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Differentiation induction therapy aims to “reform, rather than retaliate” like conventional 

chemotherapeutic methods. The most successful differentiation therapy has been treatment of 

t(15;17)-positive acute promyelocytic leukemia (APL) patients with retinoic acid (RA), an 

embryonic morphogen and derivative of vitamin A. Broad application of RA-induced 

differentiation therapy is currently limited by naïve/emergent RA resistance, cell-type specific 

responsivity, and the ambiguous mechanism of RA action. This dissertation provides an 

introduction to RA differentiation therapy and myeloid leukemia cell lines in Chapter 1. 

 Using patient-derived, HL60 myeloblastic (FAB M2) leukemia cells, where all-trans 

retinoic acid (RA) induces granulocytic differentiation, we developed two sequentially emergent 

RA-resistant HL60 cell lines which are characterized by loss of RA-inducible G1/G0 arrest, 

CD11b expression, oxidative metabolism, and signaling factor expression (reviewed in Chapter 

2). All materials and methods are described in Chapter 3. We found that the Src-family kinase 

inhibitor PP2 can rescue differentiation markers in RA-resistant HL60 cells (Chapter 4). 

Investigating additional kinase inhibitors targeting an interrelated kinase network revealed that 

the c-Raf inhibitor GW5074 also rescues RA-induced differentiation, and clarified that a highly 

correlated, RA-induced c-Raf/Lyn module is uncoupled from traditional downstream events like 

Akt and ERK activation (Chapter 5). Focusing on the lineage selection aspects of RA 

(granulocytic) vs. vitamin D3 (monocytic) induction differentiation in bipotent HL60 cells, we 



discovered that RA-resistant HL60 display a progressive reduced response to D3 treatment 

(Chapter 6). Finally, we compared phenotype and transcription factor expression in wild-type 

and RA-resistant HL60 to the myeloid cell lines NB4, U937, and K562, and assessed the 

fundamental lineage-specific induction mechanisms in cells of varying hematopoietic maturity 

(Chapter 7). 

 RA-resistant cells provide a means to test combination treatment efficacy, and 

comparatively can elucidate the crucial mechanisms required for the wild-type response. RA 

resistance can be combated with kinase inhibitors, which should be selected in-context based on 

their anti-proliferative and pro-differentiative capability. Another differentiation-inducing agent, 

vitamin D3, cannot necessarily abrogate temporally segregated early or late RA resistance 

defect(s); but D3 can induce significant (if not complete) monocytic differentiation in RA-

resistant cells. Despite divergence of original isolates and limitations of monoculture, a panel of 

cell lines can clarify fundamental mechanisms and responses to differentiation induction agents. 

Potential future directions and closing remarks are offered in Chapter 8. 
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CHAPTER 1 

 

Motivation for differentiation induction therapies, and patient-derived myeloblastic 

leukemia HL60 cells as a model for retinoic acid-induced maturation 

 

 

1.1  Cancers as Maturation Diseases 

 

Once thought to be a monolithic disease, cancers embody hundreds of distinct malignancies that 

include carcinomas (epithelial-originating cancers), sarcomas (bone and soft connective tissue 

cancers), leukemias (immature blood cell propagation), lymphomas (lymphocyte-based solid 

tumors), myelomas (plasma cell growths in the bone marrow), and mixed types like 

teratocarcinomas (germ cell tumors). In short, it is possible for cancer to arise in any tissue. The 

infamous “Hallmarks of Cancer” as described by Hanahan and Weinburg (2011) are depicted in 

Figure 1.1, and include well known characteristics like uncontrolled growth, ability to 

metastasize, altered metabolism, and evasion of both programmed cell death and immune 

destruction. The mechanisms underlying cancer occurrence are now known to be highly 

correlated to normal stem cell function, leading to the stem cell theory of cancer (Sell 2004, 

Dean et al. 2005). In the body, normal tissue-determined stem cells give rise to transit-

amplifying cells, which then mature into terminally differentiated, functional cells. Each tissue 

type in the body has its own turnover timeframe—erythrocytes (red blood cells) live for about 

120 days; they are replaced by differentiation of hematopoietic stem cells in the bone marrow. 

The cells lining the gut are replaced every 5 days, epidermal skin cells every two weeks. During 

cancer, tissue-determined stem cells undergo genetic or epigenetic changes, becoming tumor-



Figure 1.1.  The hallmarks of cancer. 

 

Adapted from Hanahan and Weinberg (2011). 
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initiating cells (TICs) with increased proliferative capacity and diminished differentiative 

capacity. Carcinomas account for 80-90% of all cancer types, because epithelial linings are 

regenerated continuously, increasing the chance for genetic aberrations to arise. Cancers 

originating from tissues that do not self-renew, like heart muscle cells or neurons, are extremely 

rare. 

 Cancer stem cell theory has its roots in the “embryonal rest theory of cancer” which was 

proposed as early as the late 1800s (Sell 2004). Due to the resemblance of cancer cells to less 

differentiated cell types, embryonal rest theory posited that cancers are the result of embryonic 

rudiments that remained in mature organs. Slowly this theory was replaced by the concept of 

dedifferentiation—that is, cancer cells begin as more mature tissue until chemicals or viruses 

induce them to differentiate “backwards.” The next widely popularized theory for cancer 

development was the somatic mutation theory (SMT), originally described in 1914 as permanent 

changes in chromatin (Soto and Sonnenschein 2011). At that time, chromatin was known to 

contain heritable material, but the theory gained momentum over the next several decades as the 

nature of DNA was clarified and the resulting genetic research flourished. Unfortunately SMT is 

centered on a cell-based (rather than tissue-based) view of cancer, which cannot hold since 

isolated individual cells cannot recapitulate their behavior in a tissue context, where multiple 

environmental factors are at play. Opponents of SMT instead promote tissue organization field 

theory (TOFT), which purports that the default state of all cells is proliferation rather than 

quiescence (which SMT supports). TOFT suggests that carcinogenesis is reversible: cancer cells 

can be normalized by their tissue surroundings. Both SMT and TOFT did hit upon key 

characteristics of cancer: that cancers are essentially genetic diseases but that complex signals 

from the tissue environment are also involved. 
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 Since its introduction the late 1990s, the stem cell origin of cancer has garnered 

significant support through i) mice xenograft studies, ii) the effectiveness of differentiation 

therapy, and iii) the failure to prevent cancer regrowth after tumor excision, in which stem cells 

remain behind, nor after treatment, which can positively select for drug-resistant cancer stem 

cells (Sell 2004, Vinogradov and Wei 2012). The infamous experiment performed by Peyton 

Rous, later known for discovery of the Rous sarcoma virus, indicated that chemical 

carcinogenesis required initiation (application of coal tar to a rabbit’s ear) followed by promotion 

(a wound which promoted proliferation). The cancer occurred if promotion occurred years after 

the tar initiation, indicating that despite skin cell turnover, the TICs remained dormant but 

present. 

 The genetic or epigenetic alterations (induced by environmental factors, inherited 

mutations, or accumulated random events) that result in TICs can manifest at varying degrees of 

maturation. Like normal tissue, cancers range from poorly differentiated to well differentiated, 

depending on the average maturity that the cancerous population exhibits (see Figure 1.2). 

Cancers that are well differentiated are slower-growing and tend to have better prognosis, while 

poorly differentiated cancers are more stem-like, with greater proliferative capacity and thus 

more difficult to treat (note that all cancer populations display some degree of heterogeneity). 

 Differentiation induction therapy as a cancer treatment aims to “reform, rather than 

retaliate” like conventional chemotherapeutic methods. The poster child for successful 

differentiation therapy has been treatment of t(15;17)-positive acute promyelocytic leukemia 

(APL) patients with retinoic acid, an embryonic morphogen and dietary factor (a derivative of 

vitamin A). Retinoic acid (RA) induces granulocytic maturation of growth-arrested 

myeloblastic/promyelocytic leukemia cells. Yet broad application of RA-induced differentiation 



Figure 1.2.  The stem cell theory of cancer. 

 

Adapted from figures in Sell (2004). The stem cell theory of cancer proposes that cancer stem 

cells, or tumor-initiating cells (TICs), are the reservoirs for growth (and regrowth). Although 

cancer tissue populations are very heterogeneous, the average degree of maturity can be 

classified as either poorly or well differentiated. Examples for normal skin and myeloid 

(blood) development are shown above, with the corresponding cancer type below. 
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therapy has been limited by i) naïve and emergent RA resistance, ii) variable efficacy and cell-

type specific responsivities, and iii) lack of understanding of the exact mechanism of RA action. 

Additionally, differentiation therapy typically targets cancerous transit-amplifying cells, but not 

cancer stem cells, which tend to be resistant to differentiation therapy (Dean et al. 2005, 

Vinogradov and Wei 2012). However, RA could serve as an extremely effective cancer 

treatment in combination with other compounds. RA could promote the anti-proliferative aspects 

of cancer-specific kinase inhibitor treatments, lower the requisite titers of traditional 

chemotherapeutics, or when combined with other differentiation induction agents, mitigate the 

negative and augment the positive effects of the individual inducers. 

 

1.2  Retinoic Acid, Resistance and Vitamin D3 

 

For more than three decades, successful remission in 80-90% of patients with acute 

promyelocytic leukemia (APL) using retinoic acid (RA) has served as the poster child for 

successful differentiation therapy (Tallman and Altman 2009). Hematopoietic maturation arrest 

and failure to differentiate are the defining characteristics of leukemia, and RA has proved 

capable of inducing these immature cells to overcome their block in differentiation. Retinoids, 

the family of vitamin A derivatives, have long been known to control differentiation processes 

and have similar mechanisms to those of steroid and thyroid hormones (De Luca 1991). Vitamin 

A has been implicated as a morphogenic compound, associated with limb and digit pattern 

formation during embryogenesis, maintenance of epithelial linings and prevention of epithelial 

tumorigenesis (De Luca 1991). Retinoids exert pleitropic effects in multiple contexts. 
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 Despite the success of RA differentiation induction therapy, 10-20% of APL patients are 

not responsive to RA (naïve resistance), and for those initially responsive, remission is not 

durable and relapsed cases exhibit emergent RA resistance (Warrell 1993, Freemantle et al. 

2003). Additionally, RA-treated patients can develop retinoic acid syndrome and experience 

extensive invasion of their lung, skin, liver, kidney and lymph node tissue by differentiated 

myeloid cells, resulting in acute respiratory distress and pulmonary edema (Malavasi et al. 2008). 

Historically RA resistance in APL has been associated with acquired mutation(s) in the PML-

RARα fusion protein, rendering it unresponsive to RA. However, in some APL patients, PML-

RARα mutations emerge months after termination of RA therapy, suggesting the existence of 

other defects (Gallagher 2002). In the patient-derived APL cell line NB4, RA resistance may or 

may not be correlated with mutant PML-RARα (Gallagher 2002). RA-resistant NB4 cells often 

remain partially RA-responsive in that they can upregulate RA-inducible differentiation markers, 

such as CD38 or CD18 (Shao et al. 1997). This confirms that expulsion of RA from the cell 

interior is not a major contributor to resistance.   

 In vitro RA resistance in another RA-responsive human leukemic cell line, HL60, has 

also been associated with mutation(s) in RARα. However, ectopic expression of RARα in RA-

resistant HL60 cells in which mutant RARα was found also does not necessarily restore RA 

responsiveness, again suggesting the presence of other defects (Atkins and Troen 1995, Pratt et 

al. 1990). Overall, emergent resistance can be progressive and most likely driven by global 

signaling aberrations. A recent report by Welch et al. (2012) showed that defining mutations in 

acute myeloid leukemias (AML), like the translocation leading to PML-RARα, are not 

necessarily the tumor-initiating event; rather several random events across the genome occur in 

the stem cell population prior to “cooperating mutations” (i.e., the PML-RARα fusion protein). 
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These non-recurrent random events are also present in AML samples that exhibit a normal 

karyotype (Welch et al. 2012). 

 In the clinical setting, a standard initial induction schedule for APL patients includes RA 

therapy in combination with anthracycline-based chemotherapeutics, like daunorubicin, and 

sometimes includes cytarabine (Belhabri et al. 2002, Tallman et al. 2002). Lower-dose 

maintenance therapy with the chemotherapeutics rather than with RA alone has proven more 

effective at delaying relapse with RA resistance. Overcoming RA resistance has been reported 

for APL cell lines and the clinic by combining histone deacetylase inhibitors, like sodium 

butyrate (NaB), with RA or by applying arsenic trioxide (ATO), which on its own has proven to 

be a very effective salvage therapy for RA resistant APL (Miller and Waxman 2002, Mann et al. 

2003, Witcher and Miller 2004). Additionally, there is an ongoing movement to screen for and 

combine RA induction therapy with any one of the multitude of available kinase inhibitors 

(Lainey et al. 2011, Smith and Shah 2013). 

 There is great interest in employing other differentiation-promoting agents in 

combination with RA to overcome resistance and improve therapy and prognosis in both APL 

and other cancer types. The counterpart to RA differentiation induction therapy has been 

treatment with the active form of vitamin D3, 1,25-dihydroxyvitamin D3 (D3), since in the 

myeloid leukemias RA has been associated with granulocytic differentiation while D3 induces 

monocytic differentiation. Although D3 is capable of inducing differentiation in myelomonocytic 

precursor cells, it has been less widespread as a clinical treatment since D3 also induces 

hypercalcemia and hyperphosphatemia. However, co-administration of RA with D3 is a potential 

therapeutic strategy to mitigate the side effects and limitations of each individual inducer. 

Bipotent human acute myeloblastic leukemia (FAB M2) HL60 cells can be induced to terminally 
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differentiate in vitro along the granulocytic lineage toward neutrophil-like cells using RA, while 

differentiation along the monocytic lineage can be achieved with D3.  RA and D3 act as ligand 

agonists for their respective transcription factors, retinoic acid receptor (RAR) and vtimain D 

receptor (VDR), which are discussed in depth in Chapter 2. 

 

1.3  HL60 and Other Leukemia Cell Lines 

 

Acute myeloid leukemias (AMLs) are extremely heterogenous diseases, with over 200 known 

documented AML-related cytogenic aberrations (Gocek et al. 2012). Nevertheless, 

differentiation induction therapies like all-trans retinoic acid (RA) and 1,25-dihyrodxyvitamin 

D3 (D3) treatment show promise in many cancer cells types, and invoke varied but comparable 

responses in human myeloid leukemia cell lines. Whether RA and D3 can act additively, 

synergistically or antagonistically is an outstanding question, since each behavior has been 

observed in different contexts. 

 The late 1970s and 1980s saw the establishment of numerous human leukemia cell lines. 

The success of culturing human cells ex vivo has since succumbed to numerous concerns. Cell 

lines may diverge from their original isolates after continuous passage in culture, acquiring or 

losing characteristics (Leupin et al. 2006). For example, the isolation of the myeloid line K562 

was the first established culture that retained its Philadelphia chromosome (Lozzio and Lozzio 

1975). But then following this, subclones of K562 analyzed in 1983 showed that in one subclone 

(later obtained by American Type Cell Culture), only 15% of the cells retained the Philadelphia 

chromosome (Dimery et al. 1983).  Although the original NB4 isolates were hypotetetraploid 

(Lanotte et al. 1991), NB4 cell lines in use today are diploid (Cai et al. 2003, Valli et al. 2008). 
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Additionally, monocultures do not always provide a true representation of disease, in which 

many other cell types and environmental factors are involved. Nevertheless, many cancer cell 

lines remain representative of their respective cancerous tissue. One study showed that several 

myeloid cell lines, including HL60, NB4 and K562, are faithful models of leukemia (Rucker et 

al. 2006). Another group showed that while individual cell lines must be used cautiously, a panel 

of cell lines is potentially able to recapitulate or represent the behavior of a heterogeneous, 

malignant tissue population (Domcke et al. 2013).  

 Most myeloid leukemia cell lines are characterized by a primary cytogenic aberration, but 

there are several (KG1, UT7 and HL60) that have no defining chromosomal translocations or 

inversions (Rucker et al. 2006). NB4 is a human acute promyelocytic leukemia (APL) cell line 

(FAB M3) that contains the t(15;17) mutation pathognomonic for APL (Lanotte et al. 1991, 

Drexler et al. 1995, Gallagher 2002). Interestingly, these cells were isolated from a patient after a 

second relapse with RA resistance (Drexler et al. 1995, Gallagher 2002). Nonetheless NB4 cells 

are RA-responsive and the mechanism of RA-induced granulocytic differentiation has been 

focused on the t(15;17) product: the PML-RARα fusion protein. Several mechanisms for RA’s 

effect on PML-RARα have been proposed, such as release of PML-RARα from promoter regions 

or degradation of PML-RARα (James et al. 1999, Ablain et al. 2011).  

 Meanwhile, the t(15;17)-negative human cell line HL60 is also responsive to RA 

treatment. In HL60 cells, RA-induced differentiation must act through a mechanism independent 

of PML-RARα. Like NB4 cells, in vitro maturation of HL60 cells is consistent with that of 

primary APL cells in culture and with clinical RA differentiation therapy progression (Gallagher 

2002). Although originally classified as FAB M3, HL60 cells are in fact bipotent myeloblasts 

(Fontana et al. 1981) and are now classified as M2 (Dalton et al. 1988). HL60 leukemia cells, 
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being slightly less mature than NB4, can be induced to differentiate along either the granulocytic 

lineage (using RA) or monocytic lineage (using D3). NB4 cells, although highly responsive to 

treatment with RA, are less responsive to D3 and are known to require combination treatment in 

order to achieve any degree of monocytic differentiation (Bhatia et al. 1994, Testa et al. 1994). 

Overall, the lack of t(15;17) renders HL60 an attractive, comprehensive model for understanding 

how RA-induced differentiation mechanisms may operate across a broad range of cell types. 

 Induced HL60 granulocytes or monocytes typically have deficient or overlapping 

attributes compared to their nonleukemic counterparts (Collins 1987). (In general leukemic 

phenotypes are not perfect replicas of normal ones [Birnie 1988]). Nonetheless, there exists a 

repertoire of histological, functional and phenotypic markers that may be used to disambiguate 

the hematopoietic identity and maturity of induced HL60. In these cells, stimulus treatment 

results in G1/G0 cell cycle arrest as the cells become committed to differentiation. However, 

HL60 must undergo two subsequent cell divisions after stimulus treatment in order to complete 

the differentiation process (Yen et al. 1987). With a doubling time of approximately 20-24 h, 

induced HL60 cells first complete a lineage-uncommitted cell division in which the cells become 

primed for differentiation. This is followed by a second cell division that results in terminally 

differentiated granulocytes (RA induction) or monocytes (D3 induction) approximately 48 h 

after stimulus treatment. The identity of the inducer present during the second lineage-

commitment phase determines the resulting induced lineage, regardless of the inducer present 

during the first lineage-uncommitted phase (Yen et al. 1987, Jensen et al. 2014). 

 During differentiation, RA is known to be a potent inducer of CD38 expression, and 

CD38 contains a unique retinoic acid response element (RARE) in its first intron promoter 

(Kishimoto et al. 1998, Drach et al. 1994). RA upregulates expression of the differentiation 
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marker CD11b. In comparison, D3 induction also results in CD38 and CD11b expression, with 

CD11b expression generally being much higher than the RA-treated case (Jensen et al. 2014). 

CD11b is an integrin receptor component important in myelomonocytic cell types (Mazzone and 

Ricevuti 1995), and CD38 is a putative receptor protein that binds intracellularly to a complex of 

signaling factors. The non-receptor tyrosine kinases, adaptors, serine kinases and transcription 

factors involved in the RA- and/or D3-induced differentiation process are discussed in depth in 

Chapter 2. Additionally, D3 upregulates the monocytic-specific surface marker CD14 (Brackman 

et al. 1995, Jensen et al. 2014). CD14 is a glycosylphosphatidylinositol-anchored membrane 

protein expressed by monocytes and some non-myeloid cells (Haziot et al. 1988, Jersmann 

2005); it acts as a pattern recognition receptor for bacterial lipopolysaccharides and is a 

component of the Toll-like receptor 4 complex (Zanoni et al. 2011). Also during differentiation, 

induced HL60 cells begin to produce reactive oxygen species (ROS), a function of mature 

myelomonocytic cells (Breitman et al. 1980). HL60 cells that are RA-resistant fail to arrest in the 

G1/G0 phase of cell cycle and fail to exhibit inducible ROS production after RA treatment 

(Jensen et al. 2013, see Chapter 4).  

 In Chapter 7, similar RA-inducible phenotypic results (CD38, CD11b, etc.) are achieved 

for NB4 cells. Other than NB4 and HL60 (wild-type and RA-resistant), two other myeloid cell 

lines employed in this work are U937 and K562. U937 cells (FAB M5) are monocytic leukemia 

cells that are highly responsive to D3 and less so to RA, which can induce minor CD38 

expression (see Chapter 7). Interestingly, others have found that in U937 cells RA can enhance 

monocytic differentiation (Nakajima et al. 1996). This same group (Nakajima et al. 1996) 

reported that RA induces granulocytic changes in U937 cells. Another group reported that RA 

treatment alone can induce monocytic differentiation in U937 cells (Olsson and Breitman 1982). 
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While we find that RA can induce certain changes interpretable as either granulocytic or 

monocytic (CD38 expression, ROS production), RA fails to upregulate the monocytic specific 

marker CD14 in these cells (see Chapter 7). U937 cells harbor a t(10;11) translocation (Gocek et 

al. 2012, Caudell and Aplan 2008). The t(10;11) translocation is a recurrent event in T-cell acute 

lymphoblastic leukemia (ALL) but has been found in AML M0-5 and M7 (Caudell and Aplan 

2008). Meanwhile THP-1 cells, which are also FAB M5 (mature monoblasts), instead have a 

t(9;11) translocation that results in MLL-AF9 fusion protein (Odero et al. 2000). 

 K562 is a chronic myelogenous leukemia (CML) cell line that upon isolation displayed 

variable aneulploidy and harbored the Philadelphia chromosome, t(9;22), which results in the 

Bcl-Abl fusion protein now associated with CML (Lozzio and Lozzio 1975, Rucker et al. 2006). 

Interestingly, a t(15;17) translocation was reported in the original K562 isolates (Lozzio and 

Lozzio 1975), but this is not found in available K562 today (Rucker et al. 2006). Like HL60, 

K562 do not express p53, although unlike HL60 they do have the wild-type gene (Durland-

Busbice and Reisman 2002). Contrary to most human leukemia cells lines, the K562 cell line 

does not clearly represent the leukemic counterpart to any currently known phase of 

hematopoiesis (Sutherland et al. 1986). Originally thought to be granulocytic (Andersson et al. 

1979), K562 cells are now known to be erythroleukemic, but also exhibit megakaryocytic 

characteristics, and can be induced to macrophage-like cells with TPA (Sutherland et al. 1986). 

Additionally, induced differentiation of K562 along the erythrocytic, megakaryocytic or 

macrophage lineage is accompanied by ambiguous expression of markers for one or more other 

lineages. However for the purposes of this study, K562 serve as a negative myeloid control and 

are not responsive to either RA (Koiso et al. 2000, Robertson et al. 1991) or D3 treatment 

(Munker et al. 1986). 
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CHAPTER 2 

 

The usual suspects: the signaling factors of induced myelomonocytic differentiation 

 

 

 

2.1  The MAPK (Raf/MEK/ERK) Pathway 

 

The most widely studied intracellular signaling network is the mitogen-activated protein kinase 

(MAPK) phosphorylation cascade (Figure 2.1A). The classical, transient MAPK signal is 

associated with mitogenesis; however, the MAPK pathway is now known to be a complex 

network, relaying cellular signals that promote proliferation, differentiation and apoptosis. The 

traditional view of the Raf/MEK/ERK cascade as a funnel or “three-tiered” chute that transmits, 

albeit from many inputs, a linear series of phosphorylation events, has been called into question. 

Revelations that refute the step-ladder nature of the Raf/MEK/ERK axis include the finding that 

ERK is capable of “retrophosphorylating” c-Raf (Dougherty et al. 2005, Balan et al. 2006), while 

MEK inhibition can abrogate both ERK and c-Raf phosphorylation (Hong et al. 2001, 

Zimmerman et al. 1997). c-Raf also has some defined ERK-independent functions (Kolch et al. 

2002, Kolch 2005). The MAPK cascade is a therapeutic target since abnormal activation of this 

pathway occurs in many cancers (McCubrey et al. 2007). As a circuit that is used ubiquitously by 

the cell to transmit various signals, extensive manipulation or repression of this pathway is 

unrealistic as a single therapeutic strategy, but if combined with other strategies, has potential to 

amplify other therapeutic treatments.  
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2.1.1  Sustained MAPK Activation and BLR1

 

Transient MAPK activation is associated proliferation, while sustained MAPK activation is 

associated with differentiation or growth arrest (Marshall 1995). Sustained activation of the 

Raf/MEK/ERK proteins (the MAPK signaling axis) is a long-standing feature of retinoic acid 

(RA)-treated HL60 (Yen et al. 1998, Wang and Yen 2008). This sustained MAPK signal is 

correlated with growth arrest in the G1/G0 phase and subsequent myelopoiesis (Wang and Yen 

2008). Direct inhibition of MEK (and subsequently ERK) using PD98059 at non-toxic levels has 

previously been shown to abolish RA-induced differentiation of HL60 (Yen et al. 1998).  

 The BLR1 transmembrane protein (also known as CXCR5) is upregulated through a 

novel retinoic acid response element (RARE) and plays a role in the RA-triggered 

Raf/MEK/ERK pathway (Wang and Yen 2008). BLR1 is a putative G-coupled protein receptor 

whose early expression is induced by RA in HL60, U937 and NB4 cells (Wang and Yen 2008, 

Battle and Yen 2002). RA-induced expression of BLR1 is dependent on a novel RARE that 

binds RAR and RXR in a complex that also contains Oct1, CREB2 and NFATc3; mutation of 

downstream Oct1, CREB2 and NFATc3 consensus sites eradicates RA responsiveness 

(interestingly, mutation of the RAR-RXR half sites does not affect RA responsiveness) (Wang 

and Yen 2004). BLR1 shows sustained activation that peaks around 48-72 h along with the 

MAPK proteins in RA-treated HL60. Wang and Yen (2008) showed that knockout of BLR1 

eradicates RA-induced c-Raf, MEK and ERK phosphorylation, CD11b upregulation, G1/G0 cell 

cycle arrest and inducible oxidative metabolism, indicating a failure to differentiate. Ectopic 

overexpression of BLR1 restores RA responsiveness (Wang and Yen 2008). BLR1-driven ERK 

activation acts through c-Raf by means of a positive feedback loop: Wang and Yen (2008) also 



Figure 2.1.   MAPK axis and CD38 signalosome. 
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confirmed that BLR1 signals through the Raf/MEK/ERK pathway and that c-Raf knockdown 

diminishes BLR1 expression. Ectopic expression of a truncated form of c-Raf containing only 

the C-terminal (catalytic) domain (CR3) accelerates RA-induced differentiation in HL60 (Yen et 

al. 1994), and ectopic expression of CR3 or full-length c-Raf in the BLR1 knockout HL60 also 

restores RA-induced growth arrest and differentiation (Wang and Yen 2008). Overall BLR1 

appears to exert its effects primarily through c-Raf, discussed in the next section. 

