells were treated with 5μM PD 0332991 (SelleckChem) for 72 h.  These cells were washed 

with complete media and stained with 5μM CFSE (carboxyfluorescein succinimidyl ester) for 10 min.  Cells 

were further stained with CD138 PE-Cy5 and CD38 PE and sorted into CFSEhiCD138+CD38+ and 

CFSEhiCD138-CD38+ and re-plated.  Cells were harvested, and stained with CD138 PE-Cy5 and CD38 PE at 

days 2, 4 and 6, fixed with 4% paraformaldehyde and stored at 4°C for analysis on flow cytometer. 

Cytokine Array and Analysis.  RPMI8226 cells stained with CD138 and CD38 and sorted into CD138+CD38+ 

and CD138-CD38+ populations were re-plated in complete media.  At days 1, 2, and 4, cells were harvested and 

stained for CD38 PE and CD138 PE-Cy5, fixed with 4% paraformaldehyde, and stored at 4ºC, while media for 

each time point was stored at -20ºC for later assessment using the Human Cytokine Array Panel A (R&D 

Systems).  Each cytokine array was analyzed using IRDye 800CW Streptavidin (LICOR) and the LICOR 

Imaging System following vendor’s instructions. Raw values for each cytokine detected in media alone were 

subtracted from values for each cytokine at each time point.  
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MIF-1 ELISA.  Sorted CD138+ or CD138- populations were re-plated and media was harvested 1, 4, 12, and 

24 h. post sort.  Samples were stored at -80°C for future analysis.  The presence of MIF was analyzed using the 

Human MIF Immunoassay (R&D Systems), all samples were diluted by a factor of 10.  Quantitation of MIF in 

each population was completed by measuring absorbance using a 96-well spectrophotometer.   

MIF inhibitor, 4-IPP.  Sorted CD138+ or CD138- populations were re-plated in increasing concentrations of 4-

IPP (4-iodo-6-phenylpyrimidine in DMSO) (Santa Cruz Biotech). CD138 and CD38 cell surface expression was 

measured at different time points for each concentration of 4-IPP. Assessment of U266-B1 and NCI-H929 and 

4-IPP treatment was completed on unsorted cells. Wash Out Assay. CD138+CD38+ RPMI 8226 cells were 

treated with 4-IPP for 48 hours, the cells were washed and re-plated in complete media, and  CD138 and CD38 

cell surface expression was assessed at 48 and 96 h post wash out.  PI was used to gate for viable cells during 

flow cytometry analysis.   

MIF Neutralizing Antibody (Nab) and rMIF Assay. Sorted CD138+ or CD138- populations were    treated 

with either increasing concentrations of MIF Neutralizing antibody (NAb) (R&D) ( 0, 100, 200, and 500 

µg/mL) or recombinant MIF (rMIF) (R&D) (0, 50, 100, 200 ng/mL) and incubated for 24 h.  CD138 expression 

and viability were dually assessed by flow cytometry by staining for cell surface antibodies and PI staining.   

Primary MM patient samples. Bone marrow aspirates from MM patients at King’s County Hospital, obtained 

by informed consent, was purified by passage through the MM enrichment kit (RosetteStep), Purified plasma 

cells were either stained with CD38 PE and CD138 PE-Cy5, fixed with 4% paraformaldehyde, and stored at 4ºC 

or plated +/- 4IPP for 24 and 72 h. Cells were grown using the patient’s own serum, obtained from peripheral 

blood. Cells were then stained, fix and analyzed by flow cytometry as described.  

Statistics. All data are shown as the mean ± SD.  The statistical analyses were performed using the Exact 

Mann-Whitney 2-sided tests Figure 1D,E & 3B,C, a semi-parametric (SAS PROC MULTTEST with 

bootstrapping) approach was used to (1) apply attest of monotonic trend, allowing for possible non-normality; 

(2) correct p-values derived from pair-wise t-tests for possible non-normality and for multiple testing (Figure 
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4E).  The Satterthwaite adjustment for heteroscedasticity was also applied.  Selected pair-wise comparisons 

were made using t-tests (with Satterthwaite corrections to allow for possible unequal variances).  The 

distribution of the dependent variable was checked for symmetry and for the presence of outliers (Figure 5D & 

6C).  All other statistics used student t-test (2 tail). 
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Results 

CD138- cells have the characteristics of stemness 

RPMI 8226 cells were stained with CD138 and CD38 antibodies, and sorted by flow cytometry. Unstained 

populations and single staining was used to identify doubly stained populations (Fig. 1A).  Three distinct 

populations were consistently detected (Fig. 1B, dashed boxes, i-iii, Fig. S1A).  Each was recovered by sorting 

with high efficiency and population “i” (hereafter referred to as CD138+CD38+) and “ii” (hereafter referred to 

as CD138-CD38+) were shown to be viable (Fig. 1B, inset).  The “iii” population was non-viable in cell culture 

and was gated out of all future analysis (Fig. 1B, inset).  The CD138+ and CD138- populations were 

consistently detected in a ~9:1 ratio, where ~90-95% of the cells were CD138+ and ~5-10% of the cells were 

CD138- (Fig. 1B).  The viability of neither the CD138+ or CD138- cells changes with time, as measured by 

MTT at time points post plating of pure populations (Fig. S1B).  Previous studies have suggested that these 

CD138- cells were the MM CSC population25, and we analyzed these pure, sorted populations to further 

characterize “stemness” by assessing: proliferation rate (Fig. 1C), long-term self-renewal/clonogenic potential 

(Fig. 1D,E, G, H), chemoresistance (Fig. 1F) and expression of differentiation specific markers (Fig. 1I,J). 

Purified CD138- and CD138+ populations were stained with Vybrant Green to measure DNA content (Fig. 1C).  

The CD138+CD38+ cells were rapidly proliferating with only 56% in G0/G1 phase, and 20% and 24% of cells 

in S and G2/M phase, respectively (Fig. 1C, top). On the other hand, 88% of the CD138-CD38+ cells were 

present in G0/G1 phase, demonstrating that these cells were quiescent or only very slowly proliferating (Fig. 

1C, bottom). The shift to the left for the G0/G1 peak seen in the CD138- cells in the presence of Vybrant Green 

suggests a more tightly compacted DNA, suggesting that these cells may be in G0 rather than G1 phase. To test 

the self-renewal capacity of each population, sorted CD138+ or CD138- cells were plated in methylcellulose and 

the formation of colonies was assessed after 14 days.  CD138+ cells were able to form significantly more 

colonies than CD138- cells, suggesting that more colonies were able to initiate proliferation (Fig. 1D). However, 

these colonies were smaller than those derived from the CD138- precursors (Fig. 1E, G, H). This suggests that 

fewer CD138- cells entered cycle, but those that did were able to undergo more duplication events than the 



38 
 

CD138+ cells, resulting in larger colony width. To compare chemotherapeutic response, sorted CD138+ and 

CD138- populations were treated and mock treated for 24 h. with 0.01µM Bortezomib, a proteasome inhibitor 

used as frontline therapy in MM treatment. Viability was measured by trypan blue exclusion and 

chemosensitivity was defined as the difference in viability between mock and Bortezomib treated cells (Fig. 

1F).  CD138+ cells were more sensitive, with a greater loss of viability seen with Bortezomib treatment, than 

the CD138- cells, where Bortezomib had a reduced effect. Finally, we measured the expression of two 

transcription factors, Blimp1 and IRF4, which have been shown to be responsible for the differentiation of B 

cells into plasma cells 4, 26, 27.  CD138+ cells evaluated immediately after sorting have higher expression of 

Blimp1, as detected by intracellular staining (Fig.1I, blue) and RT-PCR analysis (Fig. 1J).  IRF4 is also 

expressed preferentially in the CD138+ cells (Fig. 1J), suggesting that these are the differentiated progeny, and 

the CD138- cells are more immature. CD138 expression is regulated at least in part at the RNA level, as 

reduced expression of CD138 (SDC1) is detected in the CD138- cells (Fig. 1J). Together, these experiments 

suggest that the CD138- cells meet the qualifications of stemness: they are quiescent, chemoresistant, able to 

undergo long term self-renewal and do not express the differentiated cell specific markers, IRF4 and Blimp1. 

 

Cells undergo interconversion, exhibiting plasticity. 