 

2.1.2  c-Raf Phosphorylation and Noncanonical Activity 

 

Raf is the apex of the Raf/MEK/ERK signaling module. There are three Raf family members: a-

Raf, B-Raf and c-Raf (also called Raf-1). All three proteins contain a Ras-binding domain 

(CR1), a serine/threonine-rich domain (CR2) and a C-terminal kinase domain (CR3) (Kolch et 

al. 2002). All three Raf proteins are capable of phosphorylating MEK. c-Raf and B-Raf are the 

most widely studied Raf proteins; a-Raf is found mainly in urogenital tissue (Kolch et al. 2002). 

Although B-Raf is most highly expressed in neural tissue and testis, B-Raf has higher basal 

activity than c-Raf and is a stronger activator of MEK. B-Raf mutations occur more frequently 

than c-Raf mutations in human cancers (Kolch et al. 2002, McCubrey et al. 2007); over 40 B-Raf 

mutations have been found (Cantwell-Dorris et al. 2011). The most infamous B-Raf mutation, 

V600E, accounts for over 95% of B-Raf mutations and increases B-Raf activity 500-fold, thus 

constitutively activating downstream MEK and ERK (Cantwell-Dorris et al. 2011). The B-

Raf
V600E

 mutant can be found in a multitude of cancer types (melanomas, thyroid, colorectal, 

ovarian, beast, lung) and is the target of many developed small molecule inhibitors, some of 

which are FDA-approved therapeutics (Cantwell-Dorris et al. 2011). However, in RA-treated 
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HL60 cells, no changes in B-Raf protein levels or phosphorylation can be detected (Tasseff et al. 

unpublished data). Instead, c-Raf appears to be the primary Raf protein active in these cells. c-

Raf is ubiquitously expressed across tissues, and is notorious for its numerous phosphorylation 

sites (reviewed in McCubrey et al. 2007).  

 Ras, the canonical upstream element responsible for c-Raf (and B-Raf, a-Raf) 

phosphorylation and activation, is inactive during RA-induced differentiation of HL60 (Katagiri 

et al. 1994, Wang and Yen 2008, Smith et al. 2009). Inhibition of Ras with FTI-277 (Wang and 

Yen 2008) does not inhibit differentiation like the MEK inhibitor PD98059. c-Raf 

phosphorylation during RA treatment in HL60 is not dependent on PKC (Hong et al. 2001). 

Also, unlike the canonical Raf/MEK/ERK phosphorylation cascade, c-Raf phosphorylation in 

RA-treated HL60 cells occurs downstream of ERK, with ERK activation occurring 4 h after RA 

induction and c-Raf phosphorylation not being detectable until after 12 h (Hong et al. 2001, Yen 

et al. 1998). Correspondingly, phosphorylation of the traditional activating sites of c-Raf (S338 

by PAK [King et al. 1998] and Ras [Mason et al. 1999], Y340/341 by Src [Mason et al. 1999] 

and PKC [Hong et al. 2001]) is absent in RA-treated HL60. Instead, increased phosphorylation 

occurs on the S259 putative inhibitory site, the S621 putative stability site, and the functionally 

ambiguous S289/296/301 sites of c-Raf (Smith et al. 2009, Congleton et al. 2012, Jensen et al. 

2013). See Table 2.1 for a brief summary of c-Raf phosphorylation sites. 

 Serine 259 was first identified as a strong putative inhibitory site (Morrison et al. 1993). 

A study by Kubicek et al. (2002) indicates that phosphorylation of the S259 site of c-Raf 

prevents relocation of c-Raf to the cell membrane, where it typically participates in membrane-

initiated signaling events. Dhillon et al. (2002a) confirmed that S259 regulates c-Raf membrane 
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translocation. The increased S259 phosphorylation of c-Raf in RA-treated HL60 parallels the 

finding that the membrane-associated, canonical upstream activator of c-Raf, Ras, is inactive 

during RA-induced differentiation of HL60 (Katagiri et al. 1994, Wang and Yen 2008, Smith et 

al. 2009). Traditional activation of c-Raf by Ras seems to occur via growth factor activation, 

whereas activation during mitosis (Laird et al. 1999) and in our case differentiation is a 

membrane/Ras-independent event. Thus S259 phosphorylation of c-Raf, which is 

unceremoniously considered inhibitory, may in fact promote membrane-independent and Ras-

independent c-Raf functions (see below). The S259 site of c-Raf can be phosphorylated by Akt 

(Zimmermann and Moelling 1999) and PKA (Dhillon et al. 2002b) and dephosphorylated by 

PP2A (Kubicek et al. 2002, Jaumot and Hancock 2001). 

 Increased phosphorylation of the S289/296/301 sites collectively has been detected in 

RA-induced HL60. These serines lie within the C-terminal domain of c-Raf, and their function 

has been subject to debate. Although in agreement that these serines are phosphorylated by ERK, 

one group (Dougherty et al. 2005) claims that these sites are inhibitory, while a more recent 

study criticizes this conclusion and found that these sites are activating (Balan et al. 2006). To 

complicate matters, although Hekman et al. (2005) state that sites S296 and S301 are inhibitory 

sites (mutation to alanine increases ERK phosphorylation in vitro), the authors note that within 

their study c-Raf activity was only measured via increased ERK phosphorylation in vitro, and 

that the S296 and S301 sites may serve to regulate other, ERK-independent, roles of c-Raf. 

Hekman et al. (2005) also point out that in another study, S296 and S301 (like in their study) 

phosphorylation is associated with growth factor induction while S289 could be associated with 

mitotic-specific events (Laird et al. 1999). One or more of these sites when phosphorylated may 



c-Raf 
phosphorylation 

site 
Implication Targeted by 

S29 
N/A Phosphorylated by ERK (Dougherty et al. 2005 Cell) 

S43 

Inhibitory site (Dumaz et al. 2002 Mol Cell Biol) 
Not an autophosphorylation site (Morrison et al. 1993 J Biol 
Chem) 

Phosphorylated by PKA (Dumaz et al. 2002 Mol Cell Biol; 
Dhillon et al. 2002 Mol Cell Biol) 

S233 
N/A Phosphorylated by PKA (Dumaz et al. 2002 Mol Cell Biol) 

S259 

Inhibitory site (Morrison et al. 1993 J Biol Chem; Dhillon et 
al. 2002 EMBO J) 
Inhibitory of membrane-initiated/Ras-dependent 
acitivation (Dhillon et al. 2002 EMBO J; Kubicek et al. 2002 J 
Biol Chem) 
14-3-3 binding site (Muslin et al. 1996 Cell; Hekman et al. 
2003 J Biol Chem) 
Not an autophosphorylation site (Morrison et al. 1993 J Biol 
Chem) 

Phosphorylated by PKA (Dhillon et al. 2002 Mol Cell Biol; 
Dumaz et al. 2002 Mol Cell Biol) 
Phosphorylated by Akt (Zimmermann and Moelling 1999 
Science)  
Dephosphorylated by PP2A (Abraham et al. 2000 J Biol 
Chem; Jaumot and Hancock 2001 Oncogene; Kubicek et 
al. 2002 J Biol Chem) 

T268 
Autophosphorylation site (Morrison et al. 1993 J Biol Chem) N/A 

T269 
Activating site (Yao et al. 1995 Nature) Phosphorylated by KSR (previously CAP Kinase) (Yao et al. 

1995 Nature; Xing and Kolesnick 2001 J Biol Chem; Zhang 
et al. 1997) 

S287 
Mitosis-related site (Laird et al. 1999 J Biol Chem) N/A 

S291 
Mitosis-related site (Laird et al. 1999 J Biol Chem) N/A 

S289/S296/S301 

Inhibitory sites (Dougherty et al. 2005 Cell; Hekman et al. 
2005 FEBS Letts) 
Activating sites (Laird et al.1999 J Biol Chem; Balan et al. 
2006 Mol Biol Cell) 
S289 is a mitosis-specific site, 296 and 301 are not (Laird et 
al.1999 J Biol Chem) 
296 and 301 possibly growth factor-related (Hekman et al. 
2005 FEBS Letts) 

Phosphorylated by ERK (Dougherty et al. 2005 Cell; Balan 
et al. 2006 Mol Biol Cell) 

S338 (and S339) 

Activating site (Mason et al. 1999 EMBO J) 
Necessary for activation (Diaz et al. 1997 Mol Cell Biol; 
Barnard et al. 1998 Oncogene) 

Phosphorylated by Ras (Mason et al. 1999 EMBO J) 
Phosphorylated by PAK3 after Ras activation (King et al. 
1998 Nature) 

Y340/Y341 
Activating sites (Mason et al. 1999 EMBO J; Fabian et al. 
1993 Mol Cell Biol) 

Phosphorylated by Src (Mason et al. 1999 EMBO J) 

S471 
Necessary for kinase activity (Zhu et al. 2005 Mol Biol Cell) N/A 

T491/S494 

Necessary but not suffficient for activation (Chong et al. 
2001 EMBO J) 
Not necessary for activation (Hekman et al. 2005 FEBS Letts) 

N/A 

S497/S499 
Not necessary for activation (Barnard et al. 1998 Oncogene) Phosphorylated by PKC (Kolch et al. 1993 Nature; Carroll 

and May 1994 J Biol Chem) 

S619 
N/A Phosphorylated by PKC (Carroll and May 1994 J Biol 

Chem) 

S621 

Autophosphorylation site (Mischak et al. 1996) 
Not an autophosphorylation site (Morrision et al. 1993 J Biol 
Chem) 
Necessary for kinase activity (Morrison et al. 1993 J Biol 
Chem) 
Stability site (Morrison et al. 1993 J Biol Chem; Mischak et al. 
1996 Mol Cell Biol; Noble et al. 2008 Mol Cell) 
14-3-3 binding site (Muslin et al. 1996 Cell; Hekman et al. 
2003 J Biol Chem) 

Phosphoryalted by PKA (Mischak et al. 1996 Mol Cell Biol; 
Dhillon et al. 2002 Mol Cell Biol) 

S642 
N/A Phosphorylated by ERK (Dougherty et al. 2005 Cell) 

Table 2.1. Phosphorylation sites on c-Raf. 
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negatively regulate Raf heterodimer formation (Rushworth et al. 2006) and may sustain the 

activity of pS259c-Raf (Balan et al. 2006). 

 The S621 site on c-Raf is phosphorylated by PKA (Dhillon et al. 2002b) but has also 

been shown to be an autophosphorylation site (Mischak et al. 1996, Noble et al. 2008). The 

constitutively phosphorylated S621 site of c-Raf appears to be a stability site that maintains the 

kinase activity of c-Raf (Morrison et al. 1993) and prevents c-Raf degradation (Noble et al. 

2008). Upregulation of S621 phosphorylation (concurrent with upregulated total c-Raf protein 

levels) has been shown in RA-treated HL60 by 48 h, and it was found that pS621c-Raf is located 

in the nucleus of RA-treated HL60 by 48 h (Smith et al. 2009). More recently, nuclear pS621c-

Raf was shown to interact with the transcription factor NFATc3 to drive BLR1 expression and 

differentiation in RA-treated HL60 (Geil and Yen 2013). Both pS621c-Raf and pS259c-Raf 

interact with the 14-3-3 protein, an interaction which has been described as both activating and 

inactivating (Fu et al. 2000). It is probable that 14-3-3 sequesters pS621c-Raf and pS259c-Raf in 

a manner that is inhibitory to traditional growth factor-induced MAPK signaling, but activating 

for nontraditional, ERK-independent c-Raf functions. 

 In cells with wild-type B-Raf, many ATP-competitive c-Raf inhibitors actually activate c-

Raf by promoting Raf dimerization (c-Raf homodimers or c-Raf/B-Raf heterodimers) and 

subsequent transactivation (Poulikakos et al. 2010, Hatzivassiliou et al. 2010, Heidorn et al. 

2010). At lower (non-saturating) inhibitor concentrations, this causes enhanced ERK signaling 

(Poulikakos et al. 2010). That being said, studies using the c-Raf inhibitor GW5074 in RA-

treated HL60 cells have remained unclear. Wang and Yen (2008) confirmed that both MEK 

inhibition (using PD98059 pretreatment) and c-Raf inhibition (using GW5074 pretreatment) 

eradicate ERK activation and ROS production in RA-treated HL60 cells. But, they failed to 
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consider CD11b expression or G1/G0 cell cycle arrest as measures for differentiation. A more 

recent study reveals that inhibition of c-Raf activity using 2 μM GW5074 indeed inhibits ERK 

activation and ROS production, but induces rapid growth arrest and increased CD11b expression 

in RA-treated HL60 (Tasseff et al. unpublished data, Chapter 5). However, increased CD11b and 

G1/G0 growth arrest correlated with the more expected result that S259 and S621 c-Raf 

phosphorylation was decreased. Although, this may be due to the fact that total c-Raf levels also 

decreased. Despite the idea that Raf inhibitors may increase Raf activity, S338 phosphorylation 

of c-Raf was unchanged in GW5074- and RA-treated HL60. (In 293H cells, c-Raf S338 

phosphorylation could not be detected until much higher doses of 30 μM GW5074 were used 

[Poulikakos et al. 2010]). Overall in RA-treated HL60 cells, GW5074 treatment appears to 

decrease c-Raf levels and phosphorylation while promoting CD11b and G1/G0 arrest. The 

mechanism of GW5074 treatment remains elusive. 

 c-Raf may act as a scaffold (Kolch et al. 2002, Kolch 2005), and this is supported by the 

fact that c-Raf is capable of interacting with other proteins that are upregulated during the RA-

induced differentiation of HL60, such as the hematopoietic proteins Vav1 and Lyn, each of 

which binds to the surface protein CD38. Also mutant (kinase dead) c-Raf can rescue lethal c-

Raf
-/-

 mice (Huser et al. 2001) and revert c-Raf
-/- 

cells from apoptosis (O'Neill et al. 2004). c-Raf 

may have a role in apoptosis that does not require its ability to activate MEK (Huser et al. 2001, 

Mikula et al. 2001). Unlike B-Raf, c-Raf can bind and inhibit proapoptotic proteins, such as Bad, 

independent of its catalytic activity (Chen et al. 2001, O'Neill et al. 2004, Yamaguchi et al. 2004, 

Ehrenreiter et al. 2005). Also, c-Raf or a catalytically inactive form of c-Raf rescues the ability 

of c-Raf
-/-

 cells to form actin stress fibers (Kolch 2005, Ehrenreiter et al. 2005). c-Raf can be 

regulated by other structural proteins such as KSR, RKIP and MP-1 (McCubrey et al. 2007). c-
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Raf also interacts with Cdc25 and Rb (Hindley and Kolch 2002). A review of MEK/ERK-

independent c-Raf functions can be found here: Hindley and Kolch (2002).  

 

2.1.3 ERK Activation: Uncoupling of Growth and Maturation 

  

If c-Raf does indeed perform predominantly ERK-independent functions during RA-induced 

differentiation in HL60 cells—if c-Raf is not phosphorylated at typical MAPK activating sites 

and is relocated to the nucleus—then what of the sustained MEK/ERK signal that persists 

beyond 48 h after treatment? And if ERK activation is not crucial, why does MEK inhibition 

with PD98059 eradicate differentiation? Firstly, ERK can be activated by mechanisms other than 

c-Raf. ERK can be phosphorylated by PKC and PI3K (van Rossum et al. 2001, Wen-Sheng 

2006, McCubrey et al. 2007). Also, rather than ROS production being an ERK-dependent event, 

ERK activation may be a ROS-dependent event (Chien et al. 2013). Superoxide ions and 

hydrogen peroxide can stimulate ERK phosphorylation and inhibit protein phosphatases, 

prolonging activation (McCubrey et al. 2007). However, ROS may not act directly on ERK, as 

MEK inhibition with PD98059 or U0126 eradicates ROS-induced ERK activation (McCubrey et 

al. 2007). 

 There is increasing evidence that ERK activation propels mitogenic signals during 

differentiation rather than differentiation mechanisms per se. Interestingly, inhibiting MEK after 

RA-induced HL60 has already completed one division cycle (the precommitment phase) does 

not inhibit RA-induced differentiation (Yen et al. 1998), indicating that sustained ERK activation 

may be necessary only during the lineage-uncommitted, priming phase and not for the second 

(lineage commitment) division. This has also been suggested by Studzinski et al. (2006). It is 
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possible for ERK phosphorylation to become trapped in a high phosphorylation state (Tasseff et 

al. unpublished data), which could account for the continued ERK activation seen after 48 h of 

RA treatment. In vitamin D3-treated HL60, which undergo differentiation into monocytes, 

activated ERK levels increase during the first phase (first 24-48 h of treatment) and then 

decrease as the cells arrest in G1/G0 (Wang and Studzinski 2001).  

 It has previously been noted that cell cycle arrest and differentiation are uncoupled 

mechanisms (Yen 1985, Studzinski et al. 1997, Yen and Varvayanis 2000). CD11b expression 

and G1/G0 cell cycle arrest are the result of different mechanisms in D3-treated HL60 (Drayson 

et al. 2001), and it has also been shown that MEK/ERK activation propels the proliferation 

aspects of D3-induced differentiation in HL60 (Wang and Studzinski 2001). Reduced MEK/ERK 

activity is required for the emergence of G1/G0 arrest in D3-treated HL60 (Wang and Studzinski 

2001). In the end, MEK and ERK activation may be required for slower G1/G0 cell cycle arrest, 

ensuring successful, complete differentiation, whereas loss of MEK/ERK activation is associated 

with much more rapid growth arrest and differentiation.  

 Consistent with this, in RA-resistant HL60 cells, treatment with the Src-family kinase 

inhibitor PP2 can induce very rapid growth arrest and rescue expression of all differentiation 

markers, but greatly reduces MEK and ERK activation (and ROS production, see Chapter 4). 

This echoes the finding that RA-treatment combined with c-Raf inhibition in wild-type HL60 

also induces CD11b expression and G1/G0 arrest without ERK activation or ROS production. 

Others have found ERK activation to be uncoupled from differentiation processes as well 

(Ajenjo et al. 2000). Uncoupling of Ras-independent c-Raf activity from downstream MEK/ERK 

signaling in the context of PP2 treatment has been shown elsewhere (Lee et al. 2004, Lee 2006). 
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ERK and c-Raf frequently have opposing roles in the context of differentiation (Hindley and 

Kolch 2000).  

 

2.1.4 MEK Inhibition with PD98059 

 

In RA-treated HL60, MEK inhibition with PD98059 results not only in a loss of ERK2 activation 

(Yen et al. 1998), but also a loss of c-Raf phosphorylation (Hong et al. 2001). Wang and Yen 

(2008) confirmed that PD98059 treatment indeed eradicates c-Raf S621 phosphorylation, in 

addition to ERK phosphorylation, BLR1 expression and ROS production. This suggests that 

MEK is not entirely downstream of c-Raf, and can serve as an activator of c-Raf either directly 

or through ERK. It was already noted above that ERK can phosphorylate various serine sites on 

c-Raf. Another group used 293 cells to report that MEK exerts positive feedback on c-Raf, and 

that MEK-mediated c-Raf activity is Ras-independent and also Src-independent (Zimmermann et 

al. 1997). Additionally Rushworth et al. (2006) showed that MEK inhibition eradicates ERK-

mediated phosphorylation events on c-Raf that prevent the formation of Raf heterodimers. Hence 

MEK inhibition is capable of disrupting c-Raf function, accounting for the reduced 

differentiation seen with PD98059 treatment despite potentially ERK-uncoupled differentiation 

mechanisms. 

 Inhibition of RA-treated HL60 with GW5074 (c-Raf inhibitor) and PD98059 (MEK 

inhibitor) both result in reduced c-Raf phosphorylation, reduced ERK phosphorylation and 

reduced ROS production. However, the two inhibitors differ in their effects on CD11b 

expression and G1/G0 arrest. GW5074 simultaneously promotes CD11b expression and G1/G0 

arrest in RA-treated HL60 (Tasseff et al. unpublished data). Meanwhile PD98059 treatment 
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tends to attenuate RA-induced G1/G0 arrest and Rb hypophosphorylation in HL60 (Yen and 

Varvayanis 2000). Although CD11b expression in the context of PD98059 treatment has not 

been reported by us until very recently (unreported in Yen and Varvayanis [2000] and Wang and 

Yen [2008], reported in Geil and Yen [2013]), abrogated CD11b expression during PD98059 

treatment has been reported in RA-treated HL60 (Matkovic et al. 2006), RA-treated NB4 (Scholl 

et al. 2008), D3-treated HL60 (Zhang et al. 2005), TPA-treated HL60 (Chien et al. 2013), TPA-

treated U937 (Deszo et al. 2000) and others. Thus there exists a distinct difference in the 

disrupted HL60 differentiation program between c-Raf inhibition and MEK inhibition. 

  Finally, the MEK inhibitor PD98059 is in fact a flavonoid, and can act as an antagonist of 

aryl hydrocarbon receptor (AhR) at the same concentrations used to inhibit MEK (Reiners et al. 

1998). AhR has been implicated as a positive regulator of RA-induced HL60 differentiation (see 

below). Thus inhibition of AhR activity could explain the differences observed between 

GW5074 and PD98059 treatment. 

 

2.2  The CD38 Signalosome 

 

2.2.1 CD38: A Multitude of Functions 

 

CD38 (reviewed extensively by Malavasi et al. 2008) is a type II transmembrane glycoprotein 

known to function in a variety of hematopoietic cell types including thymocytes and T cells, 

naïve B cells and plasma cells, circulating monocytes, granulocytes, natural killer (NK) cells, 

and even red blood cells (Malavasi et al. 2008). Although predominantly associated with the 

immune system, CD38 is expressed in other cell types such as osteoclast/osteoblast precursors, 
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pancreatic islet cells, retinal gangliar and cornea cells, smooth and striated muscle cells, prostatic 

epithelial cells and neural cells (astrocytes, cerebellar Purkinje cells, perivascular autonomic 

nerve terminals) (Malavasi et al. 2008). The crystal structure of extracellular CD38 has been 

reported by Liu et al. (2005).  

 CD38 has ectoenzyme activity that hydrolyzes NAD+ and NADP+ into cyclic ADP 

ribose (cADPR), NAADP and ADPR, which are Ca
+2

 messengers (Malavasi et al. 2008). 

Although somewhat confounding that this enzymatic activity is extracellular, NAD+ channels 

exist that could account for both autocrine and paracrine delivery of cADPR (Malavasi et al. 

2008). However, this enzymatic function appears to be completely independent of its receptor 

capability (Kumagai et al. 1995, Lund et al. 1999, Lund et al. 2006, Congleton et al. 2011). 

Nevertheless, it is the extracellular domain that appears to be crucial for functional anti-CD38 

mediated signaling transduction (Lund et al. 1999). CD38 stimulation with a monoclonal 

antibody promotes proliferation, differentiation and cytokine production in T and B cells and 

apoptosis in myeloid/lymphoid progenitors (Lund et al. 1999, Lund et al. 2006). In HL60 cells, 

differentiation induction in response to RA or vitamin D3 is accompanied by upregulation of 

CD38 (Jensen et al. 2014). 

 There exists, however, divergent literature concerning the relationship of CD38 with 

leukemia prognosis. Ligand-activated CD38 promoted proliferation in myeloid cell lines 

(including HL60 and NB4) in one case (Konopleva et al. 1998) and also results in proliferative 

effects in human peripheral blood mononuclear cells (Malavasi et al. 2008). CD38 expression is 

associated with poor prognosis in chronic lymphocytic leukemia (CLL) (D’Arena et al. 2001, 

Ghia et al. 2003). In this thesis project, retention or loss of RA-inducible CD38 expression in 

RA-resistant leukemia cells was uncoupled from successful rescue using the Src-family kinase 
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inhibitor PP2 (see Chapter 4). But it was later found that RA-inducible CD38 expression 

correlated with a stronger response to differentiation induction therapy using vitamin D3 (see 

Chapter 6). 

 The known ligand for CD38 is CD31, which is expressed mainly in endothelial cells and 

suggests that CD38 mediates leukocyte rolling similar to selectins (Malavasi et al. 2008). Also, 

CD38 may be an “accessory receptor” to the T-cell receptor (TCR) supramolecular activating 

complex, and a search for lateral interactions with other receptors (BCR, the Fc receptors) has 

ensued. Such interactions could implicate that CD38 is responsible for transducing signals 

internally from lineage-specific receptors. Although this remains unclear, CD38 appears to be 

proximal and interactive with these receptors, activating the same known downstream targets 

(Malavasi et al. 2008). Finally, CD38 appears to exist in the inner and/or outer nuclear 

membrane and nuclear compartments of a variety of cell types (brain, liver, etc.), as well as in 

RA-treated HL60 cells (Yalcinterpe et al. 2005) and even in cells that are negative for surface 

CD38 (such as K562 cells) (Orciani et al. 2008, Trubiani et al. 2008). 

 

2.2.2 CD38 in RA-induced HL60 Cells 

 

The CD38 gene is directly upregulated by RA-bound RARα through a retinoic acid response 

element (RARE) in its first intron (Drach et al. 1994, Kishimoto et al. 1998). CD38 expression 

occurs rapidly after RA induction in HL60 cells, with strong expression reached as early as 12 h 

and persisting beyond 96 h (Lamkin et al. 2006). CD38 is able to interact intracellularly with a 

variety of signaling factors that are also upregulated during RA treatment in HL60, namely c-

Cbl, Vav1, Lyn, Fgr and Slp76 (Shen and Yen 2008, Shen and Yen 2009, Zumaquero et al. 2010, 
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Congleton et al. 2014). A putative signalosome (Figure 2.1B) containing all or several of these 

factors appears to drive MAPK signaling (Shen and Yen 2009, Congleton et al. 2014). Many of 

these factors have their own well-defined functions (see below). Deletion of a cytosolic tail 

region in CD38 (∆11-20) cripples RA-induced differentiation in HL60 and prevents upregulation 

of Vav1 and the Src-family kinase Fgr (Congleton et al. 2011). Interestingly, the CD38 (∆11-20) 

transfectants had enhanced RA-induced ERK activation compared the wild-type HL60 

(Congleton et al. 2011). Meanwhile, disruption of the c-Cbl/CD38 interaction specifically 

eradicates sustained ERK activation as well as differentiation (see below) (Shen and Yen 2009). 

Ectopic overexpression of CD38 can drive MAPK signaling (Shen and Yen 2008), and CD38+ 

HL60 transfectants exhibit increased CD38/Lyn interaction (Congleton et al. 2014). 

 

2.2.3 Vav1: A Hematopoietic Protein 

 

The Vav protein family consists of Vav1, Vav2 and Vav3 in mammals (Bustelo 2001). All three 

family members share a similar structure as follows: an N-terminal CH (calponin-homolgy) 

domain; an acidic region; a DH (Dbl-homology) domain and PH (plekstrin-homology) domain 

(both typical of Rho GEFs); a ZF (zinc finger domain); and finally a C-terminal SH3-SH2-SH3 

(Src-homology-2 and -3) domain sequence (Bustelo 2001). Vav1 (reviewed by Bertagnolo et al. 

2012) is expressed solely in hematopoietic cells and is upregulated in myeloid cell lines during 

RA treatment, in which prominent tyrosine phosphorylation of Vav1 occurs via members of the 

Src, Jak or Syk/Zap70 families (Brugnoli et al. 2010). Vav1 is upregulated during RA induction 

in HL60 (Shen and Yen 2009, Jensen et al. 2013), accompanied by a significant accumulation of 
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tyrosine phosphorylated Vav1 in the nucleus (Bertagnolo et al. 2004). A large portion of cellular 

Vav1 can be found in the nucleus under unstimulated conditions as well (Bertagnolo et al. 2004).  

 The Vav1 protein is a GDP-GTP exchange factor (GEF) for Rho/Rac GTPases. 

Interestingly, although tyrosine phosphorylated Vav1 is able to regulate cytoskeleton 

reorganization by means of its GEF activity, no RA-induced GEF activity was found in the 

cytoplasm or nucleus of HL60 cells (Bertagnolo et al. 2004). A highly conserved Y174 residue 

on Vav1, associated with activation of its GEF activity, is not phosphorylated by Syk during RA-

induced differentiation and plays no role in the maturation of NB4 cells (Bertagnolo et al. 2010). 

On the other hand, it was shown that the Y745 site on Vav1 plays a crucial role in maturation of 

NB4, and mutation of this tyrosine to a phenylalanine greatly reduces RA-induced CD11b 

expression and migratory ability (Bertagnolo et al. 2010). Y745 is also not phosphorylated by 

Syk (Bertagnolo et al. 2010). Nevertheless, Syk appears to be strongly correlated with Vav1 

phosphorylation (Bertagnolo et al. 2004, Bertagnolo et al. 2005, Bertagnolo et al. 2008) and 

appears essential for changes in nuclear shape occurring during neutrophil-like maturation of 

APL-derived promyelocytes (Bertagnolo et al. 2010). 

 Vav1 and the transcription factor PU.1 associate and are upregulated in RA-treated NB4 

cells (Brugnoli et al. 2010). PU.1 siRNA knockdown diminished Vav1 and PU.1 expression 

during RA treatment while Vav1 siRNA knockdown diminished Vav1 expression only (Brugnoli 

et al. 2010). Vav1 and PU.1 knockdowns decreased RA-induced CD11b expression and 

combined knockdowns showed an even stronger CD11b reduction (Brugnoli et al. 2010). RA 

treatment seems to positively affect the recruitment of PU.1 and negatively affect engagement of 

Vav1 to the CD11b promoter (Brugnoli et al. 2010). The suggestion that Vav1 participates in 

complexes containing PU.1 has been ruled out by EMSA (Brugnoli et al. 2010). Instead, Vav1 is 
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present in complexes on the CD11b promoter in undifferentiated NB4 cells and RA induction 

results in Vav1 phosphorylation and displacement from complexes on the CD11b promoter 

(Brugnoli et al. 2010). However, forced reduction of Vav1 levels or inhibited Vav1 

phosphorylation negatively affects the formation of a PU.1-containing complex, suggesting Vav1 

may regulate PU.1 access to the promoter region of CD11b (Brugnoli et al. 2010). 

 Vav1 can also function as an adaptor with its SH3-SH2-SH3 motif, associating via this 

domain with other adaptor proteins like c-Cbl and Slp76 (Bertagnolo et al. 2004). c-Cbl is absent 

from nuclei while Slp76 is abundant in the nuclear compartment (Bertagnolo et al. 2004). Vav1 

has been found to associate with p85, the regulatory subunit of PI3K, and this interaction is 

essential for RA-induced PI3K activity (Bertagnolo et al. 2004). Also, impairment of the 

Vav1/PI3K interaction results in decreased PI3K activity, reduced PI3K/actin interaction and a 

block in HL60 morphologilc differentiation, while no changes in CD11b expression were 

observed, suggesting that RA-dependent tyrosine phosphorylation of Vav1 mainly targets the 

dynamics of nuclear morphology (Bertagnolo et al. 2004).  Vav1 also contains a plekstrin 

homology domain (PH) domain, through which it may associate with actin (Bertagnolo et al. 

2004). Vav1 was found to associate with actin in RA-differentiated cells regardless of the 

phosphorylation state of Vav1 (Bertagnolo et al. 2004).  

 In short, Vav1 can function as both an adapter and GEF protein in the cytoplasm 

(although GEF activity appears unnecessary for RA-induced differentiation), as well as a 

transcription factor and/or cytoskeletal remodeling protein in the nucleus (Brugnoli et al. 2010, 

Bertagnolo et al. 2004). Vav1 association with CD38, c-Cbl, Slp76 and Lyn is upregulated in 

RA-treated HL60 and RA-treated NB4 (Shen and Yen 2009, Congleton et al. 2014). Vav1 is also 
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upregulated during D3 treatment in HL60 cells (Jensen et al. 2014). Overexpression of Vav1 

enhances RA-induced differentiation in HL60 and NB4 cells (Bertagnolo et al. 2005). 

 

2.2.4 c-Cbl: Regulator of Tyrosine Kinases 

 

c-Cbl is a cytoplasmic protein, and like Vav1, participates in a variety of cellular functions 

(Schmidt and Dikic 2005, Thien and Langdon 2001). The N-terminal region of c-Cbl is a 

tryrosine kinase-binding (TKB) domain containing a 4-helix bundle, Ca
+2

-binding EF hand and 

SH2 domain, which enable c-Cbl to interact with and regulate a multitude of signaling factors, 

including receptor tyrosine kinases (RTKs). This TKB region is connected via a linker region to 

a RING finger domain, followed by a proline-rich domain, and lastly the C-terminal domain is 

composed of a ubiquitin-associated (UBA) domain overlapped with a leucine zipper (LZ) motif  

(Schmidt and Dikic 2005, Thien and Langdon 2001). The two other mammalian homologues are 

Cbl-b and Cbl-3. Cbl-3 (expressed mainly in epithelial cells) varies greatly from c-Cbl and Cbl-b 

in that it lacks the C-terminal UBA/LZ region. 

 Through its TKB region, c-Cbl can interact with EGFR, PDGFR, Zap70 and Syk. The 

RING finger domain, which has intrinsic E3 ligase activity, associates with Sprouty and Ub-

conjugating enzymes (E2s) (Schmidt and Dikic 2005, Thien and Langdon 2001). The proline-

rich region interacts with the SH3 domains on other proteins, notably Src-family kinases. The 

most prominent tyrosine phosphorylation sites on c-Cbl (Y700, Y731, Y774) are targeted by Syk 

and certain Src-family kinases (Fyn, Lyn) but not targeted by Lck or Zap70. These 

phosphorylation sites appear to be interaction points for SH2 domain-containing proteins like 

CrkL, Abl, the p85 subunit of PI3K (at pY731) and also Vav1 (at pY700) (Schmidt and Dikic 
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2005, Thien and Langdon 2001). The c-Cbl interactome is reviewed in Schmidt and Dikic 

(2005). 

 As an E3 ligase, c-Cbl mediates multi-ubiquitination and often acts as a negative 

regulator of tyrosine kinases. c-Cbl and Src binding results in mutual activation followed by 

mutual or self-induced destruction of both proteins (Yokouchi et al. 2001). Also, c-Cbl has been 

most intensively studied for its inhibitory role during TCR signaling and role in receptor 

endocytosis (notably for EGFR and PDGFR) (Schmidt and Dikic 2005, Thien and Langdon 

2001, Bao et al. 2003). However, it is now known that protein ubiquitination can serve 

regulatory functions separate from inducing proteasome destruction. Also, c-Cbl E3 ubiquitin 

ligase activity can be uncoupled from its adaptor functions. c-Cbl overexpression can result in a 

loss of substrate activity but not promote degradation, and in some contexts, c-Cbl promotes 

proliferation (Thien and Langdon 2001). c-Cbl appears to be both a negative regulator and 

positive downstream effector of Src and Src-family kinases (Thien and Langdon 2001). 

 In addition to this, c-Cbl is phosphorylated in response to integrin-dependent adhesion 

and can enhance PI3K activity, again playing a positive downstream role of Src (Thien and 

Langdon 2001). c-Cbl can be found co-localized to actin structures and is found at the leading 

edges of migratory cells (Thien and Langdon 2001). c-Cbl can interact with FAK and PYK2 at 

focal-adhesion complexes, and c-Cbl may be recruited to actin structures via binding to Vav1 

(Schmidt and Dikic 2005). c-Cbl can be dephosphorylated by SHP-1, and can be sequestered 

away from EGFR by Sprouty2, PAK and Cdc42 (Schmidt and Dikic 2005). PKC can 

phosphorylate two tandem serine repeats in c-Cbl’s C-terminal region. These serine 

phosphorylation events promote association with the 14-3-3 protein and affects c-Cbl’s ability to 

bind SH2-containing proteins (Schmidt and Dikic 2005).  
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2.2.5 c-Cbl is Expressed in RA-treated HL60 Cells 

 

c-Cbl is upregulated and phosphorylated in RA-treated HL60 cells (Shen and Yen 2008, Shen 

and Yen 2009, Jensen et al. 2013, Congleton et al. 2014), and this has been shown by others (Qu 

et al. 2008). c-Cbl binds to CD38 as part of a signaling complex containing Vav1 and Slp76 that 

leads to MAPK signaling (Shen and Yen 2008, Shen and Yen 2009). There is no direct 

interaction between c-Cbl and Slp76, as determined by FRET, but there is binding according to 

immunoprecipitation (Shen and Yen 2009). Taken together, c-Cbl and Slp76 are likely connected 

through and intermediate, possibly Vav1. In RA-treated HL60, an interaction between c-Cbl and 

CD38 persists for 24 and 48 h of treatment, but this interaction is lost after 72 h (Shen and Yen 

2008). Since CD38 expression persists beyond 96 h after treatment, the loss of CD38/c-Cbl 

interaction is due to c-Cbl downregulation of expression (suggesting c-Cbl signaling is not 

needed in differentiated cells) (Shen and Yen 2008). c-Cbl expression levels diminish after 48 h 

of RA-induced myeloid differentiation (Shen and Yen 2008).  

 Ectopic overexpression of c-Cbl in HL60 cells enhances CD38, CD11b and pERK levels 

during RA treatment; however, c-Cbl overexpression in CD38 overexpressors diminished 

achievable CD38 overexpression (Shen and Yen 2008). CD38 overexpressors alone showed 

enhanced c-Cbl expression (and CD11b, pERK) during RA induction (Shen and Yen 2008). 

Meanwhile transfection of a G306E mutant c-Cbl into HL60 cells also enhances CD38 

expression (like wild-type c-Cbl overexpression), but c-Cbl
G306E

 is unable to associate with 

CD38 and eradicates RA-induced differentiation, CD11b expression and MAPK signaling (Shen 

and Yen 2009). Interestingly, this mutant still binds (immunoprecipitates) with Vav1 and Slp76. 
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This is not too surprising, since Vav1 and Slp76 interact with the C-terminal region of c-Cbl, 

while the G306E mutation is located in the N-terminal TKB domain. 

 Qu et al. (2008) suggest that the Cbls are coupled to cell adhesion mechanisms (due to 

adhesion in plates) but uncoupled to differentiation in HL60 cells (due to lack of CD11b 

decrease when Cbl upregulation is reversed). However, CD11b itself was the only marker used 

to identify differentiation, and CD11b may not be indicative of complete differentiation. c-Cbl 

may still be part of the RA-induced differentiation pathway, and it is known that c-Cbl has 

effects on the ERK cascade. It is clear that in RA-treated HL60, c-Cbl may not be assisting RTK 

endocytosis since ERK activation remains sustained. Instead, c-Cbl most likely acts as an 

adaptor molecule. However, the sustained MAPK signaling may not originate from traditional 

RTK signals (see Section on MAPK). 

 c-Cbl interacts with p38MAPK, but this interaction is not altered by RA treatment (Shen 

and Yen 2009). More recently, c-Cbl was shown to interact with the transcription factor IRF-1, 

which is upregulated by RA in HL60 cells and enhances CD38 expression, ERK activation and 

differentiation when overexpressed (Shen et al. 2011). MEK inhibition with PD98059 abrogates 

IRF-1 expression, c-Cbl expression and IRF-1/c-Cbl interaction (Shen et al. 2011). Additionally, 

c-Cbl interacts with the p85 subunit of PI3K, and both c-Cbl and PI3K exhibit RA-upregulated 

phosphorylation in HL60 cells (Congleton et al. 2014). c-Cbl and PI3K phosphorylation and 

their RA-inducible interaction with CD38 appear to been dependent on Lyn kinase activity 

during RA-induced differentiation (Congleton et al. 2014). A functional module that involves c-

Cbl, Fgr and AhR is discussed further below. 
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2.2.6 The Src-family Kinases (SFKs) Lyn and Fgr 

 

The Src-family kinases (SFKs) exhibit pleotropic functions: these proteins are responsible for 

transducing a multitude of receptor signals into downstream intracellular signaling processes 

related to proliferation, differentiation, apoptosis, migration, and cell-specific functions. 

Unsurprisingly, mutated or truncated versions of SFKs are oncogenic and found in various 

cancer types. There are eleven known SFK members: Src, Yes, Fgr, Fyn, Lyn, Lck, Hck, Blk, 

Frk, Yrk and Srm (Sen and Johnson 2011). Each of these proteins contains at its N-terminal end 

a myristoylated (and sometimes palmitoylated) SH4 domain, which is responsible for membrane-

targeting (Boggon and Eck 2004). Following the SH4 (Src-homology-4) region lies what is 

called the unique region, which consists of 50-70 amino acids that differ among the various 

family members (Boggon and Eck 2004). Downstream of the unique domain are the SH3, SH2 

and SH1 (Src-homology-3, -2 and -1) domains in succession. A polyproline type II helix forms 

the linker region between SH2 and SH1, with SH1 being the kinase domain of the molecule 

(Boggon and Eck 2004). When inactive (autoinhibited), the Src-family structure is folded onto 

itself: a crucial phosphorylated residue at the C-terminal tail (Y527 in Src) interacts with the SH2 

domain, and the SH3 domain interacts with the linker segment. When active, the structure 

relaxes into an “open” conformation and a tyrosine (Y416 in Src) is phosphorylated within the 

activation loop in the SH1 domain (Boggon and Eck 2004). c-Src kinase (Csk) and Csk-

homolguous kinase (Chk) are responsible for phosphorylating the C-terminal inhibitory sites of 

SFKs, while SHP-1 removes this modification, and the CD45 protein can remove both inhibitory 

and activating phosphorylation sites on SFKs (Sen and Johnson 2011). 
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 The SH2 domain (α-helix-β-sheet-α-helix) is essentially a phosphotyrosine recognition 

module, and this motif is found not only on SFKs but other signaling factors such as PI3K and 

Vav1 (discussed above). The region permits interaction with other tyrosine phosphorylated 

proteins. The SH3 domain (five antiparallel β-sheets: a β-barrel) in general recognizes proline-

rich segments (Boggon and Eck 2004), such as the region in c-Cbl. Typical of tyrosine and 

serine/threonine kinases, the kinase domain adopts a double-lobed structure, with a smaller lobe 

and larger lobe (Huse and Kuriyan 2002). Despite their structural similarity, much research is 

aimed at identifying non-overlapping functions of the SFKs. 

 Lyn and Fgr are the predominant kinases of this family expressed in myeloid cells 

(Katagiri et al. 1991, Dos Santos et al. 2008). Although both Lyn and Fgr are upregulated with 

RA treatment in HL60 cells, Lyn is the predominant SFK phosphorylated at Y416 (Lyn Y397) in 

RA-induced HL60 cells (Kropf et al. 2010, Congleton et al. 2012), as well as NB4 cells (Welch 

and Maridonneau-Parini 1997). Interestingly, the SFK inhibitor PP2 is able to enhance the RA-

induced differentiation of HL60 cells (Congleton et al. 2012, Jensen et al. 2013). This effect was 

reported previously in both HL60 and NB4 cells (Miranda et al. 2007). PP2 is a 

pyrazolopyrimidine compound that is a potent inhibitor for all SFK members (Hanke et al 1996, 

Bain et al. 2007). 

 As a SFK inhibitor, PP2 can eradicate the active phosphorylation on Lyn in HL60 and 

NB4 cells, but co-treatment with RA protects the active Y416 phosphorylation site (Lyn Y397) 

(Congleton et al. 2012). Interestingly, the FDA-approved SFK inhibitor dasatinib eradicates 

Y416 phosphorylation whether RA is co-treated or not. But both SFK inhibitors, PP2 and 

dasatinib, enhanced RA-induced Lyn and Fgr expression, G1/G0 arrest, and CD11b expression 

(Congleton et al. 2012). Also, Lyn phosphorylation at Y507 (equivalent to Src Y527), its C-
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terminal inhibitory site, is also increased in RA-treated HL60 (Bunaciu and Yen 2013). This 

suggests that Lyn exerts a pro-differentiation function that is independent of its kinase activity, 

although there is evidence to the contrary (discussed immediately below). SFK inhibition with 

PP2 or dasatinib did not affect pMEK or pERK levels (Congleton et al. 2012), but it did enhance 

RA-induced c-Raf expression, c-Raf phosphorylation (at S621 and S259) and increased the 

interaction of Lyn with pS259c-Raf in HL60 and NB4 cells (Congleton et al. 2012). This c-

Raf/Lyn interaction potentially occurs through association with KSR1 and CK2 (Congleton et al. 

2012). In B cells, Lyn has been implicated as having conflicting activating and inhibitory 

functions (Gauld and Cambier 2004, Xu et al. 2005). 

 Lyn inhibition using PP2 after 48 h of RA treatment or using dasatinib and RA co-

treatment, both of which reduce Y416 (Lyn Y397) phosphorylation, also reduce c-Cbl 

phosphorylation, PI3K phosphorylation and c-Cbl/PI3K interaction with CD38 (Congelton et al. 

2014). Meanwhile PP2 and RA co-treatment, which protects Lyn phosphorylation, does not 

result in a reduction of c-Cbl or PI3K phosphorylation. Thus Congleton et al. (2014) showed that 

Lyn kinase activity may in fact be required for phosphorylation of two targets downstream of 

CD38: c-Cbl and PI3K. The inhibitory site Y507 was not assessed, therefore the complex 

behavior of Lyn acting as a kinase or otherwise during RA-induced differentiation remains to be 

elucidated. 

 As may be possible for Lyn, Fgr may exert a function independent of its kinase activity, 

since Fgr is not even phosphorylated at the Y416 site (Fgr Y400) in RA-treated HL60 

(Congleton et al. 2012). In human platelets, Fgr showed little to no tyrosine phosphorylation, 

unlike the other SFKs (Src, Fyn, Lck, Lyn) which were phosphorylated (Pestina et al. 1997). In 

fact, the activating Y400 site in Fgr (equivalent to Src Y416) is surrounded by sequence that 
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diverges from that of the other SFKs, indicating Fgr may exhibit distinct self-regulation 

compared to other SFKs (Ruzzene et al. 1994). In the end Fgr may be just as important as Lyn to 

the RA-induced differentiation signaling network. A partial Lyn knockdown with shLyn did not 

affect RA-induced phenotypic markers, although it did reduce c-Raf phosphorylation at S259 

and S289/296/301 (Congleton et al. 2012). Fgr is upregulated in RA-treated HL60 and the degree 

of Fgr upregulation is, typically, strikingly greater than the RA-induced upregulation of Lyn 

(Congleton et al. 2011, Congleton et al. 2012, Bunaciu and Yen 2013, Jensen et al. 2013). Fgr 

upregulation and differentiation are eradicated in both HL60 cells expressing the CD38 (∆11-20) 

mutant (cytosolic tail deletion) (Congleton et al. 2011) and in HL60 cells co-treated with an 

antagonist of the aryl hydrocarbon receptor (AhR) (Bunaciu and Yen 2013). The AhR protein is 

discussed further below. 

  Although the Y416 site is an interaction point for c-Cbl (Yokouchi et al. 2001) (allowing 

initial Src activation to also activate the machinery responsible for its own c-Cbl-dependent 

ubiquitination), this interaction may be specific to Src itself. Lyn does not coimmunoprecipitate 

with c-Cbl (Congleton et al. 2014, unpublished data) in RA-treated HL60, even though it 

exhibits an interaction with c-Cbl-binding proteins Slp76 and Vav1. Conversely, Fgr interaction 

with Vav1 or Slp76 is very weak (Congleton et al. 2014) while Fgr readily interacts with c-Cbl 

(Bunaciu et al, submitted). These perfectly opposite binding repertoires suggest that Lyn and Fgr 

exert divergent functions in RA-treated HL60 cells. Lyn and Fgr may protect against apoptosis in 

RA-treated HL60 (Katagiri et al. 1996, Wei et al. 1996). A functional module that involves Fgr, 

c-Cbl and AhR is discussed further below. 
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2.3  CD11b: A Differentiation Marker 

 

Like CD38, CD11b is a surface protein expressed after RA treatment in HL60 cells. A slightly 

later differentiation marker than CD38, CD11b expression does not become prominent until 

about 48 h after RA induction (Jensen et al. 2014). In D3-treated HL60 cells, however, induced 

CD11b expression is much higher compared to RA (Chapter 6, Chapter 7). CD11b is laterally 

associated with another CD marker, CD18. The CD11/CD18 molecules are αβ integrins involved 

in cell-matrix and cell-cell adhesion (Mazzone and Ricevuti 1995). They share a common β2 

integrin subunit (CD18) and one α subunit (CD11a, b, c or d) (Chatila et al. 1989, Mazzone and 

Ricevuti 1995). CD11a/CD18 (LFA-1) is present on all myelioid and erythroid progenitors while 

CD11b/CD18 (Mac-1) are expressed on granulocytes and monocytes (Mazzone and Ricevuti 

1995, Xue et al. 2010, Chatila et al. 1989). Positive detection of CD11b, present on granulocytes 

at elevated levels (Mazzone and Ricevuti 1995), is indicative of progression into a differentiated 

state. In neutrophils, intracellular CD11b/CD18 molecules exist within myeloperoxidase 

negative granules (Mazzone and Ricevuti 1995).  

 As an integrin, CD11b’s purpose is clear: to provide white blood cells with a means to 

adhere and migrate to sites of injury or infection. Ligands for CD11b/CD18 include fibrinogen, 

ICAM-1 (CD54), complement protein iCb3, junctional adhesion molecule-3, microbial 

saccharides and denatured proteins (Xue et al. 2010). CD11b/CD18 modulates adhesion, 

phagocytosis and degranulation in myeloid cells (Xue et al. 2010). Fibronectin-induced 

clustering of CD11b/CD18 has been shown to regulate monocytic differentiation into 

macrophages by downregulating the expression of Foxp1, a transcriptional repressor of the c-fms 

gene that encodes the M-CSF receptor (Xue et al. 2010). 
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 Unlike CD38, the CD11b promoter region contains no RARE; expression of CD11b has 

instead been associated with Vav1 and PU.1 (see above). Various studies revealed the existence 

of available serine, threonine and tyrosine residues in the cytoplasmic domains of CD11a, b and 

c as well as CD18 (Chatila et al. 1989). Chatila et al. (1989) found that CD11a, b and c 

phosphorylation is constitutive in polymorphonuclear leukocytes, granulocytes, monocytes and 

natural killer cells (PMNs) but after TPA induction, CD18 phosphorylation rises dramatically. In 

U937 cells, clustering of CD11b/CD38 has been shown to induce transient PKCδ Y311 

phosphorylation (Xue et al. 2010). Phosphorylation of Y311 initiates a series of phosphorylation 

events on other tyrosines that have roles in regulating PKCδ activity (Xue et al. 2010). It is clear 

that the Src-family kinases (SFKs) are required for this event since CD11b/CD38 clustering 

failed to elicit PKCδ Y311 phosphorylation in the presence of PP2 (SFK inhibitor), while a PI3K 

inhibitor had no such effect (Xue et al. 2010). TPA-induced Y311 phosphorylation is also 

reduced in the presence of PP2 (Xue et al. 2010). 

 

2.4  Myeloid Transcription Factors 

 

2.4.1 Retinoic Acid Receptor and Vitamin D Receptor 

 

The family of vitamin A (retinol) derivatives, such as retinal and retinoic acid, are known as 

retinoids. Retinoid receptors belong to the nuclear steroid and thyroid hormone receptor super 

family, and thus have a modular structure that comprises six different domains designated A-F 

(De Luca 1991). There are three retinoic acid receptors (RARα, RARβ, RARγ) as well as a 

second class of retinoid receptors (RXRα, RXRβ, RXRγ) has also been characterized (De Luca 
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1991). RARs bind to elements that activate transcription in response to all-trans RA (RA) and 9-

cis RA, whereas RXRs are activated only by 9-cis RA (Astrom et al. 1994, Chambon 1996). 

Additionally, there are several spliced variant isoforms of each of the aforementioned six 

receptors, which share common B-F domains but differ in their A domain and in their 5’-

untranslated region (5’-UTR) (De Luca 1991). 

For both RARs and RXRs, the C domain is the most highly conserved between alpha, 

beta and gamma (De Luca 1991). This region contains eight cysteine residues which are bound 

to two zinc ions, creating two zinc fingers that serve as the DNA-binding domain. These eight 

cysteine are also conserved in thyroid hormone, estrogen, gluccocorticoid, and progesterone II 

receptors (De Luca 1991). Meanwhile hormone binding depends on an intact E region, a 220 

amino acid-long region that is the second most highly conserved region (De Luca 1991, 

Chambon 1996). Note that unlike steroid hormone receptors, the ligand-binding domain of RARs 

(as well as those of TR and VDR) do not interact with heat shock complexes (Chambon 1996). 

The most variable region among the RARs within the same species is the hypervariable domain 

A at the N-terminal end, followed by the domain F, which is important for dimer formation (De 

Luca 1991). 