An additional characteristic of stemness is the ability to undergo differentiation to produce mature progeny. To 

examine this, pure CD138+ and CD138- RPMI 8226 populations were re-plated and followed for up to 13 days 

(Fig. 2A, B). CD138+ cells proliferated faster than CD138- cells (Fig. S2A: with CD138+ cell doubling rate of 

2.4 compared to the 1.5 doubling rate of CD138- cells during the first 5 days), and no significant loss of 

viability was seen in the populations over the 13 day time course, suggesting that the changes seen in CD138 

expression were not reflective of cell death or dying.  Cells were harvested at different time points, and CD138 

expression was measured by flow cytometry (Fig. 2A, B, C). Within 5 days post plating, pure CD138- cells 

were able to differentiate and give rise to differentiated CD138+ cells: 50% of the total cells were CD138+ by 
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day 5 (Fig. 2A, red).  The cells continued to differentiate and by day 13, the bulk of the culture was CD138+, 

Figure 1. Stemnes of RPMI8226 cells. A) Cells analyzed by flow cytometry as unstained, CD38 or CD138 single stained 

populations to establish gates for double stained populations. B) Cells were co-stained with CD138 and CD38, and sorted 

into CD138+CD38+ (i) and CD138-CD38+ (ii), CD138—CD38+ (iii) populations with high efficiency.  (Inset) Viability 

of each population. C) CD138+ and CD138- populations were independently fixed in ethanol and stained with Vybrant 

Green to measure cell cycle status. D,E) CD138+ and CD138- sorted cells were plated in methylcellulose for 14 days, 

colonies were counted and the width measured. (n=4) *p<0, Exact Mann-Whitney 2-sided t-test. F) Each population was 

treated with 0.01μM Bortezomib for 24 h and chemosensitivity measured as the difference in viability before and after 

treatment. (n=4) *p<0.001, student t-test G,H) Representative colonies formed  

 



40 
 

reestablishing the 9:1 ratio of CD138+:CD138- seen in unsorted cultures (Fig. 2A, pink).  Raw values are 

presented in Fig 2C.  When pure, sorted CD138+ cells were re-plated, they were able to give rise to CD138- 

cells, suggesting that these cells were able to de-differentiate (Fig. 2B). Only 40% of the cells remained 

CD138+ by day 5 (Fig. 2B, red). By day 10, the culture started to shift back and 87% of the cells now were 

CD138+, and by day 13, the 9:1 ratio of CD138+:CD138- cells seen in unsorted cultures had been reestablished 

(Fig. 2B, pink).  Thus, the CD138- cells could differentiate (Fig. 2A), but the CD138+ cells could de-

differentiate (Fig. 2B), suggesting that the cells could interconvert in culture.  

 To analyze whether this plasticity was intrinsic to the RPMI8226 cell line, or was a quality of other 

human MM cell lines, NCI-H929 and U266-B1 cells were sorted into CD138+ populations. Unsorted NCI-

H929 and U266-B1 cultures have slightly different set points, the NCI-H929 and U266-B1 cells contain 

approximately 95-98% of cells that are CD138+ and approximately 2-5% of the cells are CD138- (Figure S2B, 

S2C). When 99% pure CD138+ populations of NCI-H929 and U266-B1 cells were re-plated, with time, 

CD138- cells were detected (Fig. 2C, middle and bottom panel).  By day 13, the cultures had reestablished the 

~95-98:2-5 CD138+:CD138- ratio, suggesting that plasticity was a shared characteristic of MM cell lines.  

To further investigate the interconversion of the CD138- and CD138+ populations, we synchronized 

cells to follow their differentiation or dedifferentiation. Unsorted RPMI8226 cells were treated with PD0332991 

(Palbociclib), a specific inhibitor of cyclin-dependent kinase 4/6, to arrest cells in G1 phase. After 72 h. of 

PD0332991 treatment, cell cycle profiles were measured using the DNA stain Vybrant Green, in mock and 

PD0332991 treated cells, and PD0332991 treatment increased the G1 phase content, demonstrating arrest (Fig. 

2D).  These arrested cells were stained with CD138, and we found that PD0332991 treatment caused a change 

in the CD138-:CD138+ ratio, with an increase in the CD138- pool detected (Fig. 2E, red), suggesting that G1 

phase arrest and CD138 status might be linked. PD0332991 arrested cells were then subsequently stained with 

Figure 1 Continued: G,H) within methylcellulose by CD138+ and CD138- sorted cells (104cells/mL).  I) Intracellular 

staining of Blimp1 expression in CD138+ (blue) and CD138- (red) cells as measured by flow cytometry, isotype 

control (purple). J) RT-PCR was used to measure the relative levels of Blimp1 (n=4) and IRF4 (n=3) and SDC1 

(CD138) (n=3) between both CD138+ and CD138- populations levels in CD138+ set to 100, plotted as AU. *p<0.05. 

**p<0.001. Student t-test, error bars denote the mean ± SD. 
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the fluorescent cell permeable dye CFSE. This dye is retained in the cytoplasm, and decreases its fluorescent 

intensity by exactly half upon each cycle of cell division.  This allows us to track cell proliferation as measured 

by loss of CFSE of both the CD138+ and CD138- populations in tandem with their differentiation status, as 

measured by CD138 expression. PD0332991 arrested, CFSE stained cells were sorted into two pure 

populations: CD138+CD38+CFSEhi and CD138-CD38+CFSEhi (Fig. 2F, Day 0).   PD0332991 was removed 

from the culture through sequential washing with fresh media and the labeled cells were replated in 2D tissue 

culture. Cells were harvested every two days and analyzed for CD138 and CFSE. CD138- cells (bottom panel) 

were able to divide (reducing CFSE content) and differentiate (increasing CD138 content) and within two days 

17.5% of the population had become CD138+CFSElo (Fig. 2F, bottom panel, Day 2). 75% of the population did 

not divide, and while there was a slight increase in CD138 expression when compared to Day 0, these cells 

remained within the CD138- gate. By days 4 and 6, the bulk of the culture had divided to become 

CD138+CFSElo, while a small pool of cells remained CFSE+CD138- and did not divide (Fig. 2F, bottom panel, 

Days 4, 6). Thus, CD138- cells could give rise to CD138+ progeny, and this appeared linked to cell division.  

When sorted, arrested, CD138+ CFSEhi cells were replated and released from arrest (Fig. 2F, top panel), 

by day 2, the bulk of the cells are CFSEmid  (between 101-102) but remain CD138+, suggesting that they are 

starting to divide but maintain the CD138 marker (top quadrants). However, a new population, 

CD138midCFSEmid, is also detected, suggesting that some cells are losing expression of CD138 as they divided. 

This CD138midCFSEmid population continues to decrease in CD138 expression through the last two time points, 

becoming CD138-CFSEmid, without a further decrease in CFSE fluorescence, supporting that they are dividing 

slowly and dedifferentiating. By day 6, three populations are visible: 85.4% are CD138+CFSElo (CD138+ cells 

that divided into CD138+ cells); 2.3% are CD138-CFSEmid (dedifferentiated CD138- cells that may have 

divided once but then stopped and has been maintained since day 2); 11.7 % are CD138-CFSElo (CD138+ cells 

that divided and then dedifferentiated into CD138- cells).  All of these populations are viable and are outside of  
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Figure 2. Plasticity of RPMI8226 cells. A, B) Sorted CD138-CD38+ and CD138+CD38+ populations were plated, aliquots 

were analyzed for CD138 expression at days 5, 10, and 13.  (Representative of n=5).  C) Sorted CD138-CD38+ and 

CD138+CD38+ cells from RPMI8226 (n=5), U266-B1 (n=3) and NCI-H929 (n=3) MM lines were plated and aliquots were 

analyzed for percent CD138- at days 5, 10 and 13. (Mean ± SD) D) Cell Cycle status of RPMI8226 cells before (left) and 

after (right) treatment with PD0332991 (PD).  E) CD138 expression of unsorted RPMI8226 cells before (purple) and 

after (red) treatment with PD for 3 days.   

 

93.7±1.9 
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the non-viable population “iii” gate from Fig. 1.  This suggests that not only are CD138+ cells able to proliferate 

but are also able to de-differentiate, giving rise to the CD138- precursor.  

 

 Dedifferentiated CD138- cells exhibit characteristics of stemness.   

To determine  whether MM cells could undergo multiple cycles of differentiation and de-differentiation and 

remain phenotypically the same as CD138- or CD138+ cells isolated from the parent RPMI8226 cell line, pure 

CD138+ cells were re-plated and maintained for 4 weeks (Fig. 3A). During this time, the three populations (i, ii, 

and iii) were again present (Fig. 3A).  CD138+* and CD138-* populations were gated and sorted to >95% 

purity as illustrated before, with 93.8% being CD138+ and 6.3% being CD138- (Fig. S3A).  These pure 

populations (CD138+* and CD138-*) were recovered from these cells and tested by the stemness assays 

described in Fig. 1. CD138+* and CD138-* cells were plated in methylcellulose and the formation of colonies 

was assessed.  As seen with cells isolated from the parent cell line, the CD138+* cells formed significantly more 

colonies than the CD138-* cells (Fig. 3B), but the CD138-* population formed significantly larger colonies 

(Fig. 3C).  Both populations were treated with Bortezomib or mock treated for 24 h. and chemosensitivity was 

measured as the difference in viability of the mock and treated populations by trypan blue exclusion.  Similar to 

cells isolated from the parent line, CD138+* cells showed increased sensitivity to chemotherapeutic treatment as 

indicated by the greater change in viability as compared to the more chemoresistant CD138-* cells (Fig. 3D).  

The expression of Blimp1, IRF4 and SDC1 (CD138) in the doubly sorted CD138+* and CD138-* cells was 

measured by RT-PCR (Fig. 3E).  As seen with cells isolated from the parent cell line, CD138-* cells had lower 

levels of Blimp1 and SDC1 RNA (Fig. 3E), while IRF4 levels between the populations were more similar (Fig. 