 The recognition code for retinoic acid response elements (RAREs) is determined by 

strucutre of the half-sites, directional arrangement  (palindrome vs. inverted palindrome or direct 

repeats), and spacing bewteen the half-sites (De Luca 1991). The spacing between the two half-

sites of response elements has been shown to impart specificity of hormonal responses. When 

AGGTCA half-sites are separated by three nucleotides they define a vitamin D response 

element; separation by four nucleotides defines a thyroid response element, and by five a retinoic 

acid response element through the RARs (De Luca 1991). 
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 The observation that purified RARs did not bind efficiently to RAREs led to the search 

for proteins that could interact with and enhance the binding of RARs to RAREs. Unexpectedly, 

this “accessory factor” turned out to be RXR. It was soon demonstrated that all three RXR types 

stimulate the binding not only of RARs but of TRs to TREs and VDR to VDREs (Chambon 

1996). RARs and RXRS bind cooperatively as heterodimers to RAREs (De Luca 1991, 

Chambon 1996), and RAR homodimers either do not bind or exhibit only weak binding affinity 

(Astrom et al. 1994). In the presence of 9-cis RA, RXR is able to form homodimers on a subset 

of RAREs (Astrom et al. 1994).  RXRs can also form heterodimers in solution with TR and 

VDR, both of which do not form homodimers under similar conditions (Chambon 1996). 

Interestingly, receptor domains required for heterodimeric interactions overlap with the ligand 

binding domain of each receptor, raising the question as to whether ligand binding plays a role in 

dimer formation (Chambon 1996). It is unclear as to whether RXR is a silent or a ligand-

responsive partner (Chambon 1996). 

Comparison of in vitro DNA binding or RAR and RXR homodimers to RXR/RAR 

heterodimers indicate that not only are the heterodimers more efficient, but also that their 

binding repertoire is more selective than that of homodimers (Chambon 1996). The efficiency 

and selectivity of this repertoire are determined by the relative orientation, spacing and actual 

sequence of the repeated hexameric motifs, and also to some extent by the sequence of the spacer 

and flanking sequences (Chambon 1996). The preferred in vitro repertoire for RAR/RXR 

binding is similar to the “natural” RARE repertoire, suggesting that the heterodimers are the 

functional units that transducer the retinoid signal in vivo (Chambon 1996).  
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2.4.2 C/EBPα, PU.1, Gfi-1 and EGR1 

 

The key transcription factors (TFs) at play during hematopoiesis and particularly granulocytic vs. 

monocytic differentiation have been well characterized for the nonmalignant case (Friedman 

2007, Rosenbauer and Tenen 2007). In addition to retinoid acid receptor α (RARα) and vitamin 

D receptor (VDR), these factors include CCATT/enhancer binding protein α (C/EBPα), PU.1, 

Gfi-1 and EGR1. The Gfi-1 and EGR1 myeloid transcription factors are mutually antagonistic 

repressors: Gfi-1 represses monocytic differentiation and promotes the granulocytic lineage, 

while EGR1 acts conversely. The negative feedback between these two repressors, involving 

PU.1 and C/EBPα, creates a bistable lineage switch as described by Laslo et al. (2006). 

Consequently, although both PU.1 and C/EBPα can have positive effects on both granulocytic 

and monocytic lineages, the ratio of PU.1 to C/EBPα is also an indicator of granulocytic vs. 

monocytic lineage selection (Dahl et al. 2003). PU.1 is considered a master positive regular of 

myeloid differentiation. Earlier in hematopoiesis, PU.1 and GATA-1 mutually inhibit each other 

to control erythroid-myeloid differentiation (Rekhtman et al. 1999). 

 PU.1 can upregulate EGR1 (Laslo et al. 2006). EGR1 promotes monocytic differentiation 

not only by repressing Gfi-1, but by upregulating p35, an activator of Cdk5 which has been 

shown to be a monocytic lineage-specific protein (Chen et al. 2000, Chen et al. 2004). Cdk5 

inhibition attenuates CD14 expression (Gocek and Studzinski 2009). While EGR1 can act as 

either a repressor or activator, Gfi-1 appears to strictly act as a repressor to all its known targets 

(van der Meer et al. 2010). Gfi-1 can repress PU.1 function by competing for PU.1 DNA binding 

sites or by repressing the gene for PU.1 directly. Gfi-1 mutation or deletion results in neutropenia 
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(van der Meer et al. 2010). A simplified transcription factor network for myelomonocytic lineage 

selection is diagramed in Figure 2.2. Specific references for the network are listed in Table 2.2. 

 

2.4.3 IRF-1 and AhR 

 

IRF-1 is upregulated by RA in HL60 cells, and this appears to be MEK-dependent (Shen et al. 

2011). When ectopically overexpressed, IRF-1 can significantly enhance CD38 and CD11b 

expression, ERK activation and differentiation (Shen et al. 2011). Additionally, IRF-1+ HL60 

transfectants showed increased CD38 expression without RA treatment. Interestingly, IRF-1 

overexpression decreased D3-induced CD11b expression, indicating that IRF-1 promotes the 

granulocytic lineage but acts to inhibit monocytic lineage differentiation (Shen et al. 2011). We 

later found that the IRF-1 protein in not detectable in the monocytic cell line U937 (see Chapter 

7). Concordantly, IRF-1 expression is also induced by RA in NB4 cells (Matikainen et al. 1996, 

Chapter 7), but not K562 (Grande et al. 2001, Chapter 7), and this expression appears to be 

Stat1-independent (Luo et al. 2006). Overexpression of the aryl hydrocarbon receptor (AhR, also 

upregulated by RA in wild-type HL60) can enhance IRF-1 expression (Shen et al. 2011).  

 AhR has been implicated as a positive regulator of RA-induced HL60 differentiation 

(Bunaciu and Yen 2013, Bunaciu and Yen 2011). AhR, once considered an orphan receptor, is a 

ligand-activated transcription factor with a myriad of ligands, encompassing both endogenous 

metabolites/photoderivatives and xenobiotics. Ligand-activated AhR translocates to the nucleus, 

dimerizes with AhR nuclear translocator protein (ARNT), and interacts with xenobiotic response 

elements (XREs). A well-characterized function of AhR includes its ability to upregualte p47
phox

, 

a component of the NADPH oxidase complex, which is responsible for generating free oxygen 



Figure 2.2.   Myelomonocytic transcription factor network. 
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Transcription Factor General Effect Target Gene Reference(s) 
RARα upregulates RARα PMID: 8912864, TRANSFAC Public 
RARα upregulates PU.1 PMID: 16352814 
RARα upregulates C/EBPα PMID: 17934488 
RARα upregulates IRF-1 PMID: 16636311 
RARα represses Oct4 PMID: 12723621, PMID: PMC307908, PMID: 8832901 
RARα upregulates CD38 PMID: 7511050 
RARα upregulates p21 PMID: 8940196 
RARα upregulates AhR PMID: 23656719 
VDR upregulates PPARγ PMID: 15890193 
VDR upregulates PU.1 ASH 2007 Abstract #1229 
PPARγ upregulates C/EBPα PMID: 1178244 
PPARγ upregulates IRF-1 PMID: 18688264, PMID: 14656743 
PPARγ upregulates Oct1 PMID: 12881480, TRED 
PPARγ represses AP-1 (cJun) PMID: 10542237 
PPARγ represses E2F PMID: 11799067, SABiosciences 
PPARγ represses EGR1 PMID: 22135674 
PPARγ upregulates CD38 PMID: 23177620 
PPARγ upregulates CD14 PMID: 15741503 
PPARγ upregulates p21 PMID: 15041706 
PPARγ represses p47phox PMID: 12193733 
PU.1 represses PPARγ PMID: 23775123, PMID: 23118933 
PU.1 upregulates PU.1 PMID: 7478579 
PU.1 upregulates AP-1 (cJun) PMID: 17041602 
PU.1 upregulates EGR1 PMID: 21845190, PMID: 16923394 
PU.1 upregulates CD11b PMID: 8095266, PMID: 8096519 
PU.1 upregulates p21 PMID: 23212521 
PU.1 upregulates p47phox PMID: 10542290 
PU.1 upregulates VDR PMID: 19721012 
C/EBPα upregulates PPARγ PMID: 1178244 
C/EBPα upregulates PU.1 PMID: 12958595, PMID: 16352814, PMID: 12949251 
C/EBPα upregulates C/EBPα PMID: 7862113 
C/EBPα upregulates Gfi-1 PMID: 20924107 
C/EBPα represses E2F PMID: 12869508 
C/EBPα upregulates CD14 PMID: 10438498 
C/EBPα upregulates p21 PMID: 11369759 
IRF-1 upregulates CD38 PMID: 16291871, PMID: 10505750 
IRF-1 upregulates p21 PMID: 15705876 
Gfi-1 represses PU.1 PMID: 17197705, PMID: 19818654 
Gfi-1 represses C/EBPα PMID: 12721361 
Gfi-1 represses E2F PMID: 12721361 
Gfi-1 represses EGR1 PMID: 21845190, PMID: 16923394 
Gfi-1 represses p21 PMID: 12721361 
Oct1 upregulates VDR PMID: 7708050, TRED 
Oct1 upregulates PU.1 PMID: 8663022 
AP-1 (cJun) upregulates VDR PMID: 7708050, TRED 
AP-1 (cJun) represses PPARγ PMID: 10542237 
AP-1 (cJun) upregulates PU.1 PMID: 9988737, TRED 
AP-1 (cJun) upregulates p21 PMID: 10506225 
E2F upregulates E2F PMID: 7958836 
EGR1 upregulates PPARγ PMID: 12011097 
EGR1 represses Gfi-1 PMID: 21845190, PMID: 16923394 
EGR1 upregulates CD14 PMID: 15289351, 
AhR upregulates AP-1 (cJun) PMID: 12051995 
AhR upregulates IRF-1 PMID: 21740303 
AhR represses Oct4 PMID: 21262915 
AhR represses PU.1 Abstract Heameatol J 2009 

Table 2.2.   References for transcription factor network in Figure 2.2. 
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radicals (Pinel-Marie et al. 2009, Kobayashi et al. 2001). AhR is also a potent inducer of 

cytochrome P450 proteins (Jonsson et al. 2009, Pinel-Marie et al. 2009).  

 AhR expression increases in both RA-treated HL60 (Bunaciu and Yen 2011, Bunaciu and 

Yen 2013) and during monocytic differentiation in HL60 and U937 (Hayashi et al. 1995), and 

promotes Oct4 downregulation (Bunaciu and Yen 2011). However AhR may perform different 

functions during maturation toward one lineage vs. the other. The AhR ligand VAF347 inhibits 

monocytic differentiation (Platzer et al. 2009) but appears to promote RA-induced granulocytic 

differentiation (Ibabao et al., submitted). Also, co-treatment of RA-induced HL60 cells with the 

AhR agonist 6-Formylindolo(3,2-b)carbazole (FICZ) augments CD11b expression, G1/G0 arrest, 

ROS production and expression of signaling factors. AhR also seems to have an emerging 

cytoplasmic role that is distinct from its transcription factor function. Ligand-activated AhR acts 

as a component of a ubiquitin ligase complex (Ohtake et al. 2007), and interestingly, our lab can 

detect a AhR interaction with c-Cbl (Bunaciu et al., submitted), which is a cytoplasmic protein 

and E3 ubiquitin ligase (see above). AhR also immunoprecipitates with Fgr (Bunaciu et al., 

submitted). 
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CHAPTER 3 

 

Materials and methods 

 

 

3.1  Cell Lines 

 

HL60 cells, derived from the original patient isolates, were a generous gift of Dr. Robert 

Gallagher. The cells were maintained by Dr. Andrew Yen’s laboratory and published previously. 

HL60 cells were cultured in RPMI 1640 medium (Invitrogen, Carlsbad, CA) supplemented with 

5% heat-inactivated fetal bovine serum (FBS; Hyclone, Logan, UT) and 1% Antibiotic-

Antimycotic (Invitrogen) and maintained in a 5% CO2 humidified environment at 37
o
C. Cultures 

were maintained in T25 or T75 tissue culture flasks. Cell passages were initiated at either 

0.1x10
6
 cells/ml for three days of growth or 0.2x10

6
 cells/ml for two days of growth. Cell 

viability was monitored via Trypan Blue (Invitrogen) staining and consistently exceeded 95%. 

The RA-resistant HL60 cells lines R38+ and R38+ were isolated as described in Chapter 4 and 

were cultured using the same conditions as wild-type HL60. 

 NB4 cells were generously provided by David Sekula of Ethan Dmitrovsky’s laboratory 

at Dartmouth University. U937 cells were provided by Wee Ming of Tracy Stokol’s laboratory 

(Cornell University), who obtained them from the American Type Cell Culture (ATCC). K562 

cells were provided by Jonathon Shrimp of Hening Lin’s laboratory (Cornell University), who 

obtained them from the ATCC. K562, NB4 and U937 cell lines were cultured in RPMI 1640 

medium containing 10% heat-inactivated FBS and 1% Antibiotic-Antimycotic. NB4 and U937 

cell passages were initiated at 0.2x10
6
 cells/ml while K562 cell passages were initiated at 
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0.3x10
6
 cells/ml, for a maximum three days growth. Cell viability consistently exceeded 95%. A 

comparison of features between these cell lines can be found later in Table 7.1. 

 

3.2 Treatments 

 

All-trans retinoic acid (RA; Sigma, St. Louis MO) was added from a 5 mM stock solution in 

100% ethanol to a final concentration of 1 μM in culture. Ethanol carrier alone was previously 

shown to have no effect on HL60 cells (Hong et al. 2001). 1,25-dihydroxyvitamin D3 (D3; 

Cayman Chemicals, Ann Arbor MI) was added from a 1 mM stock solution in 100% ethanol to a 

final concentration of 0.5 μM in culture. The Src-family kinase inhibitor PP2 (Calbiochem/EMD 

Chemicals, San Diego CA), obtained as a 10 mM solution in DMSO, was added to cultures at a 

final concentration of 10 μM. The c-Raf inhibitor GW5074 (Sigma) was added from a 10 mM 

stock solution in DMSO to a final concentration of 2 μM in culture. The MEK inhibitor 

PD98059 (Cell Signaling, Danvers MA) was added from a 10 mM stock solution in DMSO to a 

final concentration of 2 μM in culture. The PI3K inhibitor wortmannin (Calbiochem) was added 

from a 5 mM stock solution in DMSO to a final concentration of 1 μM in culture. The Akt 

inhibitor Akti-1/2 (Calbiochem) was added from a 10 mM stock solution in DMSO to a final 

concentration of 1 μM in culture. The AhR agonist 6-Formylindolo(3,2-b)carbazole (FICZ; Enzo 

Life Sciences, Exeter, United Kingdom), was added from a 100 μM stock solution in DMSO to a 

final concentration of 100 nM in culture. All DMSO carrier volume levels were well below the 

threshold needed for DMSO-induced differentiation (.025% v/v). Arsenic trioxide (ATO; Sigma) 

was added from a 5 mM stock dilution in water to a final concentration of 2 μM in culture. 
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3.3 Western Blotting and Antibodies 

 

Cell cultures (~15-30x10
6
 cells) were washed twice with PBS (centrifugation at 700 rpm for 5 

min). For total lysate collection, cell pellets were resuspended in 200-350 μl M-PER lysis buffer 

(Thermo Scientific, Rockford IL) supplemented with protease and phosphatase inhibitor 

cocktails (Sigma) at 1:100 volume ratio. After incubation on ice for 30 min, lysates were cleared 

via centrifugation for 30 min at 13,000 x g and DNA pellets were discarded. For collection of 

cytoplasmic and nuclear fractions, cell pellets were resuspended and isolated using the NE-PER 

extraction kit (Thermo Scientific). The BCA Protein Assay kit (Thermo Scientific) was used to 

assess protein yield. For immunoprecipitation, equal lysate protein amounts were precleared with 

30 μl protein A/G beads (Santa Cruz Biotechnology, Santa Cruz, CA) by rotation at 4
o
C for 4-24 

h. After bead removal, samples were treated with 1/100 volume of desired antibody, incubated 

for 1 h on ice, then retreated with 30 μl beads while rotating overnight at 4
o
C before gel loading. 

 Equal amounts of protein lysates (mixed with Laemmli buffer) were resolved by SDS-

PAGE using 10- or 15-well 7.5% or 12% polyacrylamide gels (Bio-Rad, Hercules CA) at 90-160 

V for ~1.2 h. Resolved lysate was then transferred onto PVDF membrane (Millipore, Billerica 

MA) at 400 mA for 1 h, followed by blocking with 5% dry milk w/v in PBS-Tween and three 5-

10 min washes in PBS-Tween while rocking. Antibody dilutions were prepared as a 1:1000 

dilution in 5% BSA w/v PBS-Tween. Blots were incubated with primary antibody overnight at 

4
o
C, washed three times for 5-10 min in PBS-Tween and incubated with horseradish peroxidase 

(HRP)-conjugated secondary antibody for 1 h at room temperature, while rocking. The primary 

antibodies from Cell Signaling (Danvers MA) were specific against ERK1/2, 

phospho(T202/Y204)-ERK1/2, MEK1/2, phospho(T217/221)-MEK1/2, Raf1, phospho(S259)-
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Raf1, phospho(S289/296/301)-Raf1, Lyn, Fgr, pan-phospho(Y416)-SFK, phospho(507)-Lyn, 

Slp76, Vav1, phospho(Y458)-p85 PI3K, Akt, phospho(S473)-Akt, phospho(T308)-Akt, C/EBPα, 

RARα, VDR, EGR1, PU.1, Oct4, GAPDH, TBP and Histone 3 (Cell Signaling, Danvers, MA). 

Secondary antibodies included HRP-linked anti-rabbit IgG and HRP-linked anti-mouse IgG (Cell 

Signaling). Primary antibodies from Santa Cruz Biotechnology (Santa Cruz CA) were specific 

against c-Cbl, AhR and Gfi-1. HRP-linked anti-goat IgG was form Santa Cruz Biotechnology. 

Anti-phospho(S621)-Raf1 was from Thermo Scientific. Anti-IRF-1 and anti-CD38 were from 

BD Biosciences. Blots were developed using an ECL detection kit (Thermo Scientific). 

Chemiluminescence was either visualized using a gel-imaging system or developed on film 

(exposure ranging from 10 s to 2 min). Blots shown are representative of at least three repeats. 

 

3.4 Flow Cytometry: Immunophenotyping 

 

0.5x10
6
 cells were centrifuged at 700 rpm for 5 min. Cell pellets were resuspended in 200 μl PBS 

containing 2.5 μl of either phycoerythrin (PE)-conjugated anti-CD38 antibody and 

allophycocyanin (APC)-conjugated anti-CD11b antibody, or PE-conjugated anti-CD14 antibody 

(BD Pharmingen, San Jose CA). Following incubation at 37
o
C for 1 h, samples were analyzed by 

flow cytometry on a BD LSRII flow cytometer (BD Biosciences, San Jose CA). APC 

fluorescence (excitation using 633 nm, red laser) was collected with a 735 nm dichroic long-pass 

and 660/20 nm band-pass filter. PE fluorescence (excitation at 488 nm, blue laser) was collected 

with a 550 nm dichroic long-pass and 576/26 nm band-pass filter. Undifferentiated control cells 

were used to determine the fluorescence intensity of cells negative for the respective surface 

antigen. Gates for untreated controls were set to exclude 95% of the live cell population peak. 
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3.5 Flow Cytometry: Cell Cycle Analysis 

 

0.5x10
6
 cells were centrifuged at 700 rpm for 5 min. Cell pellets were resuspended in 200 μl of 

cold (4
o
C) hypotonic propidium iodide (PI) staining solution containing 50 μg/ml propidium 

iodide, 1 μl/ml Triton X-100, and 1 mg/ml sodium citrate (all from Sigma) in PBS. Cells were 

incubated in the dark either for 1 h at room temperature or overnight at 4
o
C. Nuclei fluorescence 

was then analyzed on a BD LSRII using 488 nm excitation and collected with a 550 nm dichroic 

long-pass and 576/26 nm band-pass filter. Doublets were identified by a PI signal width
 
vs. area 

plot and excluded from the analysis. 

 

3.6 Flow Cytometry: Respiratory Burst Quantification 

 

1x10
6
 cells were centrifuged at 700 rpm for 5 min. Cell pellets were resuspended in 500 μl PBS 

containing 5 μM 5-(and-6)-chloromethyl-2’,7’-dichlorodihydro–fluorescein diacetate acetyl ester 

(H2-DCF, Molecular Probes, Eugene, OR) and 0.2 μg/ml 12-o-tetradecanoylphorbol-13-acetate 

(TPA, Sigma). Both, H2-DCF and TPA stock solutions were maintained in DMSO at 

concentrations of 0.2 mg/ml and 5 mM, respectively. A control group incubated in H2-DCF and 

DMSO carrier without TPA was included. Cells were incubated for 20 min at 37
o
C prior to 

analysis by flow cytometry. Oxidized DCF was excited by a 488 nm blue laser and emission 

collected in the fluorescein isothiocyanate (FITC) channel with a 505 nm dichroic long-pass and 

530/30 nm band-pass filter. The percent shift in fluorescence intensity in response to TPA 

compared to each DMSO control was indicative of capability to generate inducible oxidative 

metabolites. Gates for DMSO controls were set to exclude 95% of the live cell population peak. 
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3.7 Nitroblue Tetrazolium Assay 

 

1x10
6
 cells were centrifuged at 700 rpm for 5 min. Cell pellets were resuspended in 500 μl PBS 

containing 2 mg/ml nitroblue tetrazolium (NBT; Sigma) and either 0.2 μg/ml 12-O-

tetradecanoylphorbol-13-acetate (TPA; Sigma) or equivalent volume of DMSO carrier. After 1 h 

incubation at 37
o
C, samples were resuspended in 200 μl of 37% HCl (12 M). Absorbance was 

read at 595 nm. Stock NBT was maintained between 25 and 35 mg/ml in DMSO. 

 

3.8 Wright’s Stain 

 

0.1x10
6
 cells were cytospun for 3 min at 700 rpm onto glass slides. Slides were then air-dried 

and stained with modified Wright’s stain using and automatic stainer (Hema-Tek, Siemens, 

Germany).  Slide images were captured at 40X (Leica DM LB 100T microscope, Leica 

Microsystems) using a digital camera (Olympus DP70, Olympus). 

 

3.9 Statistical Analysis 

 

A student’s t-test or analysis of variance (ANOVA) was used to calculate p-values between 

treatment group means, and was performed either within Excel or GraphPad. Hierarchical 

clustering analysis was performed using either SYSTAT 8.0, MATLAB or Cluster 3.0 and 

visualized with TreeView. Distances were based on the Pearson correlation coefficient and 

clustering was conducted using either a single linkage method (Chapter 6) or average linkage 

method (Chapters 5 and 7). 
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CHAPTER 4 

 

The Src-family kinase inhibitor PP2 rescues inducible differentiation events in retinoic 

acid-resistant myeloblastic leukemia cells 

 

 

4.1  Abstract 

 

Retinoic acid is an embryonic morphogen and dietary factor that demonstrates chemotherapeutic 

efficacy in inducing maturation in leukemia cells. Using HL60 model human myeloid leukemia 

cells, where all-trans retinoic acid (RA) induces granulocytic differentiation, we developed two 

emergent RA-resistant HL60 cell lines which are characterized by loss of RA-inducible G1/G0 

arrest, CD11b expression, inducible oxidative metabolism and p47
phox

 expression. However, RA-

treated RA-resistant HL60 continue to exhibit sustained MEK/ERK activation, and one of the 

two sequentially emergent resistant lines retains RA-inducible CD38 expression. Other signaling 

events that define the wild-type (WT) response are compromised, including c-Raf 

phosphorylation and increased expression of c-Cbl, Vav1, and the Src-family kinases (SFKs) 

Lyn and Fgr. As shown previously in WT HL60 cells, we found that the SFK inhibitor PP2 

significantly increases G1/G0 cell cycle arrest, CD38 and CD11b expression, c-Raf 

phosphorylation and expression of the aforementioned regulators in RA-resistant HL60. The 

resistant cells were potentially incapable of developing inducible oxidative metabolism. These 

results motivate the concept that RA resistance can occur in steps, wherein growth arrest and 

other differentiation events may be recovered in both emergent lines. Investigating the 
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mechanistic anomalies in resistant cell lines is of therapeutic significance and helps to 

mechanistically understand the response to retinoic acid’s biological effects in WT HL60 cells. 

 

4.2  Introduction 

 

Retinoids, the family of vitamin A derivatives, have long been known to control differentiation 

processes and have similar mechanisms to those of steroid and thyroid hormones (De Luca 

1991). Retinoic acid (RA) has pro-differentiative and anti-proliferative effects, and is associated 

with embryonic development, maintenance of epithelial linings and prevention of epithelial 

tumorigenesis (De Luca 1991). RA is the current treatment for acute promyelocytic leukemia 

(APL) (Pandolfi and Vogt 2007), and retinoids serve preventative and therapeutic roles in other 

cancers and diseases (Tang and Gudas 2011, Bushue and Wan 2010). However, RA-treated 

myeloid leukemia cells, and RA-treated patients, may develop RA resistance after continual 

treatment. Many RA-upregulated proteins may continue to be expressed in RA-resistant lines, 

indicating that during RA resistance certain signaling pathways remain responsive while others 

do not. For example, RA-dependent upregulation of the surface marker CD38 is observed in both 

wild-type and RA-resistant HL60 (this study) and NB4 cells (Shao et al. 1997).  

 The HL60 cell line is an attractive, comprehensive model for understanding how RA-

induced differentiation and proliferation mechanisms operate. These myeloblastic (FAB M2) 

leukemia cells have been a durable experimental system since the late 1970s (Collins et al. 

1979). HL60 cells are bipotent (Fontana et al. 1981) myelomonocytic precursors, capable of 

being induced to differentiate into monocytes or granulocytes (Collins 1987, Birnie 1988). 
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Treatment with all-trans retinoic acid (RA) induces differentiation of HL60 along the 

granulocytic lineage into neutrophil-like cells (Collins 1987, Birnie 1988).   

 In HL60, inducer treatment results in G1/G0 cell cycle arrest and the cells become 

committed to terminal differentiation. With a doubling time of 20-24 h, HL60 undergo two 

rounds of cell division after RA treatment and are committed to granulopoiesis by 48 h (Yen et 

al. 1987). RA-induced HL60 cells characteristically upregulate various surface proteins, 

including CD38 and CD11b. CD11b is an integrin component expressed in neutrophils 

(Mazzone and Ricevuti 2005). CD38, an extremely early marker of RA-induced differentiation 

(Lamkin et al. 2006, Mehta et al. 1997), is a nexus for many signaling proteins also upregulated 

with RA treatment in these cells. Intracellular binding partners of CD38 include Vav1, c-Cbl, 

Slp76 (Shen and Yen 2009), and the Src-family kinase (SFK) Lyn (Zumaquero et al. 2010). 

Ectopic overexpression of either Vav1 (Bertagnolo et al. 2005), c-Cbl (Shen and Yen 2008) or 

Slp76 combined with c-FMS (Yen et al. 2006) has been shown to enhance RA-induced 

differentiation in HL60. Also following differentiation, RA-treated HL60 cells display an 

inducible reactive oxygen species (ROS) response, which is a late, functional marker of mature 

myeloid cells (Breitman et al. 1980, Kobayashi et al. 2001). Another known feature correlated 

with myeloid differentiation in RA-induced HL60 cells is sustained activation of the 

Raf/MEK/ERK signaling axis, also known as the mitogen-activated protein kinase (MAPK) 

phosphorylation cascade (Yen et al. 1988, Wang and Yen 2008).  