3E). The doubly sorted CD138-* cells were replated and followed in the differentiation assay for up to 13 days 

(Fig. 3F). These cells were able to differentiate again, with kinetics similar to those seen in cells isolated from 

the parent line, re-establishing the ~9:1 ratio of CD138+:CD138- cells by day 13 (Fig. 3G).  Doubly sorted  

Figure 2 Continued: F) Cells were treated with 5μM PD for 3 days, stained with CFSE, washed, sorted, then followed 

in culture for 6 days.  Aliquots were analyzed for CFSE and CD138 over this time course.  Dashed boxes are of non-

viable cells (population “iii”) were not included in the overall percentages of each quadrant. 

 



44 
 

 

 

 

Figure 3. Authenticity of newly dedifferentiated CD138- cells.  A) CD138+CD38+ sorted cells were plated for four weeks, 

and then re-sorted based on CD138 status, to yield CD138+* and CD138-* populations.  Representative of n=3. Dashed 

boxes are of non-viable cells (population “iii”) that are not included in the overall percentages of each quadrant. B,C) 

CD138+* and CD138-* cells were plated in methylcellulose for 14 days, colonies were counted and measured (n=3) *p<0.05. 

D) CD138+* and CD138-* cells were treated with 0.01μM Bortezomib for 24 h.  Chemosensitivity is measured as the 

difference in viability before and after treatment (n=3).  E) RT-PCR on CD138+* and CD138-* populations to assess the 

levels of Blimp1, IRF4, and SDC1 (CD138) (n=3) levels in CD138+ set to 100, plotted as AU *p<0.05. Error bars denote the 

mean ± SD. F,G) CD138+* and CD138-* populations were plated, and aliquots were analyzed for the expression of CD138 

by flow cytometry at days 5, 10, and 13.   
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CD138+* cells were able to de-differentiate by day 5 and re-establish the ~9:1 ratio of CD138+:CD138- sorted 

cells by day 13 (Fig. 3F).  The kinetics of dedifferentiation of the CD138+* cells was different in that there was 

no large CD138- population by day 5 as seen in the parent CD138+ cells (Fig. 2B). However, in general, both of 

the doubly sorted populations maintained plasticity and could differentiate and/or dedifferentiate respectively. 

 

Modulation of MIF-1 activity alters interconversion. 

 While interconversion of MM cells has been reported before 24, 28, this is the first time that plasticity has been 

reported to occur in 2D culture in the absence of accessory cells. This suggests that the MM cells themselves 

controlled differentiation or dedifferentation status and we hypothesized that the cells might secrete cytokines 

into the culture media that would influence interconversion. In support of this, two pilot experiments suggest 

that the kinetics of dedifferentiation could be altered by plating different concentrations of cells and/or 

removing the newly conditioned media after plating. When more CD138+ cells were plated in the same volume 

to potentially increase the concentration of secreted cytokines, dedifferentiation into CD138- cells increased 

(Fig. S4A, panel A). When a constant number of CD138+ cells were plated, but the media was replaced every 

12 h, to reduce secreted cytokine concentration, dedifferentiation into CD138- cells was decreased (Fig. 

S4A,panel B). To examine cytokine secretion directly, CD138+ and CD138- cells were sorted and re-plated in 

complete media, conditioned media was harvested at days 1 and 2, and a cytokine array was used to detect the 

presence of 36 cytokines simultaneously (Fig. 4A). The cytokine values detected at time 0 (plating) and in the 

media alone were subtracted to generate the change in expression, plotted as AU (Fig. S4B). While several 

different cytokines were modestly increased in both CD138+ and CD138- cells, the expression of macrophage 

inhibitory factor 1 (MIF-1) increased rapidly and significantly in both populations.  MIF-1 is an inflammatory 

cytokine, secreted by many cell types, and shown to increase survival and proliferation of several stem cell 

lineages 29-31. We hypothesized that the burst of MIF-1 secreted into the media might promote interconversion 

of the individual populations, and blocking MIF-1 activity with 4-IPP (4-iodo-6-phenylpyrimidine), a small 
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molecule inhibitor of MIF-1 activity, might alter the kinetics of dedifferentiation or differentiation. Pure 

populations of CD138+ cells were treated with different concentrations of 4-IPP and viability was followed by 

PI staining (Fig. 4B) Because treatment with 4-IPP decreased cell viability with time and concentration, we only 

analyzed viable cells, as measured by PI staining, for CD138 status in future experiments (Fig. 4C, D, G). When 

pure CD138+ cells were plated and then mock treated, roughly 60% of CD138+ cells remained CD138+ at 24 

h., suggesting that 40% had dedifferentiated during this time frame (Fig. 4C, compare T=0 to [0]). However, 

when treated with 30 or 60 μM 4-IPP, only 50 or 35% remained CD138+ respectively, suggesting that blocking 

MIF-1 activity increased dedifferentiation (50 to 65% became CD138- during the same time period). When 

CD138- populations were plated and treated for 24 h. with 4-IPP, 12% differentiated within the 48 h. time frame 

(88% remained CD138-) (Fig. 4D, T=0 to [0]). However, in the presence of 30 or 60 μM 4-IPP, differentiation 

was slowed, and only 8 and 4% of the PI- cells became CD138+ (92 and 96% of cells remained CD138-) (Fig. 

4D).  This suggested that blocking MIF-1 increased the pool of dedifferentiated cells.  

 The loss of viability seen in the CD138+ cells in the presence of 4-IPP (Fig. 4B)  was due  to apoptosis, 

as measured by increased Annexin V staining after 24 h with increasing concentrations of drug (Fig. 4E). 

Annexin V staining of utreated CD138+ cells did not change within the 24h. timepoint, demonstrating the 

stability of this population.  Treatment of unsorted RPMI8226 cells with increasing concentrations of 4-IPP also 

caused a significant increase in the G0/G1 phase, as measured by Vybrant Green staining (Fig. 4F). While 

unsorted cells had a G0/G1 content of ~50%, 4-IPP treatment increased this to ~ 60%. As 4-IPP promotes 

increases in the CD138- pool, this increase in quiescence is consistent.  

 To validate the specificity of 4-IPP to promote the dedifferentiation of CD138+ cells by targeting MIF-1, 

we used a monoclonal neutralizing antibody (NAb) to block MIF-1 (Fig. 4G). Increasing concentrations of MIF 

NAb were added to pure sorted CD138+ cells for 24 h., and then viable cells, as measured by PI staining, were 

analyzed for CD138 status by flow cytometry (Fig. 4G).  While approximately 50% of the mock treated 

CD138+ cells remained CD138+ (50% had dedifferentiated), only 30% of the NAb treated cells remained 

CD138+ (70% dedifferentatied into CD138- cells within the same time frame). Just like 4-IPP treatment, the  
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Figure 4. MIF-1 regulates differentiation status. A) Sorted CD138+ or CD138- cells were plated and media was 

harvested at T0, T24 and T48 and used in the cytokine array assay. AU plotted as the expression of 36 different 

cytokines.  Inset: CD138 and CD38 status at each time point, assessed by flow cytometry.  Representative of n=3 

(CD138+) and n=2 of (CD138-). 
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viability of the NAb treated cells was reduced. Pure CD138+ cells were plated in the absence or increasing 

concentrations of MIF NAb for 24 h, stained with PI, and analyzed by flow cytometry (Fig 4H). A similar 20% 

decrease in viability was seen with NAb addition, suggesting that death might be a physiological response to 

forced, excessive dedifferentiation. 

 

4-IPP or NAb treated cells behave like dedifferentiated CD138- cells.   

Blocking MIF-1 activity appeared to drive or maintain dedifferentiation status in both the CD138+ and CD138- 

populations (Fig. 4C-G) and we wanted to determine whether CD138- and CD138+ cells generated by blocking 

MIF-1 activity behaved like untreated CD138- and CD138+ cells, in terms of chemotherapeutic response.  

Sorted parent CD138+ cells were treated with 60 µM 4-IPP for 24 h to promote dedifferentiation, and 62.5% of 

these cells became CD138- (Fig. 5A). These cells were doubly stained with CD138 and PI to isolate viable 

CD138+ and CD138- populations (Fig. 5A, bottom), which were then mock treated or treated with Bortezomib 

for 24 h. Chemosensitivity was measured as the difference in viability between the mock and Bortezomib 

treated populations (Fig. 5B).  The 4-IPP derived CD138- cells were significantly less sensitive to 

chemotherapeutic treatment than the CD138+ cells, similar to what was seen with the parent derived CD138- 

populations (Fig.1F). To determine whether 4-IPP treated cells could recover, sorted CD138+ cells, treated with 

4-IPP for 48 h. (to become CD138-) (Fig. 5C, red), were replated without drug and analyzed for CD138 

expression at 48 h. (green) and 96 h (pink).  Whereas 68% of 4-IPP treated cells were CD138- (red), before 

replating, but by 48 h. without drug, a large CD138+ population appeared, and by 96 h, 73% were CD138+. 

Figure 4 Continued: B) Viability measured by PI staining of cells at different concentrations of 4-IPP and 

timepoints.  (n=3). C, D) CD138 expression of viable (PI negative) ,CD138+ (C) and CD138- (D) cells treated with 

increasing concentrations of 4-IPP. (n=3). E) Flow cytometric analysis of Annexin V of CD138+ cells treated with 

increasing concentrations of 4-IPP (n=3) Test of trend p=0.008. F) Vybrant Green cell cycle analysis of unsorted cells 

treated with increasing concentrations of 4-IPP (n=3).  G) CD138 expression of viable (PI negative), CD138+ cells 

treated with increasing concentrations of MIF NAb. (n=3). H) Viability measured by PI staining of cells at different 

concentrations of MIF NAb (n=3). *p<0.05. Error bars denote the mean ± SD.   
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Thus, the CD138- cells derived by 4-IPP treatment regained characteristics of stemness: they were 

chemoresistant and could differentiate.  

MIF-1 NAb treatment also increased the pool of CD138- cells (Fig. 4G), and we wanted to determine 

whether this treatment also increased chemoresistance in these CD138- cells (Fig. 5D). Sorted CD138+ were 

mock treated or treated with NAB for 24 h. to promote dedifferentiation (Fig. 5D, lane 4). After 24 h., the MIF-

1 NAb treated cells were treated with Bortezomib for an additional 24 h to measure viability using the MTT 

assay.  This was compared to the response seen with untreated CD138+ cells treated+/- Bortezomib (Fig. 5D, 

lanes 1, 2).  Untreated CD138+ cells are sensitive to Bortezomib, and their viability decreases to 48% following 

treatment (lane 2). CD138+ cells treated with NAb, however, were less sensitive to Bortezomib and their 

viability was only reduced 17% with treatment (lane 4). Consistent with what was seen with 4-IPP treatment, 

CD138+ cells treated with MIF-1 NAb were more chemoresistant than untreated cells, consistent with the 

increase in CD138- populations.   

 

rMIF promotes differentiation into CD138+ cells.  

 Because blocking MIF-1 activity with either 4-IPP or MIF-1 NAb promoted dedifferentiation, we hypothesized 

that an excess of rMIF-1 might promote differentiation into CD138+ cells. Sorted CD138+ cells were treated 

with rMIF-1 at increasing concentrations, and PI+, CD138 status was measured after 24 h (Fig. 6A).  While 

approximately 60% of mock treated CD138+ cells remained CD138+ (40% had dedifferentiated to CD138- 

cells), in the presence of 50 ng/ml rMIF-1, almost 90% of cells remained CD138+, suggesting that rMIF-1 

prevented dedifferentiation and allowed the maintenance of the CD138+ population (Fig. 6A, compare T=0 to 

[0]). When sorted, pure CD138- cells were mock treated, 10% of cells differentiated and became CD138+ 

within 24 h. (90% remained CD138-), but when treated with different concentrations of rMIF-1, an increase in 

CD138+ cells was also seen (Fig. 6B).  This suggests that the presence of rMIF-1 helped to maintain and/or 

generate a CD138+ population by promoting differentiation.  
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Figure 5. 4-IPP dedifferentiated CD138- cells are chemoresistant.  A) Sorted CD138+ cells were treated with 60µM 4-

IPP for 24 h.  Cells were then stained for CD138 and PI to recover viable CD138+ and CD138- cells. B) These cells were 

then treated with 0.01µM of Bortezomib for 24 h and chemosensitivity measured as the difference in viability before and 

after treatment by trypan blue exclusion. *p<0.01 C) Sorted CD138+ cells (purple) were treated with 60µM 4-IPP for 48 

h (red).  4-IPP was then washed out and cells were re-plated and CD138 expression measured at 48 (green) and 96 h 

(pink) 1. D) MTT assay used to assess viability after treatment with Bortezomib, mean absorbance values of lanes that 

were untreated at time point 24 hrs were set to 100 and plotted as AU (n=3).  Sorted CD138+ cells were treated + MIF 

NAB for 24 h, followed by 0.01µM Bortezomib treatment for 24 h (lane 4) or untreated for 48 h. (lane 3). Freshly sorted 

CD138+ cells were treated with 0.01µM Bortezomib (lane 2) or untreated (lane 1) for 24 h. **p<0.001 t-test with 

Satterthwaite corrections to allow for possible unequal variances.  Error bars denote the mean ± SD. 
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Figure 6. rMIF promotes the differentiation and maintenance of CD138+ cells. A,B) CD138 expression of viable 

(PI negative), CD138+ (A) and CD138- (B) cells treated with increasing concentrations of rMIF. (n=3). C) MTT assay 

used to assess viability after treatment with Bortezomib, mean absorbance values of lanes that were untreated at time 

point 24 hrs were set to 100 and plotted as AU of freshly sorted CD138- cells and CD138- cells previously treated with 

rMIF (n=3).  CD138- cells were sorted and treated with rMIF for 24 hrs, followed by 0.01μM Bortezomib treatment for 

24hrs (lane 4) or untreated for 48 hrs (lane 3).  Freshly sorted CD138- cells treated with 0.01μM Bortezomib (lane 2) or 

untreated (lane 1) for 24 hrs. **p<0.001 t-test with Satterthwaite corrections to allow for possible unequal variances.  

Error bars denote the mean ± SD. 
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To determine whether the CD138+ cells generated by rMIF treatment were more sensitive to 

chemotherapeutic agents, sorted CD138- were mock treated (Fig. 6C, lane 3) or treated with rMIF for 24 h. to 

promote differentiation (lane 4), and then the rMIF treated population was additionally treated with Bortezomib 

for an additional 24 h to measure viability in the MTT assay (Fig. 6C, lane 4). This was compared to the 

chemotherapeutic response seen with pure CD138- cells derived from parent cultures in the presence (lane 2) or 

absence (lane 1) of Bortezomib (Fig. 6C). CD138- cells are relatively resistant to Bortezomib, and viability of 

treated cells was only reduced by 20% (lane 2).   CD138- cells treated with rMIF, however, were more sensitive 

to Bortezomib and viability was now reduced 46% by treatment (lane 4).   

 

CD138+ cells secrete more MIF-1 than CD138- cell 

We had seen that NCI-H929 and U266-B1 cells also underwent differentiation and dedifferentiation when plated 

as pure populations (Fig. 2C).  When CD138+ cells were treated with increasing concentrations of 4-IPP, U266-

B1 cells also exhibited a marked decrease in the level of CD138+ cells (and an increase in dedifferentiated 

CD138- cells) (Fig. 7A). 4-IPP did not increase dedifferentiation of the NCI-H929 cells within this 48h. time 

frame (Fig. 7B). Thus, MIF-1 activity appeared to regulate interconversion in at least two MM cell lines.  As we 

had previously seen interconversion after 5 days, 48 hrs may have been too short a timeframe to see an effect of 

4-IPP on NCI-H929 cells.  

 The cytokine array assay had demonstrated that MIF-1 was secreted from both pure CD138- and 

CD138+ cells (Fig. 4A). We examined RNA levels in both CD138+ and CD138- RPMI8226 populations using 

RT-PCR and did not find any statistically significant differences (Fig. 7C). Using a quantitative MIF-1 ELISA 

kit, we were able to measure MIF-1 cytokine secretion at 1, 4, 12 and 24 h. post plating of pure populations 

(Fig. 7D, E,F).   CD138+ cells secreted statistically significant more MIF-1 than CD138- cells in the RPMI8226 

cell line (Fig. 7D). No significant differences in secretion were detected for U266-B1 cells, while more MIF-1 

was secreted in the CD138+ cells than the CD138- cells in the NCI-H929 line (Fig. 7E, F).  
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MIF-1 has previously been shown to associate with multiple receptors, including CD74, CXCR2/4/7 and 

CD4432, 33. MIF can bind to CD74 alone, but requires association with a co-receptor, in order to initiate a 

signaling cascade.  CD74 can form a complex with CD44 and/or CXCR2/4 or CXCR7,  which contain 

intracytoplasmic signaling domains34, 35. To determine whether differences in receptor expression could be 

detected, unsorted RPMI8226, NCI-H929 and U266-B1 cells were stained for the presence of CD74, CXCR4 

and CD44 in tandem with CD138 (Fig. 7G). Only 10% of RPMI 8226 cells expressed any of these markers 

(Fig. 7G, top panel). The majority of U266-B1 cells expressed CD44 and CXCR4, and ~50% expressed CD74 

(middle panel). The majority of NCI-H929 cells expressed CD44, and ~50% and ~30% expressed CD74 or 

CXCR4 (bottom panel). This suggested that the expression of these markers varied from cell line to cell line.  

 

MIF-1 interconversion in primary MM cells.  

To examine whether MIF-1 regulates interconversion in vivo, bone marrow aspirates from MM patients were 

obtained with informed consent. MM tumor cells were purified using the Rosette Step MM purification kit, 

which removes other contaminating hematopoetic cells. This material was either stained immediately with 

CD138 and CD38 antibodies (Fig. 7G) or plated in tissue culture in the absence or presence of 4-IPP (Fig. 7I, J). 

Both CD138+ and CD138- populations could be detected from fresh bone marrow aspirates, although the 

percent of each pool varied between patients (Fig. 7G). When material was replated +/- 4-IPP, cells were 

harvested at 24 and 72 h., stained with CD138 and CD38 antibodies and analyzed by flow cytometry (Fig. 7I). 