 We recently verified in Congleton et al. (2012) that the SFK inhibitor PP2 is able to 

enhance the RA-induced differentiation of HL60 cells. This effect was reported previously in 

both HL60 and NB4 cells (Miranda et al. 2007). PP2 is a pyrazolopyrimidine compound that is a 

potent inhibitor for all SFK members (Hanke et al. 1996, Bain et al. 2007). Lyn and Fgr are the 
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predominant kinases of this family in myeloid cells (Katagiri et al. 1991, Dos Santos et al. 2008). 

Although both Lyn and Fgr are upregulated with RA treatment in HL60 cells, Lyn is the 

predominant SFK phosphorylated in RA-induced HL60 cells (Congleton et al. 2012, Kropf et al. 

2010). This, and the existence of a PP2-induced Lyn/c-Raf interaction in HL60 cells (Congleton 

et al. 2012), implicates Lyn as a key component of the differentiation process in these cells. 

Therefore, although there are potential off-target effects, PP2 treatment may enhance the induced 

granulocytic differentiation of HL60 leukemia cells through a Lyn dependent process. 

 In this study, we first introduce and characterize two novel RA-resistant HL60 cell lines. 

These RA-resistant HL60 cells do not arrest in G1/G0, upregulate CD11b nor display an 

inducible ROS response after RA treatment. However, one RA-resistant HL60 line continues to 

express CD38 after RA treatment (R38+) while the sequentially emergent line has lost this 

ability (R38-). Both R38+ and R38- display sustained MEK/ERK activation 48 h after RA 

treatment, but have lost the corresponding increased c-Raf phosphorylation seen in RA-induced 

wild-type (WT) HL60. Both RA-resistant lines also fail to upregulate the signaling proteins 

Vav1, c-Cbl, Lyn and Fgr after RA treatment. We show that these signaling events can be 

recovered in the RA-resistant cells with PP2 treatment. PP2 also recovers aspects of RA-induced 

differentiation, in particular G1/G0 arrest and CD11b expression. 

 

4.3  Results 

 

4.3.1 Emergence of R38- from R38+ 
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It is common practice to develop treatment-resistant subclones of cell lines by maintaining the 

cell culture at a high density in treated media; unique RA-resistant HL60 cells lines have been 

developed separately by several laboratories (e.g. Dermime et al. 1993, Dore and Momparler 

1996, Rosenauer et al. 1997). For this study, RA-resistant HL60 cells were established by 

continual growth of wild-type (WT) HL60 cells in RA-treated growth media (1 μM). During 

continual treatment, cells were sorted using allophycocyanin (APC)-conjugated anti-CD38 

antibody (Invitrogen) three times once a week using fluorescence activated cell sorting (FACS) 

on a BD FACSAria (BD Biosciences) to isolate CD38-positive cells that remained viable in long 

term RA exposure. These cells were originally termed CR HL60 and were continually cultured 

in 1 μM RA and exhibited upregulated CD38 expression but not CD11b expression (Figure 4.1) 

 Arsenic trioxide (ATO) has been used therapeutically for centuries (Lengfelder et al. 

2012). Arsenic trioxide is well known to enhance the differentiative effects of RA and is used 

clinically in combination with RA to treat patients with acute promyelocytic leukemia (APL) 

(Chen et al. 2001b, Lengfelder et al. 2012). We initiated our studies with the RA-resistant HL60 

cells (CR HL60) by assessing whether differentiation in these cells could be rescued by ATO 

treatment. However, ATO could not augment CD38 or CD11b expression or G1/G0 arrest in the 

RA-resistant CR HL60 cells (Figure 4.2A-C). However during treatments, we noticed a drop in 

the CD38 expression of the CR HL60—this is because the fluorescence signal was being 

diverted to a second population. 

 During combined ATO and RA treatments, a second RA-resistant subclone emerged 

from the first RA-resistant line as evidenced by a growing (over time) CD38 unshifted peak 

during cytometry experiments (Figure 4.3). This second RA-resistant line was isolated by FACS 

using anti-CD38 antibody and two-way sorting. A second two-way sort was performed to 
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Figure 4.1.  CD38 and CD11b markers for an isolated RA-resistant HL60 subline. 

 

PE (CD38) and APC (CD11b) fluorescence intensity histograms for wild-type (WT) HL60 

cells, untreated and retinoic acid (RA)-treated, compared to cultured-in-RA-resistant (CR) 

HL60 cells at 48 h. RA induces CD38 and CD11b expression in WT HL60 cells (percent 

shifts indicated in bold). The isolated RA-resistant HL60 cultured in RA (CR) exhibit high 

CD38 levels as expected, but fail to exhibit CD11b expression, a slightly later differentiation 

marker. 
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Figure 4.2.  Arsenic trioxide treatments for wild-type and RA-resistant HL60 cells. 

 

Retinoic acid (RA) and arsenic trioxide (ATO) treatments of wild-type (WT), cultured-in-RA-

resistant (CR) and CR released-from-RA (CR rel) HL60 cells at 24, 48 and 72 h. (A-C) RA 

induces increasing CD38 and CD11b expression and G1/G0 arrest in WT HL60 cells over 

time. ATO treatment can enhance CD11b expression levels, but had little effect on CD38 and 

G1/G0 cell cycle arrest. RA-resistant HL60 cultured in RA (CR) exhibit high CD38 levels as 

expected, but fail to exhibit CD11b expression, G1/G0 arrest, and do not respond to ATO 

treatment . RA-resistant HL60 that were simultaneously released from RA-treated media (CR 

rel) and treated with ATO also did not exhibit any inducible increase in CD38, CD11b or 

G1/G0 arrest. Interestingly, CR and CR rel HL60 cells exhibited decreasing CD38 expression 

over time. We found this to be due to a increase in fluorescence diverted to a separate, 

emergent CD38-negative subpopulation that increased over time (see Figure 4.3).  
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Figure 4.3.  Emergence of a second RA-resistant HL60 subline. 

 

PE fluorescence intensity (CD38 surface expression) histograms for cultured-in-RA-resistant 

(CR) HL60 cells over 84 days. Cultured-in-RA-resistant (CR) HL60 cells initially display 

elevated CD38 expression (histogram located in gate P2). An emergent subpopulation that 

does not express CD38, despite continual RA exposure, is indicated by a low PE-signal peak 

(arrow, top left graph). Over the course of 84 days, the CD38-negative subpopulation 

continues to increase. The two distinct RA-resistant HL60 cells lines, one with RA-inducible 

CD38 expression and one that has lost RA-inducible CD38 expression, were separated using 

two rounds of two-way fluorescent activated cell sorting (FACS) and the separated cell lines 

were termed R38+ and R38-, respectively (bottom right graph). 
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R38- R38+ 
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completely isolate the two distinct RA-resistant cell lines. Following this, the two cell lines were 

removed from RA-treated media and grown in untreated media. The original (first) RA-resistant 

cell line showed reduced CD38 expression when returned to untreated media conditions, but, 

similar to wild-type HL60, CD38 expression could be rapidly induced again by RA treatment 

(Figure 4.4). However, the sequentially emergent (second) RA-resistant HL60 cell line could not 

upregulate CD38 expression in response to RA. Thus the two distinct and sequentially emergent 

cell lines were termed R38+ (RA-inducible CD38) and R38- (non-RA-inducible CD38). 

 

4.3.2 Characterization of Two Resistant HL60 Cell Lines 

 

In WT HL60 cells, RA treatment results in increased CD38 (~98%) and CD11b (~40%) surface 

expression at 48 h (Figure 4.5A). The first RA-resistant HL60 cell line, termed R38+, also shows 

~98% increase in CD38 expression after 48 h of RA treatment. The second RA-resistant line, 

R38-, shows no RA-induced CD38 expression after 48 h (Figure 4.5A). Neither of the RA-

resistant HL60 cell lines were able to upregulate CD11b, a slightly later differentiation marker, 

48 h after RA treatment (Figure 4.5A). The percentage of cell population in the G1/G0, S, and 

G2/M phases of cell cycle was investigated. It is known that for RA-treated WT HL60, onset of 

G1/G0 arrest occurs after 48 h (Yen et al. 1988, Congleton et al. 2012). Only WT HL60 cells 

showed any significant increase in the percentage of cell population arrested in the G1/G0 phase 

of cell cycle 48 h after RA treatment (Figure 4.5B). At the later timepoints, 72 h and 96 h (not 

shown), only the WT HL60 cells continue to exhibit growth arrest after RA treatment. 

 The ability to induce reactive oxygen species (ROS) production was determined by 

stimulation with 12-O-tetradecanoylphorbol-13-acetate (TPA). Reduction of nitroblue 



Figure  4.4.  Release from RA-treated media for the two RA-resistant HL60 cell lines. 

 

Single repeat: comparison of CD38 and CD11b expression at 24 and 48 h for control and RA-

treated wild-type (WT) HL60, with FACS-separated R38+ and R38- maintained in RA-

treated media (CR38+ and CR38-), released from RA for 24 or 48 h (38+ and 38- release) or 

14 days (38+ and 38-), and 24 or 48 h RA treatment following 14 days of RA release. RA-

treated WT HL60 display increased CD38 and CD11b expression. FACS-separated CR38+ 

maintain CD38 expression in culture while CR38- have significantly reduced CD38 

expression. R38+ (38+) exhibit RA-inducible CD38 while R38- (38-) do not. 
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Figure  4.5.  Characterization of R38+ and R38- RA-resistant HL60 cells. 

 

CD38 and CD11b expression, cell cycle progression, inducible ROS production and p47phox 

expression in control and RA-treated WT, R38+ and R38- HL60 cells. Error bars represent 

standard error of at least three repeats. p-values were calculated using a student’s t test and 

are compared between untreated respective control unless otherwise indicated. (A) Percent 

positive signal, WT control was set to exclude 95% of the live cell population peak. RA-

treated WT HL60 display significant (p<<0.001) increased CD38 (~98%) and CD11b (~40%) 

protein surface expression after 48 h. RA-treated R38+ also significantly (p<<0.001) 

upregulate CD38 (~98%) surface expression at 48 h. However, neither RA-treated R38+ nor 

R38- displayed any significant upregulation of CD11b at 48 h. (B) RA-treated WT HL60 cells 

exhibit significant (p<0.01) increased G1/G0 arrest (~60%) after 48 h. However, neither RA-

treated R38+ nor R38- exhibited any increased G1/G0 growth arrest at 48 h. (C) At 48 h and 

72 h, only RA-treated WT HL60 cells display a significant TPA-induced ROS response 

(p<0.01 compared to both control and RA-treated resistant cells). Neither RA-treated R38+ 

nor R38- were able to exhibit ROS production after stimulation with TPA at either 48 or 72 h. 

(D) RA-treated WT HL60 cells show enhanced p47phox expression after 48 h, whereas only 

minimal p47phox expression is induced by RA in R38+ and R38-.  
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tetrazolium (NBT) into a blue formazan product in the presence free radical oxygen served as the 

reporter of ROS production. At 48 h, only RA-treated WT HL60 cells display an inducible ROS 

production response (Figure 4.5C). We also assessed NBT reduction at 72 h, and this confirmed 

that by 72 h, RA-treated WT HL60 cells are capable of inducible ROS production, whereas the 

RA-resistant HL60 cells have lost this function. In addition to NBT reduction, the expression of 

the p47
phox

 protein was examined. The p47
phox

 protein is a component of the NADPH oxidase 

complex, which is responsible for generating free oxygen radicals (Kobayashi et al. 2001). The 

upregulated expression of p47
phox

 after RA-treatment is greatly diminished in both R38+ and 

R38- (Figure 4.5D). Meanwhile, RA-treated WT HL60 cells show striking upregulation of 

p47
phox

 at 48 h. In conclusion, the lack of CD11b expression, G1/G0 cell cycle arrest and 

inducible ROS production verifies that both R38+ and R38- HL60 cell lines are indeed resistant 

to treatment with RA. 

 

4.3.3 Expression and Activation of Intracellular Signaling Proteins 

 

Sustained activation of the Raf/MEK/ERK proteins is a long-known feature of RA-treated HL60, 

and direct inhibition of MEK (and subsequently ERK as well as c-Raf) using PD98095 has been 

shown to abolish RA-induced differentiation of HL60 (Yen et al. 1998, Wang and Yen 2008). 

We assessed whether sustained activation of MEK and ERK occurs with RA treatment in RA-

resistant HL60 cells, and found that indeed MEK and ERK always show increased 

phosphorylation 48 h after RA treatment in both R38+ and R38- cells (Figure 4.6A). Total levels 

of MEK and ERK remained unchanged after RA treatment. 
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Figure 4.6.  Signaling factor expression in WT, R38+ and R38- RA-resistant HL60 

 cells. 

 

 

48 h Western blot data for control and RA-treated WT, R38+ and R38- HL60 cells. A 

representative blot is displayed above its respective bar graph, and each bar graph (error bars 

represent standard error) presents the fold change respective to each control. Fold change was 

calculated after performing densitometry across three or more repeated blots. Note that the y-

axis scale for each bar graph differs. (A) There was no change in total ERK or MEK levels for 

any cell line. RA induces MEK and ERK phosphorylation in all three cell lines. Only RA-

treated WT HL60 cells show upregulation of c-Raf expression. Also, only RA-treated WT 

HL60 cells exhibited increased c-Raf phosphorylation at S259, S621 and S289/296/301. 

Neither R38+ nor R38- displayed increased c-Raf expression or phosphorylation after RA 

treatment. (B) RA-treated WT HL60 cells show upregulation of Lyn, Fgr, Vav1, and c-Cbl 

expression. RA-inducible Slp76 expression was evident in R38+ and R38-. 

Immunoprecipitation of c-Cbl followed by blotting of CD38 reveals that there is little CD38 

and c-Cbl interaction compared to RA-induced WT HL60. GAPDH (not shown) served as 

loading control; c-Cbl (not shown) served as control for c-Cbl immunoprecipitation. 
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 We next investigated c-Raf expression, which increases with RA treatment in WT HL60, 

but this increase is absent in the RA-resistant cells (Figure 4.6A). We also determined the 

phosphorylation of the S259, S621, and collectively the S289/296/301 sites on c-Raf after 48 h 

of RA treatment. Consistent with c-Raf expression, phosphorylation at these sites on c-Raf is 

increased 48 h after RA treatment in WT HL60 cells, but does not increase in R38+ or R38- 

(Figure 4.6A), despite concurrent MEK/ERK activation. It appears that phosphorylation at these 

c-Raf sites is uncoupled from MEK/ERK activation in the RA-resistant cells (see Discussion). 

 Signaling proteins known to interact with CD38 are upregulated during RA-induced 

differentiation in WT HL60 cells; these include c-Cbl, Vav1, Slp76 (Shen and Yen 2009) and 

Lyn (Zumaquero et al. 2010). In RA-resistant HL60 cells, Slp76 was the only one of these 

factors that might be upregulated 48 h after RA treatment (Figure 4.6B). For Vav1, c-Cbl and 

Lyn, RA-induced expression was prominent only for the WT HL60 across all repeats. Also, we 

found that Fgr is similarly upregulated in RA-induced WT HL60 but does not increase in the 

resistant cells. An immunoprecipitation of c-Cbl reveals that in RA-treated R38+ (which express 

CD38 after RA treatment), there was reduced c-Cbl interaction with CD38 compared to RA-

treated WT HL60 (Figure 4.6B). 

 

4.3.4 PP2 Rescues the Differentiation of RA-resistant HL60 

 

It was confirmed by Congleton et al. (2012) that PP2 treatment alone and with RA is able to 

enhance differentiation markers (CD11b, G1/G0 arrest, p47
phox

 expression and c-Raf 

phosphorylation) in WT HL60 cells. This led us to ask whether PP2 could rescue similar events 

in the RA-resistant HL60 cells. We found that, in the R38+ cells, combined PP2+RA treatment 
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could increase CD11b expression to levels comparable with RA-induced WT HL60 cells (~40%) 

after 48 h (Figure 4.7A). Since CD38 is already maximally expressed with RA treatment in R38+ 

cells, combined PP2+RA treatment could not enhance CD38 expression further. However, PP2 

alone could induce some (~50%) CD38 expression (Figure 4.7A). In the R38- cells, PP2 

treatment had a diminished yet visible effect on CD38 and CD11b expression, with combined 

PP2+RA treatment resulting in minor CD38 (40%) and CD11b (20%) increase in expression 

after 48 h (Figure 4.7A). In both RA-resistant HL60 cell lines, PP2 treatment alone and co-

treated with RA enhanced the G1/G0 cell cycle arrest after 48 h (Figure 4.7B) to nearly 70%. 

 PP2 in combination with RA can upregulate the p47
phox

 protein in both R38+ and R38- 

(Figure 4.8C). We found that, despite upregulated p47
phox

 expression seen in PP2-treated WT 

HL60 cells (Congleton et al. 2012), PP2 treatment diminished the inducible ROS response seen 

in RA-treated WT HL60 (Figure 4.8B). As expected, PP2 was potentially incapable of rescuing 

the inducible ROS production in both R38+ and R38- cell lines (Figure 4.8A). However, this 

may not be indicative of incomplete functional differentiation (see Discussion). 

 

4.3.5 Expression and Activation of Intracellular Signaling Proteins with PP2 

 

We investigated the Raf/MEK/ERK cascade and expression of CD38 binding partners after 48 h 

of PP2 and PP2+RA treatment in both RA-resistant HL60 cell lines. Intriguingly, the presence of 

PP2 grossly cripples the phosphorylation of ERK and MEK in RA-treated cells, with no change 

in total MEK or ERK levels (Figure 4.9A). In contrast to this, PP2 treatment both alone and with 

RA rescues c-Raf expression and c-Raf phosphorylation at S259, S621 and S289/296/301 in 

R38+ and R38-. Again, there is an apparent disconnect between phosphorylation at these c-Raf 



Figure  4.7.  CD38, CD11b and G1/G0 arrest for PP2-treated RA-resistant HL60 cells. 

 

Error bars represent standard error of at least three repeats. p-values were calculated using a 

student’s t test and are compared between untreated respective control unless otherwise 

indicated. (A) percent positive signal, controls were set to exclude 95% of the live cell 

population peak. After 48 h, PP2 induces significant (p<0.001) CD38 expression (to nearly 

50%) in R38+. Combined PP2+RA treatment in R38+ significantly increases (p<0.001) 

CD11b to levels comparable with those of RA-treated WT HL60 cells (around 40%). In  R38-

, co-treatment resulted in diminished yet still significant increases CD38 (p<0.05, nearly 

40%) and CD11b (p<0.01, more than 20%) expression. PP2 treatment alone had no 

significant effect on Cd38 or CD11b expression in R38-. (B) PP2 induces growth arrest (more 

than 60%) in both R38+ (p<0.01 alone and with RA) and R38- (p<0.01 with PP2 alone, 

p<0.05 with co-treatment). 
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Figure  4.8.  Reactive oxygen species production in PP2-treated RA-resistant HL60 

 cells. 

 

To assess ROS production, control and PP2-, and/or RA-treated WT, R38+ and R38- HL60 

cells were stimulated with TPA and analyzed by NBT reduction. Error bars represent standard 

error of at least three repeats. p-values were calculated using a student’s t test and are 

compared between untreated respective control unless otherwise indicated. (A) RA-resistant 

lines R38+ and R38- display no significant inducible ROS production during PP2, RA, or 

PP2+RA treatment at 48 h or 72 h. (B) In RA-treated WT HL60, PP2 treatment decreases 

NBT Reduction compared to RA alone (p<0.01 compared to control). (C) At 48 h, combined 

PP2+RA treatment can upregulate p47phox in R38+ and R38- HL60. 
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Figure  4.9. Signaling factor expression in PP2-treated RA-resistant HL60 cells. 

 

48 h Western blot data for control, PP2, RA and PP2+RA treated R38+ and R38-. A 

representative blot is displayed above its respective bar graph, and each bar graph (error bars 

represent standard error) presents the fold change respective to each control. The fold change 

was calculated after performing densitometry across three or more repeated blots. Note that 

the scale of y-axis for each bar graph differs. (A) There was no change in total ERK or MEK 

levels during any treatment for either R38+ or R38-. Interestingly, PP2 (alone and when co-

treated with RA) decreases MEK and ERK phosphorylation in both R38+ and R38-. However 

PP2 and PP2+RA treatment induces upregulation of c-Raf expression and c-Raf 

phosphorylation at S259, S621 and S289/296/301 in both R38+ and R38-. (B) PP2 and 

PP2+RA induces upregulation of Lyn, Vav1, c-Cbl and Slp76 expression. Y416 

phosphorylation is reduced with PP2 treatment. (C) Fgr can be detected with combined RA 

and PP2 treatment, but not with PP2 alone in both R38+ and R38-. Although the blots of Fgr 

were repeated three or more times, the blot that additionally displays the band for RA-treated 

WT HL60 (in the blot shown) was performed once. GAPDH (not shown) served as loading 

control. 

74 

(previous) 



75 
 

sites and downstream MEK/ERK phosphorylation in both RA-resistant cell lines (see 

Discussion). PP2 also upregulates the expression of Vav1, c-Cbl, Slp76, and Lyn (Figure 4.9B) 

in R38+ and R38-. In WT HL60, PP2 inhibits Src-family kinase (SFK) Y416 phosphorylation 

(Lyn Y397), while co-treatment with RA protects phosphorylation at this site in the presence of 

PP2. Similar to the WT HL60, as reported by Congleton et al. (2012), Lyn phosphorylation 

evaluated with antibody for pan
pY416

SFK (i.e. pY397-Lyn) was decreased with PP2 treatment, 

but unlike WT HL60, co-treatment with both PP2+RA did not protect this phosphorylation in 

R38+ or R38-. Interestingly, in R38+ combined PP2+RA treatment was able to upregulate Fgr 

expression to a similar level as in RA-treated WT HL60 (Figure 4.9C). Combined PP2+RA 

treatment also increased Fgr expression in R38-, but to a lesser degree as compared to RA-

treated WT HL60 (Figure 4.9C). 

 

4.3.6 Visualization of Cell Morphology 

 

We were interested in visualizing the morphological changes that occur in RA-resistant vs. WT 

HL60 cells after RA, PP2 or combined treatment. At 72 h, untreated control cells are round, 

stem/blast-like cells with large, round to oval nuclei (Figure 4.10). RA-treated RA-resistant cells 

share the same morphology with untreated control cells. PP2 treatment in both WT and the two 

RA-resistant lines induced a shift from the round morphology into irregularly shaped cells with 

more indented nuclei characteristic of early neutrophilic differentiation. RA induction in the WT 

HL60 also had this effect. Combined PP2+RA treatment in WT, R38+ and R38- accelerated the 

morphological changes induced by PP2 alone, revealing later-stage neutrophilic differentiation. 

 



Figure 4.10. Wrights stain cytology for PP2-treated wild-type and RA-resistant HL60 

 cells.  

 

Control WT cells are round; at 72 h RA-treated R38+ and R38- also retain a round, stem-like 

appearance with a high nuclear/cytoplasmic ratio. WT HL60 cells show morphological 

changes consistent with differentiation toward granulocytes when treated with RA, PP2, or 

PP2+RA. Meanwhile the two RA-resistant HL60 cell lines, R38+ and R38-, both show 

morphological changes consistent with differentiation only during PP2 and PP2+RA 

treatment, but not RA treatment alone. 
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4.4  Discussion 

 

4.4.1 Summary of RA Resistance 

 

The HL60 myeloblastic leukemia cell line provides a durable system for studying retinoic acid 

(RA)-induced differentiation mechanisms. In these cells, RA-induced terminal differentiation 

along the granulocytic lineage is accompanied by various phenotypic and functional changes. 

These include surface expression of CD38 and CD11b, growth arrest in the G1/G0 cell cycle 

phase, the ability to produce reactive oxygen species (ROS), upregulation of p47
phox

 and a 

sustained MAPK activation signal. RA treatment also induces upregulation of CD38-binding 

partners, including Vav1, c-Cbl, Slp76, and also the Src-family kinases (SFKs) Lyn and Fgr.  

 We established two RA-resistant HL60 cells lines: R38+ and R38-. RA resistance has 

previously been found to be attributable to mutation of the RARα gene (Pratt et al. 1990, 

Robertson et al. 1992, Dore and Momparler 1996). However, expression of unmutated RARα did 

not rescue RA responsiveness in one case (Pratt et al. 1990). Meanwhile, RA resistance in 

various in vitro cell lines is not always accompanied by complete loss of internal signaling. It 

was found that RA-dependent upregulation of the surface marker CD38 is observed in both wild-

type (WT) and RA-resistant HL60 (this study) and NB4 cells (Shao et al. 1997). CD38, an 

extremely early marker of granulocytic/monocytic differentiation, contains a strong retinoic acid 

response element (RARE) in its first intron, to which ligand-bound retinoic acid receptor (RAR) 

heterodimerized with retinoid receptor (RXR) can bind and elicit transcription (Tang and Gudas 

2011, Bushue and Wan 2010, Lamkin et al. 2006, Mehta et al. 1997). The fact that RAR/RXR is 

seemingly still functionally capable of eliciting transcription (CD38 expression) in RA-resistant 
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HL60 cells indicates that other mechanisms emerge to confer resistance, although their nature is 

yet to be fully elucidated. 

 The response these two resistant lines exhibit to RA and/or PP2 treatment compared to 

RA-treated WT HL60 are diagramed in Figure 4.11 for clarity. Both resistant cell lines fail to 

respond to RA treatment in that they do not upregulate CD11b, arrest in G1/G0 nor gain an 

inducible ROS function or significantly upregulate p47
phox

 (Figure 4.11B-C). The R38+ cell line, 

however, retains RA-inducible CD38 expression while R38- has lost this ability. Both R38+ and 

R38- exhibit sustained ERK and MEK phosphorylation 48 h after RA treatment, but show no 

increase in c-Raf expression or phosphorylation as compared to RA-induced WT HL60 cells. We 

checked specifically for c-Raf sites that we have previously shown to be phosphorylated in RA-

treated WT HL60 cells, which include the S259, S621 and S289/296/301 sites. Phosphorylation 

at canonical c-Raf activating sites such as S338 and Y340/341 (Tran and Frost 2003, McCubrey 

et al. 2007) cannot be detected in RA-induced WT HL60 cells (Smith et al. 2009).  

 The S259 site is putatively an inhibitory site (Morrison et al. 1993) that prevents 

relocation of c-Raf to the plasma membrane (Kubicek et al. 2002, Dhillon et al. 2007) and thus 

prevents its participation in membrane-initiated signaling events. The constitutively 

phosphorylated S621 site appears to be a stability site that maintains the kinase activity of c-Raf 

(Morrison et al. 1993) and prevents c-Raf degradation (Noble et al. 2008). The S289/296/301 

sites are retrophosphorylated by ERK; whether this phosphorylation is inhibitory (Dougherty et 

al. 2005) or activating (Balan et al. 2006) is subject to debate. In both R38+ and R38-, RA-

induced MEK/ERK activation occurs without increased c-Raf expression or phosphorylation. 