After 24 and 72 h., the untreated cells were predominantly CD138+ (two patients, Fig. 7I, J). However, when 

plated in the presence of 4-IPP, the CD138- population increased at 24 and 72 h., suggesting that 

dedifferentiation in these cells had also occurred.  
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Figure 7. MIF-1 regulates differentiation in other cell lines and primary patient material.  A,B) Sorted CD138+ U266 

cells (A) and NCI-H929 CD138+ cells (B) treated with increasing concentrations of 4-IPP for 24 hours.   
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Discussion 

While there has been some discrepancy in the field regarding the nature of the MM CSC, our data and that of 

others strongly suggest that the CD138- cell meets the definition of stemness, based on phenotypic 

characteristics: quiescence, chemotherapeutic resistance, the ability to self-renew and differentiate 24, 36. This 

CD138- population is consistently detected in MM cell lines, suggesting that these lines are a mixture of the 

mature, rapidly dividing CD138+ cells, and immature, slowly proliferating CD138- cells 5, 20, 21, 24, 28. The fact 

that these populations are maintained at a near constant ratio within the tissue culture system suggested that 

there had to be a mechanism to maintain this set point, because otherwise the quiescent CD138- cells should be 

lost from the culture during passaging. We show that the mature MM cancer cell detected in tissue culture has 

developmental plasticity, and can dedifferentiate back into its own chemoresistant, CD138- CSC progenitor. 

These newly born CSC regain all of the characteristics of the CSC demonstrating that stemness is a trait that is 

epigenetically controlled. Thus, instead of a CSC, we suggest that stemness is a dynamic, autoregulated 

phenotype that can be acquired or lost depending on the interaction with surrounding cells. 

This interconversion occurs in the absence of support or accessory cells, suggesting that the MM cells 

themselves secrete cytokines or factors that mediate this plasticity, and in essence sense and make their own niche 

24, 28. We found that MIF-1 was secreted by pure CD138- and C138+ populations, although to different levels. 

The secretion of several other cytokines increased but to a much more modest extent, and by blocking or 

increasing MIF-1 activity, we were able to show that MIF-1 could alter interconversion, and more importantly 

chemosensitivity. Blocking MIF-1 drives cells to dedifferentiate into chemoresistant CD138- cells, and the 

addition of rMIF-1 drives cells to differentiate into chemosensitive CD138+ cells. These cells can be toggled back 

Figure 7 Continued: CD138 expression of viable (PI negative), cells after 24 hrs as measured by CD138 flow 

cytometry. (n=3) *p<0.05. C) Steady state MIF-1 levels of sorted CD138+ and CD138- RPMI 8226 cells as measured 

by RT-PCR.  D, E, F) Sorted CD138+ and CD138- cells from RPMI8226 (D), U266-B1 (E), and NCI-H929 (F) plated 

and media harvested at 1, 4, 12, and 24 hours for use in MIF ELISA assay. *p<0.001 G) Unsorted RPMI8226, U266-

B1, and NCI-H929 dually stained with CD138/CD44 (left) or CD138/CD74 (middle), or CD138/CXCR4 (right).  H) 

MM cells derived from human bone marrow aspirates and passaged through the Rosette MM purification kit, stained 

for CD138 and CD38. I,J) Unsorted BM derived MM cells were placed in culture +/- 4-IPP for 24 hrs and 72 hrs., then 

were gated for CD38 and analyzed for CD138 status percentage of population for two patients shown. 
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and forth depending on MIF-1 activity or levels, offering new insight into the epigenetic control of MM growth. 

Too little MIF-1 and cells dedifferentiate; too much MIF-1 and cells differentiate.  

MIF-1 was secreted more rapidly by CD138+ cells, although lower secretion is still detected in the pure 

CD138- populations. MIF-1 is known to associate with multiple receptors, including CD74, CXCR2/4/7 and 

CD44 37-39,  but only 10% of RPMI8226 cells expressed any of these individual receptors. This might suggests 

that the receptor controlling differentiation status remains to be determined or alternatively that the 10% receptor 

+ population is the one susceptible to changes in MIF-1 levels and starts the interconversion process. To examine 

this, careful analysis of receptor changes during the interconversion process will have to be examined. Differential 

gene expression in the CD138- and CD138+ MM cells has been described, further supporting the idea that they 

represent two different functional populations, and expression of genes associated with stemness, such as 

NANOG, Wnt, and Hedgehog, are preferentially detected in CD138- precursor cells 4, 26.  More work is required 

to connect the cell surface receptors and ligands that mediate interconversion with the final epigenetic outcomes. 

But, this study demonstrates that small changes in MIF-1 activity or levels can shift the set point in one direction 

or the other. The differentiation assays that we used are somewhat artificial and in vivo it is less likely that the 

CD138+ cells are present in the absence of the other counterpart and vice versa. Cytokines are likely also secreted 

from the BM microenvironment, and both chemical and physical cues, such as adhesion and oxygen tension, may 

influence interconversion 40-42. MIF-1 has emerged as a candidate controlling plasticity and interconversion, and 

the logical extension of this work will be to validate this in more physiological in vivo settings 42-44.  

 How the set point of 9:1 CD138+:CD138- is reestablished is unclear, and suggests that additional 

feedback loops might exist. Decreased viability was seen in the presence of both 4-IPP and MIF-1 NABs, and  

while we initially thought this might be due to non-specific 4-IPP toxicity, the fact that apoptosis was also seen 

in both conditions suggests that this might be a physiological response to increased dedifferentiation or 

persistence of the CD138- state. Likewise, while cells are able to dedifferentiate at least twice, the kinetics are 

different in parent derived or once differentiated cells. However, the model suggests that perturbation or 

modulation of the MIF-1 levels could shift the balance in one direction or the other, and thus represents a viable 
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way to increase the percentage of CD138+, chemosenstive cells. In our limited analysis, the addition of MIF-1 

inhibitors to bone marrow derived MM cells from patients altered the CD138-:CD138+, CSC:progeny ratio, 

suggesting that similar mechanisms are at play in vivo and might explain intrinsically different patient 

responses to chemotherapy. Additional, larger analysis of interconversion of primary material is required to 

address these issues.   

 Recently, MIF-1 has emerged as a factor involved in regulating the adhesion of MM tumor cells to BM. 

Higher levels of MIF-1 expression are seen in MM tumor cells than in normal plasma cells, and loss of MIF-1 

reduced MM adhesion to BMSC in vitro. While MIF-1 expressing cells formed tumors in the bone when 

injected into SCID-mice, cells lacking MIF only formed tumors in the abdomen or extramedullary space, 

suggesting that MIF-1 enhances BM colonization45. While these authors did not directly examine 

interconversion in their assays, in the absence of MIF-1, there was an increase in the percentage of CD138- MM 

cells in the tumors taken from extramedullary space in the MIF-1 KD animals45. It is entirely possible that loss 

of MIF-1 and an increase in CD138- CSCs would affect BM homing and adhesion. Zheng, et al. also found that 

MIF-1 acted through CXCR4 and the adaptor COPS5 to increase the expression of adhesion molecules 

ALCAM, ITGAV, and ITGB545. Interestingly, they also found that the inhibition of MIF-1 either through KD 

or 4-IPP treatment sensitized MM cells to the chemotherapeutic, Melphalan, while data suggest that 4-IPP 

treatment rendered cells more chemoresistant to Bortezomib. While the mechanism of action of Melphalan and 

Bortezomib are very different, our data is in agreement with theirs that altering MIF-1 levels affects 

chemotherapeutic response, highlighting MIF-1 as an important target.  

Numerous new treatments have been introduced for the management of MM over the past several years, 

with four approved in 2015 alone 3, 46. While these extend the remission period, “cure” as a goal has been 

consistently elusive even in the setting of hematopoietic stem cell transplants 11.  More and more, the regiments 

are keeping patients on continuous chemotherapy to prevent re-emergence of clinically significant disease 46-48.  

This puts MM outcomes behind those for some acute leukemias where real cures have been realized in upwards 

of 60 % (APL) to 80% (pre-B ALL) of patients for the last 10 and 30 years, respectively. In those cases, the real 
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difference was the development of treatments aimed at the CSC. Our model suggests that when presented with 

the appropriate environment, any myeloma tumor cell might have the ability to acquire “stemness”, which 

increases the difficulty in treating a moving target. Current therapies are successful at killing differentiated 

tumor cells. However, as cells are removed from the tumor in vivo, the cytokine milieu would change due to 

loss of cytokine secreting cells, effectively changing the microenvironment and potentially permitting 

interconversion to occur. As it stands, our very use of chemotherapy and its change to the microenvironment 

may permit the reactivation of the chemoresistant clone. If interconversion provides a way to continually renew 

the chemoresistant CSC population, this would contribute to the eventual relapse seen in this disease. 
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Figure S1A. Schematic Gating and Sorting Parameters of RPMI8226 CD138+ and CD138- 

sorted cells.  A) RPMI8226 cells are gated based on forward scatter and side scatter.  This gate is 

applied to B) RPMI8226 cells stained with CD138PE-Cy5 and CD38PE.  Population “i” is a gate 

around the CD138+CD38+ RPMI cells, population “ii” is a gate around the CD138-CD38+ RPMI 

cells, population “iii” is a gate around the CD138- -CD38+, which are non-viable cells. Quadrants are 

created to distinguish CD138+ and CD138- cells along the y-axis and CD38+ and CD38- cells along 

the x-axis.  Another gate is drawn around all CD38+ cells and is applied to C) RPMI8226 cells only 

positive for CD38.  These cells are gated for CD138+ and CD138- cells to be sorted for future 

experiments. D) Dot plots of purely sorted CD138+CD38+ cells (top) and CD138-CD38+ cells 

(bottom). All experiments using sorted populations were assessed in this manner. 
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Figure S1B. Viability of Sorted CD138- and CD138+ RPMI 8226 cells.  A) Viability as measured by MTT 

assay of sorted CD138- RPMI8226 cells 24 hours and 48 hours post sort.  B) Viability as measured by MTT 

assay of sorted CD138+ RPMI8226 cells 24 hours and 48 hours post sort.  No significant loss in viability after 

24 hours in tissue culture was observed for either sorted population. N=3 
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Figure S2A. Cell proliferation and viability of sorted populations of RPMI8226, U266-B1, and NCI-

H929.  A,B, C) Total cell numbers of CD138+ and CD138- isolated from RPMI8226 (A), U266-B1 (B), 

and NCI-H929 (C) at days 0, 5, 10 and 13 post sort.  D-I) Percent viability of sorted CD138+ and CD138- 

from RPMI8226 (D-E), U266-B1 (F-G), and NCI-H929 (H-I) as measured by trypan exclusion at days 0, 

5, 10, and 13 post sort.  Each sorted population is proliferating from day 0 to day 13 and there is no 

significant change or loss in viability between CD138- and CD138+ populations for all three MM cell 

lines. Error bars denote mean ±SD.  RPMI8226 (n=5), U266-B1 (n=3), NCI-H929 (n=3). 
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Figure S2B.  U266-B1 MM cell line characterization using CD138.  A) Histogram of unsorted U266-B1 

MM stained with CD138.  U266-B1 MM cells differentially express CD38, therefore U266-B1 cells were 

sorted on CD138 expression alone.  B) Dot Plot of U266-B1 cells stained for CD138PE-Cy5 and gated on the 

CD138+ and CD138- cell populations.  C) Purely sorted CD138- U266-B1 cells.  D) Purely sorted CD138+ 

U266-B1 cells.  All experiments using sorted populations were assessed in this manner. 
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Figure S2C.  Schematic of NCI-H929 MM cell line characterization using CD138 and CD38.  A) 

Histogram of unsorted NCI-H929 cells stained with CD138.  B) Gating parameters of NCI-H929 cells 

into CD138+CD38+ and CD138-CD38+ MM populations.  C) Purely sorted CD138-CD38+ NCI-H929 

cells.  D) Purely sorted CD138+CD38+ NCI-H929 cells.  All experiments using sorted cells were 

assessed in this manner. 

NCI-H929 MM cell line characterization using CD138 and CD38.  A) Histogram of unsorted NCI-H929 

cells stained with CD138.  B) Sorting parameters of NCI-H929 cells into CD138+CD38+ and CD138-

CD38+ MM populations. 
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Figure S3A.  Schematic of Gating and Sorting Parameters of ReSorted RPMI8226 cells.  A) 

RPMI8226 cells were gated based on forward scatter (FSC) and side scatter (SSC).  That gate was 

applied to B) RPMI8226 cells stained with CD38 and CD138.  A gate is placed around all CD38+ cells.  

C) CD38+ RPMI8226 cells are assessed for the percentage of CD138+CD38+ cells and CD138-CD38+ 

cells.  D) Purely sorted CD138+CD38+ population (top) and a purely sorted CD138-CD38+ population 

(bottom).   
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Figure S4A. Cell Density or Conditioned Media of RPMI8226 cells influences de-differentiation 

kinetics.  A)  Unsorted RPMI8226 cells were grown at two concentrations and CD138 expression was 

assessed by flow cytometry after 48 hours.  B) CD138+ sorted RPMI8226 cells were plated in normal 

tissue culture conditions, cells were spun down and media was replaced with fresh media (Control) or kept 

in the same media every 12 hours for 48 hours.  Cells were then analyzed for CD138 expression by flow 

cytometry. Statistical significance could not be achieved due to low experimental n.  N=2. 
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Figure S4B. Cytokine Array Data for sorted RPMI8226 populations. Raw values obtained by 

LICOR imaging system for cytokine arrays at each time point for both CD138- (A) and CD138+ (B) 

and media alone.  
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Discussion 

 Macrophage migration inhibitory factor-1 (MIF-1) is a ubiquitously expressed inflammatory cytokine1.   

It is constitutively secreted at low levels within the body and has been shown to be significantly elevated in 

conditions of inflammation, hypoxia and cancer2.   MIF-1 promotes lymphocyte survival and activation, 

promotes angiogenesis, and has also been shown to promote the expression of adhesion molecules such as V-

CAM and I-CAM necessary for cell: ECM mediated binding and cell migration1, 3. These pleiotropic effects of 

MIF-1 are mediated by its several binding partners, among them CXCR2/4/7 and CD74, which require co-

receptor CD44 for cell-mediated signaling1, 4, 5.  Signaling via these receptors can activate the ERK/MAPK, 

PI3K/Akt, and JNK pathways that result in cell proliferation and survival1, 5.  Further, MIF-1 has also been 

shown to support the secretion of several pro-inflammatory cytokines such as IL-1, TNF-α, IFN-γ, IL-6, IL-8 

and PGE2
1.   

 MIF-1 has been implicated to have a role in the proliferation and survival of cancer cells6, 7.  Utilizing 

the same chemokine receptors, MIF-1 mediated cell signaling results in the proliferation and survival of 

tumorigenic cells in certain types of cancer1.  It has been suggested that this is due to the overexpression of, not 

only soluble MIF-1, but of one of its receptors, CD748.  CD74 is normally expressed only on lymphocytes, 

plasma cells, dendritic cells, thymus and some endothelial cells1, 8. Yet, research has shown that CD74 is 

expressed in non-small cell lung cancer9, clear cell renal cell carcinoma10, and gastric cancer11.  More 

significantly, CD74 expression was shown to be greater on malignant cells as compared to their non-malignant 

counterparts in thymic epithelial neoplasms12, B cell lymphomas and even MM8.  This finding prompted the 

generation of a monoclonal antibody against CD74, milatuzumab, which would preferentially target 

tumorigenic cells.  In 2013, the results of a clinical phase I trial using milatuzumab in patients with refractory or 

relapsed multiple myeloma showed that for 26% of patients with relapsed MM, milatuzumab was able to 

stabilize their disease for almost three months and over 17 months for one patient13.  This was encouraging 

because it showed that targeting a receptor that binds MIF-1 could influence MM cell growth.  Since that study, 

no further clinical trials using milatuzumab in multiple myeloma patients have been sponsored.  However, this 
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result also highlights the challenge in selectively choosing one cell surface marker in a transformed cell 

population that has the capacity to evolve over time.  A study of MM cells isolated from the bone marrow of 22 

patients showed that 86% expressed CD74 to varying degrees as measured by flow cytometry14.  This suggests 

that there is a heterogeneity within the MM cell population across patients and even within the same patient, 

which results in a difference in surface protein expression. Therefore, targeting one cell surface marker would 

give a differential response to treatment since it only targets cells that express CD74. 

 We found that the RPMI8226, U266-B1, and NCI-H929 MM cell lines differentially expressed CD74, 

its co-receptor CD44, and CXCR4.  Less than 10% of the RPMI8226 cell line expressed CD74 as compared to 

over 50% of either the U266-B1 or NCI-H929 cell lines. The expression of CD44, the co-receptor of CD74, was 

also found to be on less than 10% of the RPMI8226 cell line as compared to the nearly 100% for both the U266-

B1 and NCI-H929 MM cell lines.  Lastly, the expression of CXCR4 in the RPMI8226 cell line was 

approximately 5%, in contrast with the U266-B1 cell line, which was approximately 100% positive and with the 

NCI-H929 cell line, which was almost 35% positive for CXCR4. Thus, the RPMI8226 cell line had the least 

cell surface expression of MIF-1 receptors relative to either the U266-B1 or NCI-H929 cell lines.  However, 

there was an observable and significant change in viability and differentiation status of both sorted CD138+ and 

CD138- RPMI8226 cells after anti-MIF-1 treatment by either 4-IPP or neutralizing antibody.  This suggests that 

these receptors might not be the primary receptors for MIF-1 mediated signaling for the RPMI8226 cell line.  