Therefore phosphorylation at these c-Raf sites is uncoupled from MEK/ERK activation in the 

RA-resistant cells. This suggests that RA may initiate MEK and ERK phosphorylation through a 
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Figure 4.11. Review of RA and PP2 treatment findings in wild-type and RA-resistant 

 HL60. 

 

Signaling events that occur in (A) RA-treated wild-type (WT) HL60 are lost in (B-C) RA-

resistant HL60 cells. (D-G) PP2 and PP2+RA treatment can rescue these signaling events. 
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c-Raf-independent mechanism. It is known that retinoids can directly bind kinases like PKC and 

even c-Raf (Hoyos et al. 2005), suggesting that RA can affect signaling independent of its 

transcriptional effects. In NIH3T3 cells, ERK phosphorylation was found to be more extensive 

during c-Raf knockdown than control (Lee 2006). 

 The RA-resistant lines also fail to exhibit increased expression of Lyn, Fgr, Vav1, or c-

Cbl 48 h after RA treatment, while retaining RA-inducible Slp76 expression. Lyn and Fgr are the 

predominant SFKs in myeloid leukemia cells (Katagiri et al. 1991, Dos Santos et al. 2008) and 

Lyn binds to CD38 (Zumaquero et al. 2010, Congleton et al. 2014). Vav1, expressed solely in 

hematopoietic cells, is upregulated in RA-induced HL60 cells (Bertagnolo et al. 2004) and serves 

a cytoplasmic role as an adaptor and guanine nucleotide exchange factor (GEF), as well as a 

nuclear role as a transcription factor and cytoskeletal remodeling protein (Bertagnolo et al. 2004, 

Brugnoli et al. 2010). Slp76 has several protein binding domains and appears to act as an adaptor 

that exists in an RA-inducible CD38-assocaited complex containing Slp76/Vav1/c-Cbl (Shen and 

Yen 2009).  Transfection of mutant G306E c-Cbl, which cannot interact with CD38, into HL60 

cells eradicates RA-induced differentiation and MAPK signaling (Shen and Yen 2009).  The loss 

of RA-induced expression of all these factors suggests that there is a wide disruption in the RA-

resistant cells of signaling molecules attributed with regulatory roles in the MAPK signaling and 

other pathways needed to drive differentiation (Figure 4.11B-C). We speculate that there is a 

seminal signaling regulator of unknown identity that is disrupted in the resistant cells. 

 

4.4.2 PP2 Rescues Differentiation Markers in RA-resistant HL60 Cells 
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In the RA-resistant HL60 cells, PP2 did not rescue the inducible ROS production response 

measured by NBT reduction. However, this may not be indicative of incomplete functional 

differentiation. This may reflect the dependence of the neutrophil NAPDH-dependent inducible 

oxidative metabolism response on kinases targeted by PP2, in which case the inducible ROS 

results may not bear full fidelity to the degree of differentiation in the presence of this drug. In 

RA-treated WT HL60 cells, co-treatment with PP2 diminishes the inducible ROS response 

measured by NBT reduction (Figure 4.8B), indicating that PP2 may be inhibiting the ROS 

production pathway. Therefore it is unclear whether the ability to produce ROS is restored in the 

RA-resistant cells; upregulation of p47
phox

 during co-treatment argues that the production 

machinery may be intact. 

 Nonetheless, PP2 is able to significantly rescue G1/G0 cell cycle arrest and CD38 and 

CD11b surface expression in RA-resistant HL60 cells, although the rescue of CD38 and CD11b 

in the R38- line is diminished compared to R38+. Although CD38 expression did correlate with 

enhanced CD11b expression upon rescue, overall, retention of RA-inducible CD38 expression 

did not predict a better rescue of the resistant cells as both R38+ and R38- show a similarly 

positive response (G1/G0 arrest, expression of signaling factors) to PP2 treatment. PP2 thus has a 

similar effect on both the RA-resistant and the WT HL60 cells, in that it cannot increase the 

inducible ROS production response, but can promote other differentiation markers (Figure 

4.11D-G). PP2 has previously been shown to reduce proliferation in myeloid blasts (Roginskaya 

et al. 1999), and other cell types (Lee 2006, Spreafico et al. 2008).  

  PP2 was reported to enhance Ras-independent Raf phosphorylation (Lee et al. 2004). 

This is consistent with our data, as we see an increase in S259 phosphorylation, which inhibits 

canonical Ras-induced (membrane-initiated) c-Raf activation (Kubicek et al. 2002). How PP2 
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contributes to enhanced S259, S621 or S289/296/301 c-Raf phosphorylation is not yet 

understood, although we reported in Congleton et al. (2012) that RA and/or PP2 treatment 

induces interaction between Lyn and pS259c-Raf in WT HL60. We have yet to investigate any 

Lyn/c-Raf interaction in PP2-treated RA-resistant cells. However, the existence of a PP2-induced 

Lyn/c-Raf interaction may be seminal to changes in c-Raf phosphorylation at S259 as well as the 

S621 and S289/296/301 sites. 

 Interestingly, PP2 treatment in both R38+ and R38- results in a decrease of ERK 

phosphorylation, an effect that has been documented in other cell lines (Li et al. 2006, 

Yamaguchi et al. 2005, Opavsky et al. 2002). This is disparate of the WT HL60 data reported 

(Congleton et al. 2012), where PP2 treatment had no effect on MEK or ERK activation. This 

points to an uncoupling between c-Raf phosphorylation and MEK/ERK phosphorylation in the 

RA-resistant cells (Figure 4.11D-G). Uncoupling of c-Raf phosphorylation from downstream 

ERK activation during PP2 treatment has been shown previously (Lee 2006). 

 It is unknown how PP2 enhances c-Raf phosphorylation while simultaneously decreasing 

MEK and ERK phosphorylation in R38+ or R38-. However, PP2-induced c-Raf 

phosphorylation, despite a decrease in MEK and ERK phosphorylation, is consistent in that c-

Raf has defined ERK-independent functions (McCubrey et al. 2007, Kolch 2005). c-Raf plays a 

role in apoptosis that is independent of its catalytic activity (McCubrey et al. 2007, Huser et al. 

2001, Chen et al. 2001) and c-Raf may serve scaffolding functions (Kolch 2005). Therefore PP2 

may promote MEK/ERK-independent activities of c-Raf through its effects on Lyn, which is 

capable of interacting with c-Raf. The reason for differences in MEK/ERK activation after PP2 

treatment in WT HL60 (no effect) and the RA-resistant HL60 (decrease) is less clear. 
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 Both PP2 and PP2+RA treatment in R38+ and R38- decrease Y416 (Lyn Y397) 

phosphorylation. However, we note that in RA-treated WT HL60 cells, Lyn phosphorylation is 

preserved with combined PP2+RA treatment (Congleton et al. 2012). Therefore in the PP2-

treated RA-resistant cells, there is a failure for RA to protect continued phosphorylation of Lyn. 

Interestingly, combined PP2+RA treatment is correlated with higher CD38 and CD11b surface 

expression and G1/G0 cell cycle arrest in both WT HL60 (where Lyn phosphorylation is 

preserved) and RA-resistant HL60 (where Lyn phosphorylation is lost). This may indicate that 

Lyn serves a function during differentiation not dependent on this phosphorylation site. Since 

PP2+RA co-treatment in R38+ and R38- enhances CD38 and CD11b markers more than PP2 

alone, we speculate that PP2 may initiate a cascade of events (in place of RA), but RA may help 

drive these signaling events after initiation is achieved.  

 Fgr expression can be detected in R38+ and R38- only with combined PP2+RA treatment 

(Figure 4.9C). Compared to RA-treated WT HL60, this Fgr expression is of similar level in 

R38+ but lower in R38- (Figure 4.9C), indicating that increased Fgr expression may be 

correlated with CD38 expression. Fgr expression is also correlated with higher CD11b and 

p47
phox

 expression. The lack of induced Fgr with PP2 treatment alone again points to Lyn as the 

predominant Src-family kinase, as Lyn expression is better correlated with the induced signaling 

and differentiation-associated changes (c-Raf expression/phosphorylation, expression of Vav1, c-

Cbl, Slp76, and G1/G0 cell cycle arrest) in these cells.  

 Much work remains to be done to understand how signaling is altered in these RA-

resistant HL60 cells. In general, elucidation of c-Raf phosphorylation sites, MAPK feedback 

mechanisms and the role of specific Src-family kinases with non-overlapping functions is still 

needed. By initiating these fundamental inquiries first in model in vitro systems such as HL60, 
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we can expedite and clarify our understanding of multiple, interconnected signaling pathways 

before progressing to in vivo systems. 
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CHAPTER 5 

 

GW5074 and PP2 kinase inhibitors implicate nontraditional c-Raf and Lyn function as 

drivers of retinoic acid-induced maturation 

 

 

5.1 Abstract 

 

The multivariate nature of cancer necessitates multi-targeted therapy, and kinase inhibitors 

account for a vast majority of approved cancer therapeutics. While acute promyelocytic leukemia 

(APL) patients are highly responsive to retinoic acid (RA) therapy, kinase inhibitors have been 

gaining momentum as co-treatments with RA for non-APL acute myeloid leukemia (AML) 

differentiation therapies, especially as a means to treat relapsed or refractory AML patients. In 

this study GW5074 (a c-Raf inhibitor) and PP2 (a Src-family kinase inhibitor) enhanced RA-

induced maturation of t(15;17)-negative myeloblastic leukemia cells and rescued response in 

RA-resistant cells. PD98059 (a MEK inhibitor) and Akti-1/2 (an Akt inhibitor) were less 

effective, but did tend to promote maturation-uncoupled G1/G0 arrest, while wortmannin (a 

PI3K inhibitor) did not enhance differentiation surface marker expression or growth arrest. 

PD98059 and Akti-1/2 did not enhance differentiation markers and have potential, antagonistic 

off-targets effects on the aryl hydrocarbon receptor (AhR), but neither could the AhR agonist 6-

formylindolo(3,2-b)carbazole (FICZ) rescue differentiation events in the RA-resistant cells. 

GW5074 rescued early CD38 expression in RA-resistant cells exhibiting an early block in 

differentiation before CD38 expression, while for RA-resistant cells with differentiation blocked 

later, PP2 rescued the later differentiation marker CD11b; but surprisingly, the combination of 



87 
 

the two was not synergistic. Kinases c-Raf, Src-family kinases Lyn and Fgr, and PI3K display 

highly correlated signaling changes during RA treatment, while activation of traditional 

downstream targets (Akt, MEK/ERK), and even the surface marker CD38, were poorly 

correlated with c-Raf or Lyn during differentiation. This suggests that an interrelated kinase 

module involving c-Raf, PI3K, Lyn and perhaps Fgr functions in a nontraditional way during 

RA-induced maturation or during rescue of RA induction therapy using inhibitor co-treatment in 

RA-resistant leukemia cells. 

 

5.2  Introduction 

 

Two pathways that are extensively targeted via kinase inhibitors are the Raf/MEK/ERK (MAPK) 

and PI3K/Akt signaling cascades, which are known to be activated (often simultaneously) by 

growth factor, cytokine or hormone stimulation, and are frequently subject to deregulation in 

malignant cells (Steelman et al. 2011). The MAPK pathway, once thought to be a three-tiered 

chute for transducing membrane-initiated growth factor signaling, can relay complex signals that 

promote proliferation, mitosis, differentiation, apoptosis, motility or other cell-specific functions. 

Potent MAPK inhibitors cannot function as stand-alone treatments since too many processes 

depend on this pathway. Meanwhile PI3K/Akt activation is associated with pro-survival and 

anti-apoptotic signaling. There is significant interest in employing PI3K (Akinleye et al. 2013) 

and Akt (Martelli et al. 2003) inhibitors to overcome resistance and re-sensitize cells to 

apoptosis-inducing agents.  

 Retinoic acid (RA) is a morphogenic compound and dietary factor that exerts pro-

differentiative and anti-proliferative effects in normal and malignant contexts, including breast, 
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lung and prostate cancer (Bushue and Wan 2010, Tang and Gudas 2011). Yet as a cancer 

therapeutic, RA falls short of its initial success as a potent differentiation induction therapy for 

acute promyelocytic leukemia (APL, FAB M3), in which it induces remission in 80-90% of all 

cases (Tallman and Altman 2009). There is great interest in combining RA with other chemical 

agents, such as other differentiation-inducing compounds, conventional chemotherapies, or 

kinase inhibitors, to both enhance efficacy and overcome emergent RA resistance in non-APL 

acute myeloid leukemia (AML). Current clinical trials assess the effect of RA combined with 

kinase inhibitors such as dasatinib, HDAC inhibitors, or inhibitors of lysine-specific demethylase 

1 (for example: NCT00892190, NCT00867672, NCT00995332, NCT02261779). Here, we tested 

the effects of PD98059 (MEK inhibition), GW5074 (c-Raf inhibition), wortmannin (PI3K 

inhibition), Akti-1/2 (Akt inhibition) and PP2 (Lyn inhibition) during RA-induced maturation in 

the non-APL AML patient-derived myeloblastic leukemia (FAB M2) cell line HL60 (Fontana et 

al. 1981, Dalton et al. 1988) and two RA-resistant sublines. 

 The patient-derived HL60 cell line (FAB M2) lacks the PML-RARα fusion protein 

pathgnomomic for APL, rendering HL60 an attractive model for investigating RA-induced 

mechanisms in a t(15;17)-negative context (Gallagher 2002). RA-treated HL60 cells undergoing 

differentiation display increased CD38 and CD11b expression and G1/G0 cell cycle arrest. With 

a doubling time of 20-24 h, RA-treated HL60 cells complete two cell divisions and are 

committed to granulocytic differentiation by 48 h (Yen et al. 1987, Jensen et al. 2014). Sustained 

activation of the c-Raf/MEK/ERK cascade persists for 48 h and beyond after RA treatment 

(Wang and Yen 2008). However, inhibiting MEK after RA-induced HL60 has completed one 

division cycle does not inhibit RA-induced differentiation (Yen et al. 1998), indicating that 

sustained MEK or ERK activation may be necessary only during the lineage-uncommitted, 



89 
 

priming phase and not for the second (lineage commitment) division. c-Raf phosphorylation 

concurrent with reduced MEK/ERK activation is known (Bunaciu and Yen 2011, Lee 2006, Li et 

al. 2006, Yamaguchi et al. 2005, Opavsky et al. 2002). 

 Despite the sustained ERK activation that occurs in RA-treated HL60 cells, noncanonical 

c-Raf function has emerged as a hallmark of this system. c-Raf propels RA-induced 

differentiation (Yen et al. 1994, Wang and Yen 2008), but induced phosphorylation at the c-Raf 

activating sites S338 and Y340/Y341 cannot be detected in RA-treated HL60 (Smith et al. 2009, 

Tasseff et al. unpublished data). Instead, phosphorylation occurs at the S259 putative inhibitory 

site (Morrison et al. 1993), the S621 putative stability site (Noble et al. 2008) and the 

S289/296/301 c-Raf sites (Congleton et al. 2012, Jensen et al. 2013). The S289/296/301c-Raf 

sites are targets of ERK, but whether these sites are inhibitory (Dougherty et al. 2005) or 

activating (Balan et al. 2006) remains unclear (see Discussion). pS621c-Raf undergoes nuclear 

translocation and interacts with transcription factors in RA-induced HL60 cells (Smith et al. 

2009, Geil and Yen 2013). Phosphorylated S259 has been shown specifically to prevent c-Raf 

membrane localization (Kubicek et al. 2002, Dhillon et al. 2002), and may promote Ras-

independent and membrane-independent functions of c-Raf.  

 An RA-inducible interaction between the Src-family kinase (SFK) Lyn and pS259c-Raf 

was reported by Congleton et al. (2012). Lyn and Fgr are the predominant SFKs in myeloid cells 

(Katagiri et al. 1991, Dos Santos et al. 2008) and both are upregulated by RA treatment in HL60 

cells (Congleton et al. 2012, Jensen et al. 2014). Lyn displays RA-inducible phosphorylation at 

both its activating SFK Y416 site, which on Lyn is Y396 (Kropf et al. 2010, Congleton et al. 

2012) and its inhibitory Y507 site (Bunaciu and Yen 2013). Meanwhile Fgr is not 

phosphorylated at the SFK Y416 site (Y400 on Fgr) after RA treatment (Congleton et al. 2012), 
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implicating Lyn as the primary active SFK in RA-treated HL60, as well as in NB4 cells (Welch 

and Maridonneau-Parini 1997). We recently reported that Lyn and PI3K exhibit RA-inducible 

interaction and phosphorylation, and both bind to the RA-upregulated surface marker CD38, 

which is known to propel differentiation (Congleton et al. 2014). A Lyn/PI3K interaction in the 

context of differentiation has been shown (Kamei et al. 2002, Congleton et al. 2014). Thus 

despite the attractiveness of PI3K inhibitors to diminish cell survival signaling, PI3K inhibition 

may have a negative effect on RA-induced maturation. Akt is the downstream effector of PI3K, 

and interestingly, Akt is able to phosphorylate c-Raf at S259 (Zimmermann and Moelling 1999). 

 We previously developed two sequentially emergent RA-resistant HL60 cells by chronic 

RA-exposure. Both fail to upregulate CD11b expression, G1/G0 arrest and signaling factor 

expression/activation after RA treatment (Jensen et al. 2013). However, one RA-resistant cell 

line retains RA-inducible CD38 expression (R38+ HL60) while the other has lost this marker as 

well (R38- HL60). The SFK inhibitor PP2, which enhances RA-induced differentiation in wild-

type HL60 and NB4 cells (Congleton et al. 2012, Miranda et al. 2007), rescues differentiation in 

both R38+ and R38- RA-resistant HL60 cells (Jensen et al. 2013). Using the kinase inhibitors 

PD98059, GW5074, wortmannin, and Akti-1/2, we found that the c-Raf inhibitor GW5074 also 

emerges as an augmenter of RA-induced differentiation in wild-type and RA-resistant HL60 

cells, and had a similar effect to PP2 as reported previously. In RA-resistant cells, GW5074 was 

more capable in rescuing early events in induced differentiation, whereas PP2 was more capable 

for rescuing late events, however contrary to expectation, the two were not synergistic. 

 

5.3  Results 
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5.3.1  Phenotypic Maturation in Response to Retinoic Acid and Four Kinase Inhibitors 

 

We first examined the effects of combined retinoic acid (RA) and kinase inhibitor treatment on 

phenotypic differentiation markers in wild-type HL60 and two RA-resistant HL60 cell lines, 

R38+ and R38-. Phenotypic changes were assessed at 48 h, which for this system is after onset of 

terminal differentiation (Yen et al. 1987, Jensen et al. 2014). Wild-type HL60 exhibit increased 

CD38 and CD11b expression and G1/G0 cell cycle arrest 48 h after RA treatment (Figure 5.1A-

C). R38+ RA-resistant cells display RA-inducible CD38 expression, an early differentiation 

marker, but do not have increased CD11b, a later differentiation marker, or G1/G0 arrest. R38- 

RA-resistant HL60 cells fail to upregulate all three of these markers (CD38, CD11b, G1/G0 

arrest) after RA treatment. The inhibitors PD98059 (MEK inhibition), GW5074 (c-Raf 

inhibition), wortmannin (PI3K inhibition) or Akti-1/2 (Akt inhibition) were then added with RA 

in co-treatments.  

 Cultures were treated with RA and PD98059 at a non-toxic concentration determined 

previously (Wang and Yen 2008). CD38, an early marker, is maximally expressed after 48 h of 

RA treatment in both wild-type and R38+ HL60, but adding PD98059 failed to upregulate CD38 

in the R38- cells (Figure 5.1A). As previously reported (Geil and Yen 2013), PD98059 reduced 

the RA-induced CD11b expression in wild-type HL60, an indication of diminished maturation 

(Figure 5.1B). Concordantly, CD11b expression (which is not induced by RA in the two RA-

resistant HL60 cell lines) remained unchanged by PD98059+RA treatment. However, 

PD98059+RA did result in slightly enhanced maturation-uncorrelated G1/G0 arrest (see 

Discussion) in wild-type and R38+ HL60 cell lines (Figure 5.1C). 



Figure  5.1.  Phenotypic markers during RA and kinase inhibitor co-treatment in 

 HL60. 

 

Wild-type (WT), R38+ and R38- HL60 cells were treated for 48 h with 1 μM RA, or RA 

combined with 2 μM  PD98059 (PD), 2 μM GW5074 (GW), 1 μM wortmannin (Wo), or 1 

μM Akti-1/2 (Akti) and analyzed by flow cytometry for (A) CD38 expression, (B) CD11b 

expression, or (C) G1/G0 cell cycle arrest. Asterisks for p-values of treatment group means 

compared to control indicate whether p<0.0001 (****), p<0.001 (***), p<0.01 (**) or p<0.05 

(*). (A) CD38 is maximally expressed in WT and R38+ HL60 and not inhibited by any kinase 

inhibitor treatment. GW5074 significantly increase CD38 expression in R38- cells. (B) 

CD11b is increased by RA and enhanced by GW5074 in WT HL60 cells, while all other co-

treatments reduced the RA-induced CD11b expression. GW5074 can significantly increase 

CD11b expression in R38+ and R38-. (C) GW5074 can enhance RA-induced G1/G0 arrest in 

WT HL60 and rescue G1/G0 arrest in R38+ and R38-. Akti-1/2 and PD98059 also tended to 

increase G1/G0 arrest. 
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 The c-Raf inhibitor GW5074 had unexpected results. Co-treatment with this inhibitor 

strongly induced CD38 expression in the R38- cells. This is the greatest rescue of CD38 

expression we have seen in R38- cells compared to other treatments that have also increased 

CD38, such as 1,25-dihydroxyvitamin D3 (Jensen et al. 2014) and PP2 (Jensen et al., 2013). 

GW5074 co-treatment seemed less capable at increasing CD11b expression in R38-, suggesting 

that the drug could target early but not late events of the defective differentiation program in 

R38- (Figure 5.1A-B). In contrast, GW5074 greatly enhanced RA-induced CD11b expression in 

wild-type HL60 cells (Figure 5.1B). Combined RA and GW5074 treatment also lead to a 

significant increase in CD11b expression in R38+ cells.  GW5074+RA enhanced cell cycle arrest 

in wild-type HL60, and to a lesser extent in the RA-resistant HL60 cell lines (Figure 5.1C). 

GW5074 was used at a concentration previously determined to not induce growth arrest when 

treated alone in wild-type HL60 (Tasseff et al. unpublished data). 

 Dose response experiments with the PI3K inhibitor wortmannin in these cells indicated 

that concentrations as high as 2 μM do not enhance CD38 expression, CD11b expression or 

G1/G0 arrest (Figure 5.2A-B). Thus PI3K inhibition at 1 μM, which could reduce cell culture 

density (data not shown), could not promote RA-induced differentiation events in wild-type or 

RA-resistant HL60 (Figure 5.1A-C). Wortmannin+RA co-treatment had no effect on surface 

marker expression in RA-resistant HL60 cells and reduced CD11b expression in RA-treated 

wild-type HL60. Wortmannin+RA did not enhance G1/G0 arrest; in R38- wortmannin co-

treatment actually decreased growth arrest. 

 Co-treatment with Akti-1/2 also did not promote surface marker expression, and reduced 

CD11b expression in RA-treated wild-type HL60 (Figure 5.1A-B). However, unlike 

wortmannin, Akti-1/2+RA did cause a slight increase in G1/G0 cell cycle arrest in all three HL60 



Figure  5.2.  Dose responses to wortmannin and Akti-1/2 in wild-type, R38+ and R38- 

 HL60 cells. 

 

Single or two repeats of dose response investigation (p-values not calculable). (A) 

Wortmannin doses of 100 nM, 200 nM, 500 nM, 1μM and 2 μM were co-treated with RA in 

wild-type (WT) HL60 cells, and did not affect CD38 or CD11b expression at 48 h. (B) A 

wortmannin dose as high as 5 μM did not affect G1/G0 arrest at 48 h. (C-D) Akti-1/2 doses as 

high as 10 μM did not increase CD38 or CD11b expression after 24 or 48 h in WT HL60. (E) 

Akti-1/2 treated at 5 or 10 μM could induce G1/G0 arrest in WT HL60 cells at 48 h. (F) Akti-

1/2 treated at 1 μM could not rescue CD38 or CD11b expression in R38+ or R38- cells at 48 

h. (G) Akti-1/2 treated at 1 μM did tend to increase G1/G0 arrest at 48 h across all cell lines. 

(H) Akti-1/2 treated at 1 μM on PP2+RA-treated WT HL60 has little effect on CD38 or 

CD11b expression at 48 h. (I) Akti-1/2 treated at 1 μM on PP2+RA-treated WT HL60 has 

little effect on G1/G0 arrest at 72 h. (J) Akti-1/2 treated at 1 μM had little effect on PP2+RA-

treated WT, R38+ or R38- HL60 cells at 48 h. (K) Akti-1/2 treated at 1 μM increased 

PP2+RA-induced G1/G0 arrest at 48 h WT, R38+ or R38- HL60 cells. 
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cell lines (Figure 5.1C). Dose response studies to Akti-1/2 indicated that doses as high as 5 μM 

and 10 μM induced G1/G0 growth arrest by 48 h in wild-type and RA-resistant HL60 cells, but 

CD38 and CD11b levels remained unaffected (Figure 5.2C-G). 

 Overall wortmannin treatment emerged as the worst strategy for improving RA-induced 

maturation. PD98059 and Akti-1/2 could increase RA-induced G1/G0 arrest but could not 

improve surface marker expression and instead reduced the CD11b differentiation marker of RA-

treated wild-type HL60 cells. Combined GW5074+RA slightly increased G1/G0 arrest, but to 

our surprise greatly enhanced CD38 expression in R38- HL60 cells and enhanced CD11b 

expression in all three cell lines, the parental HL60 and its progressively more resistant 

derivatives, R38+ and R38-. Thus in addition to the Src-family kinase inhibitor PP2 reported 

previously (Jensen et al. 2013), GW5074 emerges as a kinase inhibitor effective at upregulating 

RA-inducible maturation-specific events in wild-type and RA-resistant HL60 cells. 

 

5.3.2  Correlation between Signaling Factors during Induction with Retinoic Acid and Five 

 Kinase Inhibitors 

 

We next investigated the trends in expression and activation of several kinases implicated in 

regulating RA-induced maturation. A diagram of a potential interrelated kinase module involving 

these factors, curated from literature and our own reports, is depicted in Figure 5.3. We assessed 

the cytoplasmic and nuclear expression and activation of these kinases, which include c-Raf, 

MEK, ERK, p85 PI3K, Akt, Lyn, Fgr, c-Cbl and the transcription factor AhR. Wild-type, R38+ 

and R38- cells were treated with RA alone or with RA combined with one of five inhibitors: 

PD98059, GW5074, wortmannin, Akti-1/2 or PP2. We assessed nuclear and cytoplasmic 



Figure  5.3.  Schematic of interrelated kinase module implicated in RA-induced 

 differentiation. 