The U266-B1 cell line had the highest cell surface expression of all three receptors, however the change in the 

differentiation status of CD138+ cells was similar to that seen in the RPPMI8226 cell line.  This might suggest 

that for the U266-B1 cell line, these receptors are sufficient to regulate MIF-1 mediated signaling.  The NCI-

H929 cell line did not exhibit a response to MIF-1 inhibition at the same concentrations or time frame sufficient 

to cause a change in viability or differentiation status in either RPMI8226 or U266-B1. Future experiments 

might include increasing the incubation time of NCI-H929 cells with 4-IPP or increasing the concentrations of 

4-IPP, which would give us insight as to whether these receptors are capable of initiating the same response 

observed in the RPMI8226 and the U266-B1 cell lines. Further, all three cell lines could be treated with 
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monoclonal antibody against CD74, CD44, and CXCR4 in combination with 4-IPP to elucidate the necessity 

for these receptors in MIF-1 mediated signaling.   It also would be advantageous to investigate the cell surface 

expression of the other two known MIF-1 receptors in all three MM cell lines. The cell surface levels of CD74 

present on these three cell lines was particularly interesting, considering the encouraging evidence of previously 

published articles that suggested that targeting CD74 via milatuzumab in MM was a promising method of 

therapy8, 14, 15.   However, given the differential expression seen in MM patients and the rather low percentage 

of milatuzumab-responsive patients in the phase 1 clinical trial, this data suggests that targeting the cytokine, 

MIF-1, rather than the receptor would result in a better clinical response.    

 Of the few MIF-1 antagonists that have been characterized, 4-IPP has emerged as being the least toxic 

and the most specific.  ISO-1 and 6-PP were the initial analogs of 4-IPP and were used to inhibit MIF-116, 17.  4-

IPP covalently modifies the N-terminus of MIF-1, preventing MIF-1 from binding to its receptor and thereby 

preventing activation of the appropriate signaling cascade16.  Recently, the Zheng lab has shown that inhibiting 

MIF-1 by 4-IPP can effectively alter the chemosensitivity of two MM cell lines3.  Their data suggest that 

blocking MIF-1 causes MM cells to become more sensitive to the chemotherapeutic agent melphalan.  The 

Zheng lab demonstrated that MIF-1 inhibition downregulates the expression of the adhesion molecules ITGAV, 

ITGB5, and ALCAM, allowing MM cell escape from the bone marrow niche and homing to other 

extramedullary sites3.  Although the correlation between MIF-1 inhibition and different adhesion molecules has 

been shown, the expression of CD13818, which is known to be involved in supporting cell:cell adhesion and 

cell:ECM interaction was not investigated in the Zheng study.  They also show that the relative protein levels of 

phosphorylated NFκB and phosphorylated MEK1/2 are decreased after MIF-1 knockdown3.  This further shows 

the participation of the known cell signaling proteins in response to MIF-1 inhibition.   

 Previously, published data showed that tumorigenic cells from different cancers can secrete cytokines 

that serve as chemoattractants, thereby making their microenvionment suitable for cell survival and 

proliferation19-22.  Cytokines most associated with the microenvironment of the MM cell are IL-1β, IL-6, IL-8, 

IL-16, TNF-α, and GM-CSF, some of which can be secreted by both surrounding bone marrow stromal cells 
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and the malignant plasma cell19, 23, 24.  Of the 36 different cytokines that we tested, we found that seven 

cytokines were secreted into the media of RPMI8226 MM cell line at a relatively higher level than the others, 

with the MIF-1 level being the highest.  Piddock et al. suggested that MM cells secrete MIF-1 which causes the 

bone marrow stromal cells (BMSCs) to secrete IL-6 and IL-8 that in turn maintain the viability of the MM 

tumor cells and their resistance to chemotherapeutic agents25.  Further, MIF-1 inhibition of MM cells co-

cultured with BMSCs and dually treated with a proteasome inhibitor resulted in apoptosis25. This finding further 

validated the role of MIF-1 in MM cell tumor development and its impact on sensitivity to chemotherapeutic 

agents that was highlighted in this work.  Collectively, this suggests that: 1) the presence of MIF-1promotes 

MM cell growth and proliferation and 2) the absence or removal of MIF-1 drives apoptosis of the MM cell3, 25.   

In characterizing the three MM cell lines, we have supported previous findings that these cell lines 

consist of a heterogeneous mixture of both mature CD138+CD38+ MM cells and the precursor CD138-CD38+ 

MM cell.  These populations are always present in the cell culture in at approximately 9:1 ratio of 

CD138+:CD138- cells respectively in all three cell lines.  After isolating to >95% purity, each population was 

found to exhibit its own unique characteristics.  These characteristics have also been previously published by 

Matsui et al and have been attributed to the cancer stem cell like phenotype: the ability to undergo long-term 

self-renewal, to differentiate, to remain quiescent, and to be chemoresistant.  In testing the “stemness” 

characterstics of the CD138- cell we were able to show that the CD138- cell can undergo long-term self- 

renewal as indicated by the methylcellulose colony forming assay.  This semi-solid medium provides each cell 

an environment to generate colonies based solely on its own intrinsic ability.  Methylcellulose inhibits cross-talk 

between cells by hampering the diffusion of cytokines or preventing the physical interactions that might elicit a 

cellular response as would freely occur in tissue culture plates with fluid media.  In this assay, CD138- cells 

formed large colonies while the mature CD138+ MM cell formed many small colonies.  This suggests that the 

colonies generated by the CD138+ MM cells had exhausted their proliferative potential, while the CD138- MM 

cells were able to proliferate to produce large sized colonies.  Analysis of the DNA content of the CD138- 

precursor MM cell showed that ~90% of its population was held in the G0/G1 phase, as opposed to the mature 
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CD138+ MM cell that had less than 60% of its population in the G0/G1 phase.  Additionally, treatment of either 

population with Bortezomib showed that the CD138- MM precursor cell was less chemosensitive as compared 

to the CD138+ MM population.  Chemosensitivity is measured as the change in viability before and after 

treatment with bortezomib.  It was not surprising that the CD138- MM cells were able to differentiate into the 

CD138+ MM plasma cell and the same 9:1 ratio of CD138+:CD138- was again re-established 13 days post sort.  

However, more surprising was the result that mature CD138+ MM cells were able to give rise to their precursor, 

CD138- MM cells.  This suggests that in certain conditions the mature CD138+ MM plasma cell exhibits an 

epigenetic plasticity that allows it to change its differentiation status.  Both CD138+ and CD138- MM cells 

consistently re-established the 9:1 ratio 13 days post sort, demonstrating that the populations have methods to 

re-equilibrate themselves.  Taken together, this work supports previously published scientific data that defined 

the CD138- precursor MM cell as the MM CSC.  One of the main contributions of my work was due to the fact 

that all of the data was derived from highly enriched populations, sorted by flow cytometry, so for the first time, 

we can trace these population origins precisely and their resulting cell fates.  

The consistent re-establishment of the 9:1 ratio after isolation of nearly pure populations suggested that 

there might be soluble factor(s) secreted by the MM plasma cells that regulated this process.  When placed in 

media in isolation, a certain concentration of that secreted protein must be reached in order for that plasma cell 

to re-establish itself in the in vitro microenvironment.  Given that these MM cell lines are grown in the absence 

of accessory cells or a pseudo-extracellular matrix, the plasticity of the two populations seems to be intrinsically 

regulated.  We have shown in this MM plasma cell system that the RPMI8226 cells secrete six identifiable 

cytokines in addition to MIF-1: CD54 (sICAM), IL-8, IL-16, CXCL10, SerpinE1, and RANTES.  This finding 

was encouraging because each of these cytokines has been shown to be involved in MM disease progression.  

CD54 is a soluble adhesion molecule that is elevated in the sera of patients with MM as compared to sera from 

healthy individuals26.  Moreover, this serum concentration can be correlated to the stage of MM disease.  IL-8 

has angiogenic activity and is associated with active MM disease19.  IL-16 acts as a chemoattractant of CD4+ 

lymphocytes and has been detected at a concentration three times higher in the sera of patients with MM as 
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compared to healthy individuals27.  These elevated levels correlate with poor survival rates in patients with MM.  

Serpin E1 has been shown to be expressed at significantly higher levels in MM patient sera, as well as to have 

anti-apoptotic effects on MM tumor cells, and to cause increased angiogenesis in the MM BM28. RANTES has 

been implicated in contributing to osteoclast resorption of bone in MM, and serum levels of this chemokine are 

highest in patients with stage 3 MM29.  Interestingly, CXCL10 promotes cell proliferation and growth as well as 

the induction of apoptosis30.  It has been suggested that this is regulated by the particular isoform of CXCR3 

receptor present on the cell that mediates its downstream signaling30.  The secretion of MIF-1, however, was by 

far the highest in our cultures and we decided to focus on this cytokine.  We showed that MIF-1 was able to 

regulate this plasticity.  However, it is unlikely that MIF-1 is the only factor involved, in part because inhibition 

of MIF-1 did not completely alter the set point distribution.  In the presence of 4-IPP, for example 69.2% of 

CD138+ MM cells became CD138-, but 30.8% did not.  That suggests that either we did not completely block 

MIF-1 because it was continually being secreted or other factors are involved, such as the difference in receptor 

expression and secretion.   

As discussed earlier, an increased sensitivity to chemotherapeutic agents after MIF-1 inhibition in MM 

plasma cells has been suggested by both Zheng et al, and Piddock et al, and at first glance might seem 

contradictory to our results in 

that we see a reduced 

chemosensitivity in the presence 

of MIF-1 inhibition.  However, 

we believe that the difference in 

experimental design is 

responsible.  Both the Zheng, et 

al 2016 and Piddock, et al 2015 

studies illustrated the effect of 

MIF-1 inhibition on 

Figure D1.  A diagram of MM cell in response to MIF-1 concentration.  MM 

plasma cell plasticity mediated by the presence of MIF-1 in the tissue culture.  

At threshold levels, 9:1 of CD138+:CD138- is maintained.  If MIF 

concentration is above the threshold, MM plasma cell favors differentiation.  

If MIF concentration is below the threshold, MM plasma cell can either 

undergo apoptosis or de-differentiate favoring the CD138- status. 
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chemosensitivity on “mixed” populations of MM plasma cells, and not on pure, sorted CD138+ or CD138- MM 

plasma cells.  The dual effect of MIF-1 inhibition and chemotherapeutic treatment on the heterogeneous 

population of cells in the Zheng, et al 20163 and Piddock, et al 201525 experiments allow cross-talk between the 

CD138+ MM cells and CD138- MM cells, at least at the initiation of their experiment, whereas our do not. 

Additionally, the heterogeneous MM cell population was cultured in the presence of BMSCs, which also secrete 

cytokines that can impact the overall result.  Though their experiments might better simulate what might happen 

in vivo, they do not fully test the capacity of an individual MM cell to be tumorigenic. This is an important 

concern, because it is the potential of a single cell, the MM CSC, which can home to a niche, influence its 

microenvironment, and re-initiate tumor growth.  While our system is artificial, these experiments focus on the 

intrinsic tumorigenic capacity, epigenetic plasticity and regulatory feedback loops intrinsic to the CD138- and 

CD138+ MM cell populations.     

While inhibition of MIF-1 or the addition of rMIF-1 affects plasticity, we were not able to completely 

“force” 100% of cells into one state over the other.  This might suggest that one or a combination of the six 

other highlighted cytokines from the cytokine array might be involved in the cytokine “cocktail” that mediates 

the complete de-differentiation of the mature MM plasma cell population or the complete differentiation of the 

precursor MM cell population.  Preliminary data showed that, of the seven cytokines that were present at higher 

levels relative to the other cytokines within the array between CD138+ and CD138- RPMI 8226 cells, only 

RANTES was undetectable after 4 days of 4-IPP treatment (Appendix Fig1).  Several other cytokines are also 

undetectable after 4-IPP treatment that are present in the media of untreated RPMI8226 cells: G-CSF, GM-CSF, 

IL-2, IL-5, CXCL11, CCL2, TNF-α, and sTREM-1.   This data suggests that MIF-1 inhibition can affect the 

secretion of other cytokines.  It is unclear whether this is a direct result of MIF-1 inhibition or a secondary 

consequence of de-differentiation.  However, this is still an encouraging finding and suggests that this 

experiment should be performed on both sorted CD138+ and CD138- MM cells.   
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As previously stated, the MM cell lines were grown in the absence of accessory cells, which suggests 

that we can effectively alter intrinsic chemosensitivity independent of a physical tumor microenvironment.  

However, as also stated, this in vitro system does not reflect the normal physiological environment.  Since we 

have shown that we can induce differentiation of the MM cells in the absence of accessory cells, it might be 

informative to see if this same 

phenotype occurs when MM cells are 

treated with rMIF in the presence of 

an extracellular matrix and 

microvasculature as would occur in a 

mouse model.  The NOD/SCID γ-

irradiated mouse model could be used 

to subcutaneously inject 1) CD138+ 

sorted MM cells, 2) CD138- MM sorted MM cells, and 3) unsorted MM cells.  Each of these groups would 

have several conditions: untreated, rMIF-1 alone (at different concentrations), Carfilzomib alone, and rMIF-1 

and Carfilzomib combined.  Carfilzomib is a proteasome inhibitor that irreversibly binds to the active site of the 

proteasome.  The rationale of this experiment is that if MIF-inhibition in purely sorted MM cell populations 

encourages the chemoresistant MM CSC population, then adding MIF-1 to the system should effectively 

encourage the generation of the chemosensitive MM CD138+ cell population.  The expected result should be 

that for all MM cells dually treated with rMIF and Carfilzomib, tumors should not be present or if they are, they 

should be significantly smaller as compared to those that were not dually treated.  It would also be informative 

to excise the tumor of a mouse that received CD138- sorted MM cells before and after treatment with rMIF-1 

alone, and perform immunohistochemical staining with antibodies against CD138.  The expected result might 

resemble a heterogeneous mixture of primarily CD138+ MM cells. This would validate the concept that rMIF-1 

causes differentiation resulting in a CD138+ chemosensitive tumor.   

Figure D2. Experimental Schematic of Subcutaneous injection of sorted 

MM cells in NOD/SCID γ mice. 
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 This proposed future experiment seeks to eliminate the “MM 

CSC” by encouraging a desired cellular phenotype, susceptibility to 

chemotherapy, rather than trying to identify a specific cell surface 

marker and then target it.  The evasiveness of the cancer stem cell is that 

it often times can become interchangeable with a tumor-initiating cell.  

The cancer stem cell model, suggests that the CSC has specialized 

characteristics that allow it to give rise to clonal progeny that have the 

potential to differentiate, undergo long-term self-renewal, are quiescent 

and chemoresistant (Figure D3, Panel A).  All of these characteristics are 

intrinsic to and maintain the cancer stem cell pool, much like the HSC 

pool, after which the CSC is modeled.  Yet a tumor-initiating cell is a 

cell that, in the right microenvironment, can proliferate extensively and 

is still susceptible to cytotoxic injury by chemotherapeutic agents, and 

thus can be eradicated.  This agrees with the stochastic model of tumor 

heterogeneity (Figure D3, Panel B).   

 Our work is consistent with the stochastic model and extends 

beyond that, where the interconvertible plasticity of both the immature 

CD138- MM cell and the CD138+ MM cell can create at any time a cell 

with “stemness”.  Our work further suggests that either population of MM cell is susceptible to the presence or 

absence of MIF-1, resulting in altered chemosensitivity.  Though the CD138- MM cell meets the characteristics 

of “stemness”, the de-differentiation of the CD138+ MM cell generates a fully functioning MM cell that can 

also meet the characteristics of “stemness,” in that it has the ability to self-renew, and is chemoresistant.    Thus, 

the distinctive feature of our model is that our data postulates that any CD138- or CD138+ MM cell has the 

potential to act as a tumor-initiating cell. 

Figure D3. Hierarchical vs stochastic 

model of tumor heterogeneity. A) The 

hierarchical model dictates that a CSC 

(yellow cells) can self-renew (black 

curved arrows) and give rise to 

malignant cells of different stages of 

maturation (different color cells) that 

populate the tumor.  B) The stochastic 

model dictates that every tumor cell has 

the same capacity to self-renew (black 

curved arrows) and give rise to 

malignant cells of different stages that 

populate the tumor.  This figure was 

taken from Rahman, M., Deleyrolle, L., 

Vedam-Mai, V. et al. Neurosurgery 

68(2):531-45 (2011). 
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 Preliminary data suggest that primary MM patient plasma cells contain both the immature CD138- MM 

cell and the mature CD138+ MM cell to varying degrees.  We also found that the plasma cells isolated from an 

MM patient were able to be cultured in vitro for two weeks, supplanting fetal bovine serum with the patient’s 

own serum.  Additionally, we observed that primary-patient derived MM cells were sensitive to MIF-inhibition 

by 4-IPP, causing de-differentiation.  This is encouraging because it validates our in vitro findings that used 

commercially available MM cell lines.  We would further like to isolate the CD138- and CD138+ MM cells 

from patient bone marrow samples and dually treat with 4-IPP and bortezomib.  Given the de-differentiation by 

4-IPP observed in the primary MM cells, we would also expect to see an increase in chemoresistance after dual 

treatment with bortezomib in these primary tumors.   

 In conclusion, we have shown that MIF-1 can regulate the plasticity of MM tumor cells, which 

ultimately alters chemosensitivity.  Through the extensive use of MM cell lines and preliminary data using 

primary patient material, it can be suggested that MIF-1 promotes de-differentiation.  Both CD138+ and 

CD138- MM cells can secrete MIF-1 and thus are independently capable of influencing and creating their own 

optimal microenvironment.  This work has suggested that the conventional methods for treating MM by 

isolating and targeting a CSC population based on cell surface markers may be futile.  However, manipulating 

the levels of the cytokine, MIF-1, and pathways responsive to it which promotes sensitivity to chemotherapeutic 

agents might be the more favorable method of treatment and could circumvent the CSC hypothesis since each 

cell can acquire stemness.  
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Appendix Figure 1.  Raw Values of CD138+ RPMI8226 cells after for 4 days with and without treatment of 60μM 4-IPP.  

Sorted CD138+ cells were plated in complete media with 4-IPP (green) or without 4-IPP (red) for four days.  Blue bars are 

cytokines in media alone without cells.  Of the prior 7 cytokines (yellow arrows) that were detected at high relative levels 

compared to the other measured cytokines in the media of CD138+ and CD138- RPMI8226 cells, only RANTES is 

completely undetectable in media of CD138+ RPMI8226 cells after MIF-1 inhibition (N=1). 
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