 

A simplified diagram of the interactions and functional relationships between the proteins 

investigated in this Chapter, curated from literature: Bunaciu and Yen 2013 Mol Can; Bunaciu 

et al. 2014 (submitted); Yim et al. 2004 Biochem Biophys Res Commun; Congleton et al. 

2012 Leukemia; Congleton et al. 2014 Cell Signal; Bunda et al. 2014 Oncogene; Dhillon et 

al. 2007 Oncogene; Steelman et al. 2011 Aging; Zimmermann and Moelling 1999. 
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expression and phosphorylation events at 48 h after RA addition, the time at which onset of 

terminal differentiation occurs in the wild-type cells.  

 Repeat Western blot data for wild-type, R38+ and R38- HL60 cells were quantified using 

ImageJ (Figures 5.5a-5.7b). Repeat averages across all cell lines and treatments were subject to 

hierarchical clustering using the Pearson correlation coefficient as a distance metric and an 

average linking method (Figure 5.4). Interestingly, total Akt expression, Akt phosphorylation at 

S473 and T308, and activated MEK (pMEK) and ERK (pERK) were all grouped into a cluster 

that was far removed from the rest of the proteins, which formed a large separate cluster (Figure 

5.4). While total Akt expression levels were detectable, expression remained unchanged across 

combination treatments and Akt phosphorylation was also unchanged, and sometimes 

undetectable (Figures 5.5b, 5.6b, 5.7b). One exception to this was S473 Akt phosphorylation 

which was strongly induced by PP2+RA in wild-type HL60 (Figure 5.5b). Although cytoplasmic 

pERK decreased with PP2+RA or GW5074+RA treatments in RA-resistant HL60 (Figures 5.6a, 

5.7a), GW5074 sometimes induced ERK activation in wild-type HL60 (Figure 5.5a).  

 In the large cluster containing the remainder of the signaling factors, the least correlated 

proteins from the rest of the group were AhR, c-Raf and pS259c-Raf (Figure 5.4), although these 

were highly correlated to each other. The next cluster down was separated into two branches, one 

of which contained proteins that were strongly cytoplasmic: c-Cbl, total MEK and total ERK. 

The next cluster embodies the Src-family kinases, c-Raf phosphorylated at either S621 or the 

S289/296/301 sites, and the active form of the regulatory subunit (pY458 p85) of PI3K. The Src-

family kinase Lyn is highly correlated with phosphorylation at its Y507 inhibitory site, followed 

by pS289/296/301c-Raf and then Fgr. On a separate branch, pS621c-Raf, pY458 p85 PI3K and 

pY416SFK are grouped (Figure 5.4). 
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Clustering of Signaling Factors

Figure  5.4. Clustering of signaling factor data. 

 

Repeat Western blot data was quantified using ImageJ and subject to hierarchical clustering 

analysis using the Pearson correlation coefficient as a distance metric and an average linking 

method. Data includes both cytoplasmic and nuclear signaling factor expression and 

phosphorylation for wild-type (Figures 5.5a-b), R38+ (Figures 5.6a-b) and R38- (Figures 

5.7a-b) treated with 1 μM RA or RA combined with 2 μM PD98059, 2 μM GW5074, 1 μM 

wortmannin, 1 μM Akti-1/2 or 10 μM PP2. Distances between clusters (1 – Pearson 

correlation coefficient) are indicated on the x-axis. 

 

 

98 

Distance 



Figure  5.5a.  Quantified signaling factor expression in wild-type HL60 cells. 
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Figure  5.5b.  Quantified signaling factor expression in wild-type HL60 cells. 
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Figure  5.6a.  Quantified signaling factor expression in R38+ HL60 cells. 
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Figure  5.6b.  Quantified signaling factor expression in R38+ HL60 cells. 
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Figure  5.7a.  Quantified signaling factor expression in R38- HL60 cells. 
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Figure  5.7b.  Quantified signaling factor expression in R38- HL60 cells. 

 

 



Figures 5.5a-5.7b.. 

 

Quantified Western blot data of at least three repeats for signaling factor expression in 

cytoplasmic (left graphs) and nuclear (right graphs) compartments. Center graphs depict the 

comparison between cytoplasmic and nuclear levels. Treatments include RA, PD98059 (PD), 

GW5074 (GW), wortmannin (Wo), Akti-1/2 (Ai) and PP2. Data is expressed as fold change 

compared to respective control and error bars represent standard error. Loading control for 

cytoplasmic (GAPDH) and nuclear (TATA-binding protein) fractions were used to assess 

even loading (not shown). Since quantified data is estimated from immunoblot images in 

which signal detection may or may not have been in the linear range, p-value analysis is not 

applicable to quantified blot data. 
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 Overall the clustering reveals that certain c-Raf phosphorylation sites, Src-family kinases 

and phosphorylated PI3K are highly correlated signaling events, while active MEK/ERK and 

Akt are far removed from these events. This is somewhat surprising as both Akt and MEK/ERK 

supposedly lie downstream of the highly correlated factors (i.e. c-Raf and PI3K). This suggests 

that an interrelated kinase module involving c-Raf, PI3K, Lyn and Fgr functions in a 

nontraditional way during RA-induced maturation or during rescue of RA induction using 

inhibitor co-treatment. 

 

5.3.3  Combined PP2 and GW5074 in RA-treated RA-resistant HL60 cells 

 

Among the agents tested, PP2 and GW5074 had the most prominent effects enhancing RA-

induced differentiation, exhibiting different strengths for potentially different parts of the 

differentiation program, hence suggesting the possibility of synergistic effects. We next assessed 

how effectively combination GW5074 and PP2 treatment could rescue RA-induced maturation 

in the RA-resistant HL60 cell lines R38+ and R38-. Wild-type HL60 were not assessed since 

combined PP2+RA treatment greatly maximizes all three phenotypic markers (Congleton et al. 

2012). For clarity and comparison, the effects of PP2 and PP2+RA treatment previously reported 

(Jensen et al. 2013) are recapitulated here alongside GW5074, GW5074+RA, PP2+GW5074 and 

PP2+GW5074+RA for both R38+ and R38- RA-resistant HL60 cells. 

 Surprisingly the combined use of PP2 and GW5074 with RA did not greatly enhance RA-

induced differentiation compared to using a single agent in combination with RA. A striking 

result, however, was that GW5074 can greatly induce CD38 expression in R38- cells, even 

without RA (Figure 5.8A) and even though CD38 is strongly regulated by a first intron RARE 



Figure 5.8.  Phenotypic markers during combined GW5074, PP2 and RA treatment. 

 

R38+ and R38- HL60 cells were treated for 48 h with RA, or RA combined with PD98059 

(PD), GW5074 (GW), wortmannin (Wo), Akti-1/2 (Akti) or PP2 and analyzed by flow 

cytometry for (A) CD38 expression, (B) CD11b expression, or (C) G1/G0 cell cycle arrest. 

PP2-treated R38+ and R38- HL60 cells have been reported previously (Jensen et al. 2013) but 

are recapitulated here for clear comparison. Asterisks for p-values of treatment group means 

compared to control indicate whether p<0.0001 (****), p<0.001 (***), p<0.01 (**) or p<0.05 

(*). (A) GW5074-induced CD38 expression in higher than PP2 but GW5074-induced CD11b 

is reduced in R38+ and R38- cells. Combined PP2+GW5074 with or without RA enhances 

markers even more in R38+ but actually decreases marker expression compared to GW5074 

alone in R38-. (B) GW5074 does not appear to greatly increase the PP2-induced G1/G0 arrest 

in either RA-resistant HL60 cell line. 
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(Kishimoto et al. 1998, Drach et al. 1994). PP2 also upregulates CD38 to a lesser extent, while 

GW5074 or PP2 combined with RA further enhances CD38 expression compared to without RA. 

The GW5074-elicited response for CD38, an early differentiation marker, did not extend to the 

later differentiation marker CD11b. CD11b was weakly induced by GW5074+RA in R38+ but 

not at all in R38- cells, consistent with progressive resistance. Also consistent with the 

progressive resistance, R38+ and R38- responded differently to GW5074 vs. PP2. In R38+ HL60 

cells, comparing PP2+RA vs. GW5074+RA, both drugs induced similar CD38 expression, but 

GW5074+RA-induced CD11b expression is lower than for PP2+RA treatment (Figure 5.8A). 

Furthermore, comparing PP2+RA vs. GW5074+RA for the more profoundly resistant R38- 

HL60 cells, GW5074+RA results in significantly higher CD38 expression, but CD11b 

expression fails to be induced while PP2+RA induces only low CD11b expression, consistent 

with its ability to drive later differentiation events.     

Treatment with all three chemicals (PP2+GW5074+RA) in R38+ cells results in similar 

or slightly enhanced CD38 and CD11b expression compared to either PP2+RA or GW5074+RA, 

but there was no prominent enhancement conferred by using both GW5074+PP2. In R38- HL60 

cells, PP2+GW5074+RA treatment actually resulted in decreased CD38 expression compared to 

GW5074+RA, but still higher than PP2+RA. However, CD11b levels were unchanged between 

PP2+RA and PP2+GW5074+RA treatments. The apparent PP2 inhibition of GW5074-promoted 

CD38 expression was not dependent on RA since in R38- HL60, GW5074+PP2 treatment 

resulted in lower CD38 expression than GW5074 alone. This indicates that, although PP2 can 

improve RA response, PP2 treatment actually blunts the pro-differentiation effects of GW5074 

in R38- cells, but not in R38+ cells. PP2 may ergo conflict with the early pro-differentiation 

effects of GW5074. And potentially consistent with this notion, in R38+ cells, where the
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Figure  5.9. Quantified signaling factor expression during combined GW5074, PP2 

 and RA treatment and correlation analysis. 

 

48 h Western blot data (at least three repeats) of total lysates were quantified using ImageJ 

and fold change to respective R38+ or R38- control calculated. GAPDH loading controls 

were performed to ensure even loading (not shown). (A) Signaling factors for c-Raf and Src-

family kinase events and activated ERK were assessed for R38+ or R38- cells treated with 

PP2, PP2+RA (reported previously in Jensen et al. 2013), GW5074 (GW), GW+RA, 

PP2+GW and PP2+GW+RA. Since quantified data is estimated from immunoblot images in 

which signal detection may or may not have been in the linear range, p-value analysis is not 

applicable to quantified blot data. (B) Signaling factors for CD38-associated factors c-Cbl, 

Vav1 and Slp76, the p47phox protein. (C) Pearson correlation coefficient matrix between 

MAPK and Src-family kinase signaling factor events in 5.9A and phenotypic results from 

Figure 5.3. i.e. for R38+ and R38- across treatments with PP2, PP2+RA, GW5074, 

GW5074+RA, PP2+GW5074 and PP2+GW5074+RA. Colorbar: white (1) indicates positive 

correlation, mid-grey (0) indicates no correlation, black (-1) indicates negative correlation. 

(D) Hierarchical clustering analysis of the data in 5.9C using the Pearson correlation 

coefficient for a distance metric and an average linking method. 
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differentiation defect is thought to be late, PP2 has no inhibitory effect on GW5074-enhanced 

CD38 or CD11b expression.  

 Overall PP2 was more strongly correlated with CD11b expression than GW5074, and 

PP2 actually diminished GW5074 effects in R38- cells but not R38+ cells. GW5074 did not 

enhance the PP2 or PP2+RA-induced G1/G0 cell cycle arrest in R38+ HL60 or R38- HL60 cells 

(Figure 5.8B). We also checked combined PP2+RA treatment with wortmannin or Akti-1/2, but 

these had very little effect on CD38 expression, CD11b expression or G1/G0 cell cycle arrest 

(Figure 5.2H-K). 

 

5.3.4  Signaling Factor Expression during Combined PP2 and GW5075 Treatment in RA-

 treated RA-resistant HL60 cells 

 

The ability of GW5074 to modulate PP2 effects on phenotypic conversion of cells motivated the 

identification of the signaling correlates. We next explored the effect of GW5074 on the total 

expression and activation of signaling factors rescued in PP2- or PP2+RA-treated RA-resistant 

HL60 cells. We focused on c-Raf and Src-family kinase events. GW5074 tended to diminish PP2 

or PP2+RA-induced c-Raf expression and Lyn expression at 48 h, but had little to no effect on 

Fgr expression (Figure 5.9A). GW5074 did tend to decrease PP2 or PP2+RA-induced c-Raf 

phosphorylation at S621, but did not diminish PP2 or PP2+RA-induced S259 or S289/296/301 c-

Raf phosphorylation. Nor did GW5074 affect Y416 Src-family kinase (Lyn Y397) 

phosphorylation in either RA-resistant HL60 cell line. GW5074 may have in fact alleviated PP2-

reduced ERK activation. Looking at CD38-associated factors c-Cbl, Vav1, and Slp76, GW5074 

had little to no effect on these proteins (Figure 5.9B). In R38- HL60 cells, GW5074 may have 
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increased the PP2- and PP2+RA-induced expression of p47phox, a member of the ROS 

production pathway (Kobayashi et al. 2001). 

 We calculated the Pearson correlation coefficient between the quantified repeat Western 

blot data and phenotypic markers across both RA-resistant cell lines and all combinations of 

GW5074 and/or PP2 with or without RA (Figure 5.9C). The most striking (strongest) correlation 

observed is that between Fgr and CD11b expression, followed by the correlation between 

pS289/296/301c-Raf and G1/G0 arrest. However, the c-Raf and other Src-family kinase events 

all appear to exhibit a similar degree of correlation to differentiation markers CD38, CD11b and 

G1/G0 arrest. Once again the notable standout is pERK, which tended to be negatively correlated 

with the RA-induced maturation markers. 

 Clustering of the signaling factors presented in Figure 5.9A using the Pearson correlation 

coefficient and an average linking method reveals that Y416 Src-family kinase (Lyn Y397) 

phosphorylation and activated ERK are correlated (Figure 5.9D), but separated from the 

remaining factors. PP2-induced but GW5074-reduced events are linked more closely (Lyn 

expression, c-Raf expression and S621 phosphorylation) while those least affected by GW5074 

treatment (Fgr expression, and S259 and S289/296/301 c-Raf phosphorylation) are successively 

more distant. 

 

5.3.5  An AhR Agonist Fails to Rescue Phenotypic Maturation in RA-resistant HL60 

 

Since the aryl hydrocarbon receptor (AhR) i) functionally interacts with molecular constituents 

assayed here, ii) regulates these signaling molecules to drive differentiation, and iii) is linked to 

phosphorylated c-Raf as described here (Figure 5.4), we sought to determine if AhR activation 



Figure  5.10. Treatment of wild-type, R38+ and R38- HL60 with the AhR agonist FICZ. 

 

Wild-type (WT), R38+ and R38- were treated with RA or RA and the AhR agonist FICZ and 

analyzed by flow cytometry for (A) CD38 expression, (B) CD11b expression, or (C) G1/G0 

cell cycle arrest. Asterisks for p-values of treatment group means compared to control 

indicate whether p<0.0001 (****), p<0.001 (***), p<0.01 (**) or p<0.05 (*). FICZ treatment 

does not significantly recues (A) CD38 expression, (B) CD11b expression or (C) G1/G0 cell 

cycle arrest in either RA-resistant cell line. 
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could rescue RA-induced differentiation in the resistant cells. If we assume that PD98059 and 

Akti-1/2 can exert their effects through a mechanism that antagonizes AhR (see Discussion), we 

queried whether an AhR agonist like 6-Formylindolo(3,2-b)carbazole (FICZ) could rescue 

differentiation in RA-treated R38+ and R38-. FICZ enhances RA-induced maturation in wild-

type HL60 cells (Bunaciu and Yen 2013). We found that FICZ does not significantly augment 

CD38 or CD11b expression in either R38+ or R38- RA-resistant HL60 cells (Figure 5.10A-B). 

FICZ also failed to rescue RA-inducible G1/G0 cell cycle arrest (two repeats, Figure 5.10C). 

 

5.4  Discussion 

 

5.4.1  Summary of Results 

 

Retinoic acid-induced leukemic cell differentiation is regulated by an ensemble of signaling 

molecules, and we previously found that the Src-family kinase (SFK) inhibitor PP2 enhances 

RA-induced differentiation in wild-type HL60 cells and rescues differentiation in RA-resistant 

HL60 cells (Jensen et al. 2013). Here we probed for mechanistic insight and tested four 

additional kinase inhibitors in the context of RA-treated wild-type or RA-resistant HL60 cells: 

PD98059 (MEK inhibition), GW5074 (c-Raf inhibition) wortmannin (PI3K inhibition), and 

Akti-1/2 (Akt inhibition). We showed that GW5074 was effective at upregulating CD38 

expression in RA-treated RA-resistant HL60 cells. PD98059, wortmannin and Akti-1/2, 

however, all blunted RA-induced CD11b expression in wild-type HL60. PD98059 and Akti-1/2 

were only effective insofar as they could increase growth arrest in all three HL60 cell lines, 

while the PI3K inhibitor wortmannin could not increase G1/G0 arrest. Considering the ensemble 
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of wild-type parental and emergent resistant cell responses to RA with five different inhibitors, 

hierarchical clustering reveals a tightly coupled signaling module that incorporates Lyn and 

phosphorylated c-Raf, and also phosphorylated PI3K which may be downstream of Lyn (Figure 

5.4) (Congleton et al. 2014). Close coupling of Lyn and c-Raf has been shown previously 

(Congleton et al. 2012, Jensen et al. 2014). Activation of ERK and Akt were much less 

correlated to this network (Figure 5.4), and this is corroborated in the analysis restricted to the 

resistant cells treated with PP2 and/or GW5074 (with or without RA) where pERK was 

negatively correlated to CD11b expression and growth arrest (Figure 5.9C).  

  

5.4.2  Kinase Inhibitors For Combination Therapy 

 

Inhibitor treatments can be complicated by off-target effects, combinatorial effects, and 

unintended activating effects (either direct or indirect). PD98059, for example, is a flavonoid that 

can act as an antagonist of aryl hydrocarbon receptor (AhR) at the same concentrations used to 

inhibit MEK (Reiners et al. 1998). AhR has been implicated as a positive regulator of RA-

induced HL60 differentiation (Bunaciu and Yen 2013, Bunaciu and Yen 2011). Akti-1/2 is a 

highly selective, noncompetitive Akt inhibitor, but can inhibit the AhR pathway through its off-

target inhibition of CAMKIα activity (Gilot et al. 2010, Bain et al. 2007). Interestingly both 

PD98059 and Akti-1/2 have similar effects on RA-induced maturation: namely growth arrest 

without differentiation. PD98059 can trigger growth arrest in many cell types (Moon et al. 2007, 

Hoshino et al. 2001, Yamaguchi et al. 2002).  

 Not only may PD98059 and Akti-1/2 exert antagonistic effects on AhR function, but the 

SFK inhibitor PP2 can function instead as a strong AhR agonist (Frauenstein et al. 2014). We 
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tested the AhR agonist FICZ, which potentiates differentiation in wild-type HL60, but FICZ 

could not induce G1/G0 arrest nor propel CD38 and CD11b expression in the RA-resistant cells. 

This suggests that an AhR-related defect may exist in these cells, and may shed light on the 

nature of the SFK/AhR functional relationship. While i) the AhR-specific agonist FICZ failed to 

augment differentiation in RA-resistant HL60, and while ii) the highly specific SFK inhibitor 

dasatinib has a weaker effect on differentiation in wild-type HL60 (Congleton et al. 2012), the 

potential off-target effect of PP2 may implicate that simultaneous SFK inhibition and AhR 

activation is necessary to promote RA-induced differentiation in cells exhibiting a potential AhR 

(or SFK) defect. 

 Raf inhibitor effects can be complicated since Raf proteins often suppress their own 

activation, and the classical Raf/MEK/ERK cascade is subject to complex feedback control. 

GW5074 has a high specificity for Raf kinases (Bain et al. 2007), but in general Raf inhibitors 

may actually promote c-Raf/c-Raf or c-Raf/B-Raf dimerization, leading to transactivation 

(Poulikakos et al. 2010, Hatzivassiliou et al. 2010, Heidorn et al. 2010). In one context GW5074 

treatment activated c-Raf without downstream activation of ERK, and this mechanism was also 

Akt-independent (Chin et al. 2004). Here we found that GW5074 impairs PP2-induced c-Raf 

expression and S621 phosphorylation (as well as Lyn expression) in R38+ and R38- RA-resistant 

cells, but PP2-induced pS259 and pS289/296/301 c-Raf phosphorylation (as well as Fgr 

expression) were unaffected.  

 

5.4.3  Nontraditional c-Raf Function and c-Raf Inhibition Compared to Lyn Inhibition 
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ERK activation occurs as early as 4 hours after RA treatment in HL60, while c-Raf 

phosphorylation does not occur until after 12 to 24 h (Hong et al. 2001, Yen et al. 1998). c-Raf 

phosphorylation is MEK-dependent, suggesting a positive feedback loop (Wang and Yen 2008, 

Hong et al. 2001, Yen and Varvayanis 2000). Additionally, c-Raf exhibits RA-induced 

phosphorylation at its S259, S621 and S289/296/301 sites (Smith et al. 2009, Congleton et al. 

2012, Jensen et al. 2013), none of which associate c-Raf with traditional Ras-initiated or 

membrane-initiated MAPK signaling. The S289/296/301 c-Raf sites are phosphorylated by ERK, 

and although their function remains unclear (Dougherty et al. 2005, Balan et al. 2006, Hekman et 

al. 2005), these phosphorylation sites may sustain the activity of pS259c-Raf (Balan et al. 2006). 

pS621c-Raf is localized in the nucleus of RA-induced HL60 cells where it associates with the 

transcription factor NFATc3 at the promoter regions of the BLR1 (CXCR5) gene, which encodes 

a transmembrane protein that propels MAPK signaling (Geil and Yen 2013). Also, c-Raf 

phosphorylation without ERK activation can occur during RA-induced differentiation (Jensen et 

al. 2013). It is clear that in RA-treated HL60 cells, c-Raf deviates from canonical MAPK 

signaling and appears to be downstream of MEK/ERK. 

 Whether GW5074 activates or inhibits c-Raf in the RA-induced maturation system is 

unknown. GW5074 does not affect PP2-induced S259 or S289/296/301 phosphorylation 

(putative c-Raf inhibitory sites), nor affect SFK Y416 phosphorylation, in either RA-resistant 

cell line. Despite a strong coupling between Lyn and c-Raf function, there are discrepancies 

between their respective inhibitors. PP2 could promote certain events like c-Raf and Lyn 

expression while GW5074 suppresses this expression. GW5074 also suppressed PP2-indcued c-

Raf phosphorylation at S621, which may be an autophosphorylation and/or stability site 

(Mischak et al. 1996, Noble et al. 2008) that correlates directly with c-Raf expression. Also, 
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GW5074 seemed capable of enhancing PP2-induced CD38 expression in RA-resistant cells, yet 

the opposite was not necessarily true.  PP2 actually blunted the GW5074-induced CD38 

expression in R38- HL60 cells. What can be distilled from these effects is that GW5074 may 

propel early differentiation events while PP2 can drive late events. Also, notable variable effects 

of PP2, GW5074 and their combination on RA-induced CD38 expression suggests that Lyn and 

c-Raf are relatively uncoupled from CD38 expression, which can be seen in Figure 5.9C. CD38 

itself can be uncoupled from late differentiation as evidenced by the R38+ HL60 cell line. 

GW5074 did not augment PP2-induced cell cycle arrest (also a later maturation event), and could 

very minimally increase the PP2+RA-induced CD11b expression in R38+ HL60 cells. Although 

GW5074 can propel CD38 expression, GW5074 had little effect on the PP2-upregualted CD38-

associated proteins c-Cbl, Vav1, Slp76 or the Src-family kinase Fgr.  

 

5.4.4  Lyn Activity and its Effects on PI3K and Akt 

 

Lyn exerts conflicting roles in various contexts. In B cell receptor signaling Lyn plays both a 

positive and inhibitory role (Xu et al. 2005). Lyn can either promote Akt phosphorylation (Bates 

et al. 2001) or inhibit Akt activation (Zagozdzon et al. 2002, Ma et al. 2011, Pogue et al. 2002, Li 

et al. 1999, Negro et al. 2012), and thus Lyn has variable anti- or pro-apoptotic effects. Lyn can 

associate with PI3K during differentiation (Kamei et al. 2002, Congleton et al. 2014) and can 

activate p85 PI3K (Pleiman et al. 1994). Activated Lyn-PI3K-Akt signaling promotes myeloma 

proliferation (Iqbal et al. 2010) or drives ROS production (Zhu et al. 2006). Although Lyn and 

PI3K display enhanced interaction and phosphorylation during RA-induced maturation, one 

group found that enhanced Akt phosphorylation is not detectable until 72-96 h after RA 
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induction in HL60 cells (Matkovic et al. 2006). Consistent with this, we could not detect RA-

inducible changes in pT308 or pS473 Akt in cytoplasmic or nuclear fractions at the 48 h 

timepoint. However, PP2 did enhance S473 Akt phosphorylation in the wild-type cells, 

suggesting that in the HL60 system, Lyn activity inhibits Akt activity. Akt activity is likely to be 

important for the function of mature granulocytes, but is not required for the onset of 

differentiation.  

 Although PP2 is a pan-SFK inhibitor, the suspected target in this system is Lyn. Lyn and 

Fgr are the predominant SFKs in myeloid cells (Katagiri et al. 1991, Dos Santos et al. 2008), and 

although both are upregulated by RA, Lyn displays RA-inducible Y416 phosphorylation while 

Fgr does not (Congleton et al. 2012, Kropf et al. 2010). However, the function of Lyn itself 

remains unclear. Congleton et al. (2014) showed that Lyn kinase activity may be required for 

phosphorylation of two targets downstream of CD38: c-Cbl and PI3K. At the same time, PP2 

enhances differentiation and blocks phosphorylation at the activating Y416 site on Lyn (Lyn 

Y397) in rescued RA-resistant HL60 cells (Congleton et al. 2012, Jensen et al. 2013). But in the 

wild-type case, combined RA+PP2 can “protect” Y416 phosphorylation, as well as protect ERK 

phosphorylation. Thus Y416 phosphorylation on Lyn seems correlated to differentiation in the 

wild-type cells but uncorrelated in the RA-resistant cells. In either case, Y416 phosphorylation is 

highly coupled to ERK activation as shown here (Figure 5.9D) and by Congleton et al. (2012). 

Therefore like phosphorylated ERK, Lyn phosphorylation at Y416 may be dispensable for RA-

induced maturation. Y416 phosphorylation can be present even when c-Src is folded into its 

repressive conformation (Irtegun et al. 2013). Meanwhile inhibitory Y507 Lyn phosphorylation 

also seems to increase with RA-treatment and even further with RA+FICZ treatment in wild-type 

HL60 (Bunaciu and Yen 2013), and in this study correlated with Lyn expression. These 
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paradoxes suggest complicated Lyn regulation via multiple phosphorylation events, or possibly a 

structural role as a scaffold apart from activity. Note that Fgr tends to strongly parallel induced 

differentiation (Jensen et al. 2014, this study) despite undetectable phosphorylation. It appears 

that SFKs have a significant regulatory role in governing response or resistance, but their 

functions may be multifaceted and context-dependent.  

 Overall both Lyn and c-Raf thus exhibit nontraditional (and poorly understood) 

phosphorylation during RA-induced or PP2-rescued differentiation in wild-type and RA-resistant 

HL60 cells. Comparing the potential effects of GW5074 on early vs. late RA-induced 

differentiation to the c-Raf phosphorylation sites either downregulated or not downregulated, 

S259 and S289/296/301 phosphorylation may be needed for early RA-induced differentiation 

events while S621 (inhibited by GW5074) is needed for late differentiation. We previously 

speculated that S259 might be an early differentiation event (Jensen et al. 2014). GW5074 can 

promote Y507 Lyn phosphorylation in wild-type HL60 (Figure 5.5b) but whether Y416 

phosphorylation (which remains coupled to ERK activation) in this system correlates to an active 

form of Lyn is unclear.  

 

5.4.5  Conclusions 

 

Historically RA differentiation induction therapy has been successful for t(15;17)-positive acute 

promyelocytic leukemia (APL) patients, and emergent RA resistance is associated with 

mutation(s) in the PML-RARα fusion product (Gallagher 2002). However mutations can arise 

months after relapse, and in myeloid leukemia cell lines like HL60 and NB4, RA resistance is 

not always correlated with mutation in PML-RARα or RARα. One recent study verified that 
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leukemias, both with defining chromosomal translocations and those that display a normal 

karyotype, are driven by global random genetic events (Welch et al. 2012). This stresses that 

multi-targeted therapy is a necessity for leukemia and other cancers, and specifically kinase 

inhibitors are attractive agents for enhancing the pro-differentiative and anti-proliferative effects 

of RA. We have screened five kinase inhibitors, and PP2 and GW5074 emerged as potent 

enhancers of RA differentiation induction therapy, capable of rescuing two progressively RA-

resistant cell lines. These kinase inhibitors also served to probe the functionally of a kinase 

network involved in RA-induced maturation in t(15;17)-negative cells. We found that within an 

interrelated signaling module, Lyn and c-Raf function emerged as crucial to RA-induced 

maturation. The results have ramifications toward understanding nontraditional c-Raf and Lyn 

function, which were not strongly correlated with downstream events like ERK and Akt 

activation. 
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CHAPTER 6 

 

Retinoic acid therapy induced resistance progresses from unilineage to bilineage during 

rescue with vitamin D3 

 

 

 

6.1  Abstract 

 

Emergent resistance can be progressive and driven by global signaling aberrations. All-trans 

retinoic acid (RA) is the standard therapeutic agent for acute promyelocytic leukemia, but 10-

20% patients are not responsive, and initially responsive patients relapse and develop retinoic 

acid resistance. The patient-derived, lineage-bipotent acute myeloblastic leukemia (FAB M2) 

HL60 cell line is a potent tool for characterizing differentiation-induction therapy responsiveness 

and resistance in t(15;17)-negative cells. Wild-type (WT) HL60 cells undergo RA-induced 

granulocytic differentiation, or monocytic differentiation in response to 1,25-dihydroxyvitamin 

D3 (D3). Two sequentially emergent RA-resistant HL60 cell lines, R38+ and R38-, 

distinguishable by RA-inducible CD38 expression, do not arrest in G1/G0 and fail to upregulate 

CD11b and the myeloid-associated signaling factors Vav1, c-Cbl, Lyn, Fgr, and c-Raf after RA 

treatment. Here, we show that that the R38+ and R38- HL60 cell lines display a progressive 

reduced response to D3-induced differentiation therapy. Exploiting the biphasic dynamic of 

induced HL60 differentiation, we examined if resistance-related defects occurred during the first 

24 h (the early or “precommitment” phase) or subsequently (the late or “lineage-commitment” 

phase). HL60 were treated with RA or D3 for 24 h, washed and retreated with either the same, 

different, or no differentiation agent. Using flow cytometry, D3 was able to induce CD38, 
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CD11b and CD14 expression, and G1/G0 arrest when present during the lineage-commitment 

stage in R38+ cells, and to a lesser degree in R38- cells. Clustering analysis of cytometry and 

quantified Western blot data indicated that WT, R38+ and R38- HL60 cells exhibited decreasing 

correlation between phenotypic markers and signaling factor expression. Thus differentiation 

induction therapy resistance can develop in stages, with initial partial RA resistance and 

moderate vitamin D3 responsiveness (unilineage maturation block), followed by bilineage 

maturation block and progressive signaling defects, notably the reduced expression of Vav1, Fgr, 

and c-Raf. 

 

6.2  Introduction 

 

For three decades, retinoic acid (RA) differentiation therapy has been tantamount to transforming 

acute promyelocytic leukemia (APL) from a fatal diagnosis into a manageable disease. RA 

induces remission in 80-90% of APL PML-RARα-positive patients (Tallman and Altman 2009). 

However, remission is not durable and relapsed cases exhibit emergent RA resistance (Warrell 

1993, Freemantle et al. 2003). Meanwhile similar success stories have yet to be achieved for 

other cancer cell types. Parallel to the clinical use of RA in APL treatment, intense research has 

focused on understanding the source of cancer treatment relapse, and exploring the effectiveness 

of RA in other cancers. 

 Historically RA resistance in APL has been associated with mutation(s) in the PML-

RARα fusion protein, rendering it unresponsive to RA. However, in some APL patients, PML-

RARα mutations emerge months after termination of RA therapy, suggesting the existence of 

other defects (Gallagher 2002). In the patient-derived APL cell line NB4, RA resistance may or 
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may not be correlated with mutant PML-RARα (Gallagher 2002). RA-resistant NB4 cells often 

remain partially RA-responsive in that they can upregulate RA-inducible differentiation markers, 

such as CD38 or CD18 (Shao et al. 1997). HL60, another patient-derived leukemia cell line, does 

not harbor the t(15;17) translocation pathognomonic for APL and thus lacks PML-RARα, but is 

nevertheless RA-responsive. Like NB4 cells, in vitro maturation of HL60 cells is consistent with 

that of primary APL cells in culture and with clinical RA differentiation therapy progression 

(Gallagher 2002). Ectopic expression of RARα in RA-resistant HL60 cells in which mutant 

RARα was found also does not necessarily restore RA responsiveness, again suggesting the 

presence of other defects (Atkins and Troen 1995, Pratt et al. 1990). 

 There is great interest in employing differentiation-promoting agents in combination with 

RA treatment to overcome resistance, and improve therapy and prognosis in APL and other 

cancer types. The active form of vitamin D3, 1,25-dihydroxyvitamin D3 (D3), which acts 

through vitamin D receptor (VDR),  is capable of inducing differentiation in myelomonocytic 

precursor cells, but has been less widespread as a clinical treatment since D3 also induces 

hypercalcemia and hyperphosphatemia. However, co-administration of RA with D3 is a potential 

therapeutic strategy to mitigate the side effects and limitations of each individual inducer. 

Bipotent human acute myeloblastic leukemia (FAB M2) HL60 cells can be induced to terminally 

differentiate in vitro along the granulocytic lineage toward neutrophil-like cells using RA, while 

differentiation along the monocytic lineage can be achieved with D3.  

 RA-treated HL60 undergoing granulocytic differentiation display early increased surface 

expression of CD38, followed by CD11b expression. D3-treated HL60 cells undergoing 

monocytic differentiation express CD38, higher levels of CD11b, and the monocytic surface 

marker CD14 (see Figure 6.1). Induced terminal differentiation is accompanied by G1/G0 cell 



Figure  6.1.   RA vs. vitamin D3 induced differentiation in HL60 cells. 
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cycle arrest, and the development of inducible oxidative metabolism (respiratory burst), a 

function of mature granulocytes and monocytes. For the RA-treated case, differentiation requires 

sustained activation of mitogen-activated protein kinase (MAPK) signaling along the 

Raf/MEK/ERK axis (Yen et al. 1998), and a cascade of signaling regulatory events involving a 

putative signalosome containing c-Cbl, Vav1, and the Src-family kinases Lyn and Fgr (Shen and 

Yen 2009, Congelton et al. 2012). This is due in part to retinoic acid response elements (RAREs) 

in the promoter regions of CD38 and BLR1 (Lamkin et al. 2006, Wang and Yen 2008). Both of 

these proteins are rapidly upregulated by RA; CD38 is the nexus for the putative signalosome 

while BLR1 drives a prolonged MAPK signal though its relationship with c-Raf (Wang and Yen 

2008). However, D3-induced differentiation also requires sustained MAPK signaling (Wang and 

Studzinski 2001) and results in upregulation of CD38 and CD38-associated factors. 

 Onset of G1/G0 arrest and terminal differentiation is slow requiring approximately 48 h 

of treatment, during which HL60 cells undergo two sequential, functionally discernible stages 

(Yen et al. 1987a, Yen et al. 1984, Yen et al. 1987b, Yen and Forbes 1990). With a doubling 

time of approximately 20-24 h, induced HL60 cells first become primed for differentiation 

(precommitment phase) and undergo early differentiation events. During the subsequent 24 h, 

HL60 complete a second cell division that results in terminally differentiating cells which are 

committed to a specific lineage determined by the inducer present, e.g. RA or vitamin D3 (Yen 

et al. 1987a, Yen et al. 1987b). Although lineage-specific events, such as CD14 expression, can 

in fact occur during the first 24-48 h of D3 treatment in HL60 (Wang and Studzinski 2001), the 

final inducer present is nonetheless the determining factor for lineage selection and subsequent 

terminal differentiation into that lineage (Zinzar et al. 1989). It has also been shown that HL60 

cells treated with RA for 24 h followed by washing and no retreatment results in a still-
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proliferating population that retains a “memory” for differentiation that lasts 4-6 cell divisions 

(Yen et al. 1984). During this time, cells proliferate until retreatment in which short RA doses 

can induce complete granulocytic differentiation. 

  We previously isolated two emergent RA-resistant HL60 cell lines (Jensen et al. 2013) 

after chronic RA exposure. These RA-resistant lines do not express CD11b, exhibit G1/G0 

arrest, nor develop oxidative metabolism after RA treatment. One resistant line (R38+) retains 

RA-inducible CD38 expression while the other (R38-) has lost this ability. The R38- line, which 

sequentially emerged from R38+, thus appears to have an earlier defect which blocks the RA-

induced differentiation sequence before the expression of CD38. Signaling events that define the 

wild-type response are compromised in both R38+ and R38-, which include RA-induced c-Raf 

expression and phosphorylation, c-Cbl and Vav1 expression, expression of Src-family kinases 

(SFKs) Lyn and Fgr and Y416 SFK phosphorylation. 

 In this study we examined whether the RA resistance defect segregates with lineage 

specificity, or with early or late stages of the induced differentiation. An early defect might 

compromise both lineages, whereas a late defect might only affect the granulocytic lineage. Here 

we report that an RA-resistant cell line that retains partial RA responsiveness (R38+) is more 

amenable to D3-induced differentiation, while the more resistant cell line (R38-) is only partially 

responsive to D3. We conclude that the defect in RA response is not necessarily compensated for 

by D3 treatment to enable myeloid differentiation, and the RA defect is apparently early and late, 

possibly reflecting dysfunctions in proper prolonged signaling during early and late stages. The 

signaling dysfunction notably involves reduced Fgr, c-Raf, and Vav1 expression. Overall, the 

results are of potential significance to the use of differentiation-inducing agents for overcoming 

RA resistance. 
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6.3  Results  

 

We first examined if 1,25-dihydroxyvitamin D3 (D3) was able to upregulate differentiation 

markers in either R38+ or R38- retinoic acid (RA)-resistant HL60 cells (Figure 6.2). Since D3 

had positive effects on differentiation in both RA-resistant cell lines, we next exploited the 

biphasic characteristics of HL60 differentiation to test whether D3 could compensate for RA 

response dysfunction during the precommitment (first 24 h) or lineage-commitment stage. HL60 

cells were treated with one inducer (RA or D3) for 24 h, then washed and retreated with either 

the same, different, or no inducer. The expectation was that the cells receiving the same 

differentiation agent will behave as if in continuous exposure, while the cells whose 

differentiation agent switched will reveal dependence of various differentiation markers on the 

precommitment vs. lineage-commitment stages. Cells receiving no retreatment will reveal what 

aspects of the differentiation program are precommitment-dependent and will provide a control 

for the retreated cases. For each treatment regimen, 1 µM RA or 0.5 µM D3 was used as these 

doses were previously shown to yield comparable levels of differentiation in HL60. 

 

6.3.1 R38- Exhibit Diminished CD38 Expression in Response to D3 Compared to R38+ and 

 WT HL60  

 

We assessed CD38 expression at 24 h to probe resistance in early or precommitment events prior 

to retreatment with a second inducer, and hence prior to the lineage-commitment phase. At 24 h, 

both RA and D3 induced CD38 expression in WT HL60 (Figure 6.3A). Three RA and D3 cases 

are shown since each served as the initial 24 h treatment for the subsequent timepoints. An 
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Figure  6.2 . Verification of vitamin D3 response in wild-type, R38+ and R38- HL60 

 cells. 

 

CD38, CD11b and CD14 expression, G1/G0 cell cycle arrest, and inducible ROS production 

at various timepoints revealed that R38+ and R38- RA-resistant HL60 cells are responsive to 

D3 treatment. 
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Figure  6.3.  CD38 expression at 24, 48, and 72 h during sequential inducer treatment. 

 

D3 increases the early differentiation marker CD38 in wild-type (WT) and both RA-resistant 

HL60 cell lines. (A) 24 h CD38 expression (after treatment with one inducing agent). (B) 48 

h CD38 expression after sequential treatment with two inducing agents during the 

precommitment and lineage-commitment phases (RA/RA, RA/D3, RA/-, D3/D3, D3/RA, and 

D3/-). (C) 72 h CD38 expression (continuation of treatment with second inducing agent. The 

gate to determine percent increase of expression with treatment was set to exclude 95% of the 

control population. For clarity, p-values are not indicated above bars due to the existence of 

multivariate comparison between cell lines, treatments, and time. However, p-values of 

interest are mentioned specifically in the main text. 
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average of 94% and 70% of the WT cells were CD38 positive for RA and D3 respectively. At 24 

h, R38+ and R38- respond to RA-treatment as similarly reported for 48 h (Jensen et al. 2013), 

with R38+ expressing, and R38- failing to express, CD38 after RA treatment. CD38 expression 

in RA-treated R38+ was similar to that of RA-treated WT HL60, while the CD38 expression 

level in RA-treated R38- was similar to untreated WT HL60, as expected. D3 induced CD38 

expression in both resistant cell lines. In R38- the expression was about 50% of the expression in 

the WT cells, and in R38+ the expression was significantly (p<0.05) higher than in WT. CD38 

expression in D3-treated R38+ cells is similar to CD38 expression in RA-treated WT HL60, 

despite expression in RA-treated WT HL60 significantly exceeding D3-treated WT HL60 

(p<0.0001). Thus R38- cells have precommitment resistance to D3 but R38+ cells do not, and 

R38+ actually have higher CD38 expression than D3-treated WT HL60. 

 48 h and 72 h timepoints probed resistance in later events. 48 h post treatment (24 h in 

precommitment and 24 h in lineage-commitment stages), R38- cells treated with RA/D3 or 

D3/D3 have comparable CD38 expression levels (38% vs. 40%, Figure 6.3B). R38- cells treated 

with D3/RA are 31% positive for CD38, indicating that in R38-, D3 presented early or late could 

elicit CD38 expression at comparable levels, although it was short of that of WT cells. By 72 h, 

CD38 expression induced by D3 in the resistant cells does not increase significantly (Figure 

6.3C). R38+ cells present two interesting behaviors. First, in the cells receiving RA in the 

precommitment phase and not receiving any differentiation agent in the lineage-commitment 

phase (RA/-), a decrease in CD38 expression is more abrupt in R38+ (75% at 48 h vs. 54% at 72 

h) than in WT HL60 (92% vs. 85%), showing an impaired ability of R38+ to maintain CD38 

expression. Second, D3/D3 and D3/- treatments in R38+ have higher levels of CD38 than WT 

HL60 cells (p <0.005 and p<0.05 respectively). 
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 Overall, WT HL60 cells behave as expected, with CD38 expression increasing over time 

during all treatment patterns, except for RA/- and D3/-, in which CD38 expression decreases as 

the cells revert to a proliferating state. R38+ have more CD38 expression than WT when treated 

with D3 first (but not with RA first), and show a more rapid decrease in CD38 expression than 

WT during RA/- and D3/-. R38- have half the induced CD38 expression compared to WT during 

RA/D3 and D3/D3, slightly less for D3/RA, no CD38 expression during RA/RA or RA/-, and 

decreasing CD38 expression during D3/-. Hence compared to R38+, R38- cells have a 

diminished response to D3 in terms of CD38 expression, and they have a more pronounced early 

defect not apparent in R38+. 

 

6.3.2  WT, R38+ and R38- HL60 Cells Comparatively Display Decreasing D3-induced 

 CD11b Expression  

 

CD38 is the only marker significantly expressed during the precommitment stage (first 24 h). We 

next focused on 48 h and 72 h to probe resistance in late events. CD11b is an integrin component 

expressed in granulocytes and monocytes (Mazzone and Ricevuti 1995). RA does not induce 

CD11b expression in either RA-resistant HL60 cell line (Jensen et al. 2013). D3 rescues CD11b 

expression in both R38+ and R38- cells when administered early or late, with R38+ being 

slightly more responsive (Figure 6.4). The effect of D3 on CD11b expression appeared to be 

more potent if administrated during the lineage-commitment stage. Comparing RA/D3 and 

D3/RA at 48 h, p<0.004 for WT HL60, p=0.03 for R38+ and p=0.01 for R38- (Figure 6.4A). By 

72 h, the D3/RA-treated R38+ and R38- cells have similar levels of CD11b to cells treated with 

D3/-, indicating that retreatment with RA was comparable to no retreatment for both the resistant 



Figure  6.4.  CD11b expression at 48 and 72 h during sequential inducer treatment. 

 

D3 increases the differentiation marker CD11b in wild-type (WT)  and both RA-resistant 

HL60 cell lines. (A) 48 h CD11b expression after sequential treatment with two inducing 

agents during the precommitment and lineage-commitment phases (RA/RA, RA/ D3, RA/-, 

D3/D3, D3/RA, and D3/-). (B) 72 h CD11b expression (continuation of treatment with second 

inducing agent). The gate to determine percent increase of expression with treatment was set 

to exclude 95% of the control population. For clarity, p-values are not indicated above bars 

due to the existence of multivariate comparison between cell lines, treatments, and time. 

However, p-values of interest are mentioned specifically in the main text. 
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cell lines (Figure 6.4B). Overall, WT HL60 behaved as expected. WT HL60 exhibited increasing 

(over time) CD11b expression for all treatment regimens save for RA/- and D3/-, in which 

CD11b expression levels dropped by 72 h. Since D3/RA treatment, compared to D3/D3, did not 

fully restore a WT-like response in the RA-resistant cells, the data suggest a late RA defect(s), 

which is putatively more pronounced in R38- than R38+.  

 

6.3.3 D3-induced CD14 Expression Occurs in WT, R38+ and R38- HL60 Cells If 

 Administered during the Lineage-commitment Phase  

 

CD14 is a glycosylphosphatidylinositol-anchored membrane protein expressed by monocytes, 

but not by granulocytes (Haziot et al. 1988). CD14 is a monocytic-specific marker for detecting a 

differentiation response to D3 treatment, and here its expression reveals whether defects are 

lineage unrestricted or restricted (i.e. early or late). We expect WT HL60 cells to exhibit CD14 

expression only during D3/D3 and RA/D3 treatments. By 72 h, all three cell lines treated with 

D3/D3 expressed CD14 at significantly higher levels than all other treatments, with R38+ 

expressing slightly higher levels (43% positive cells) than the WT HL60 cells (33% positive 

cells, Figure 6.5A). At 72 h there is no significant difference between RA/D3 and D3/D3 treated 

cells for either R38+ or R38- individually, although R38+ cells had higher CD14 expression than 

R38- cells (Figure 6.5B). This indicates that monocytic differentiation can potentially occur in 

the RA-resistant cells, and that monocytic differentiation can occur if the differentiation agent 

present during the lineage-commitment phase is D3. The R38- response was weaker than the 

R38+ response, consistent with progressive attenuation of D3 response as cells become more 

resistant. 



Figure  6.5.  CD14 expression at 48 and 72 h during sequential inducer treatment. 

 

D3 induced monocytic differentiation marker CD14 expression in wild-type (WT) and both 

RA-resistant cell lines. (A) 48 h CD14 expression after sequential treatment with two 

inducing agents during the precommitment and lineage-commitment phases (RA/RA, RA/ 

D3, RA/-, D3/D3, D3/RA, and D3/-). (B) 72 h CD14 expression (continuation of treatment 

with second inducing agent). The gate to determine percent increase of expression with 

treatment was set to exclude 95% of the control population. For clarity, p-values are not 

indicated above bars due to the existence of multivariate comparison between cell lines, 

treatments, and time. However, p-values of interest are mentioned specifically in the main 

text. 
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6.3.4 D3 Cannot Rescue Respiratory Burst Activity in Either R38+ or R38- 

 

Respiratory burst (oxidative metabolism) is the ability of mature neutrophils and macrophages to 

respond to bacterial infections, and is considered a final functional marker of maturity. None of 

the treatment regimens were able to significantly rescue this late differentiation marker in the 

RA-resistant HL60 (Figure 6.6, also see Discussion). Although D3/D3 treatment tended to 

increase the respiratory burst activity, this did not reach statistical significance. The WT HL60 

behaved as expected, exhibiting a strong respiratory burst in all treatment cases except for RA/- 

or D3/-. 

 

6.3.5 R38- Cells Comparatively Display the Lowest Level of D3-induced G1/G0 Cell Cycle 

 Arrest 

 

We examined G1/G0 cell cycle arrest, which is also a relatively late attribute of induced 

differentiation. In WT HL60, all treatments except RA/- and D3/- induced a significant 

(p<0.005) G1/G0 enrichment at 48 h (Figure 6.7A). RA-treated RA-resistant cells do not exhibit 

G1/G0 arrest. For both R38+ and R38-, the only treatments that significantly (p<0.05) increased 

the proportion of cells in G1/G0 were RA/D3 and D3/D3. Differences between the individual 

responses of R38+ and R38- were not yet significant at 48 h. By 72 h, the WT cells treated with 

RA/RA, RA/D3, D3/D3 or D3/RA were significantly (p<0.005) arrested in G1/G0 (Figure 6.7B). 

Also at 72 h, R38+ cells were arrested by RA/D3 and D3/D3 treatments, while the R38- resistant 

cells were arrested just by D3/D3 treatment (p=0.03). Thus for the R38+ cells, D3 had to be 

administrated at least in the lineage-commitment stage, whereas for the more severely resistant 



Figure  6.6.  Reactive oxygen species production at 72 h during sequential inducer 

 treatment. 

 

Oxidative metabolism (respiratory burst) at 72 h after sequential treatment with two inducing 

agents during the precommitment (24 h) and subsequent lineage-commitment phase (RA/RA, 

RA/ D3, RA/-, D3/D3, D3/RA, and D3/-). Respiratory burst activity in RA-resistant HL60 

cells was only marginally rescued by D3 only when present both in precommitment and 

commitment stages of differentiation. WT HL60 cells exhibit significant respiratory burst 

when RA or D3 is present during the lineage-commitment phase. The gate to determine 

percent increase of expression with treatment was set to exclude 95% of the control 

population.  
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Figure  6.7.  G1/G0 arrest at 48 and 72 h during sequential inducer treatment. 

 

D3 rescued G1/G0 arrest in R38+, and to a lesser degree in R38-, when added in the lineage-

commitment stage. (A) 48 h G1/G0 arrest after sequential treatment with two inducing agents 

during the precommitment and lineage-commitment phases (RA/RA, RA/D3, RA/-, D3/D3, 

D3/RA, and D3/-). (B) 72 h G1/G0 arrest (continuation of treatment with a second inducing 

agent). For clarity, p-values are not indicated above bars due to the existence of multivariate 

comparison between cell lines, treatments, and time. However, p-values of interest are 

mentioned specifically in the main text. 

139 



140 

 

R38- cells, D3 had to be administrated in both precommitment and lineage-commitment stages to 

obtain significant growth arrest by 72 h. This is consistent with a late differentiation dysfunction 

for R38+ and early and late dysfunction for R38-. 

 

6.3.6 D3 Rescues Early (24 h) Expression of Fgr, Vav1, and p47
phox

 in RA-resistant Cells 

 

Significant signaling components that are upregulated during the first 48 h of RA treatment in 

HL60 cells have been identified (Yen et al. 1998, Congleton et al. 2012, Hong et al. 2001, Battle 

et al. 2001, Yen and Varvayanis 2000, Battle et al. 2000, Yen et al. 1999,  Yen et al. 1994, Shen 

et al. 2011, Bunaciu and Yen 2011). Knowing the behavior of this ensemble during RA-induced 

differentiation, we sought deviations from this in the resistant cells to gain insight into the 

potential molecular basis of the cellular phenotypic behavior above. We examined the CD38-

associated proteins c-Cbl, Vav1, and Slp76; the Src-family kinases (SFKs) Lyn and Fgr, and the 

Y416 SFK phosphorylation site; c-Raf and its RA-induced phosphorylation sites S259, S621 and 

S289/296/301; p47
phox

, one of many proteins related to oxidative metabolism; and aryl 

hydrocarbon receptor (AhR) which we reported drives differentiation.  

 We first investigated proteins known to exhibit increased expression in WT HL60 by 24 

h. Fgr is upregulated by RA after 24 h in WT HL60, but not in R38+ or R38- resistant cells. Fgr 

could still be upregulated by D3 in R38+ cells at 24 h (Fig 6.8A). But R38- cells were slower and 

required 48 h (Fig 6.8B, Fig 6.9) before Fgr upregulation was discernible. This correlates with 

the putative more profound resistance of R38- cells. Vav1 is upregulated by RA and D3 in WT 

HL60, and in contrast to Fgr, D3 results in higher Vav1 expression during the first 24 h 

compared to RA treatment. But in resistant cells, RA did not cause any appreciable Vav1 



Figure  6.8.  Signaling factor expression at 24 and 48 h during sequential inducer 

 treatment. 

 

Individual Western blots are representative of at least three repeats. GAPDH loading controls 

were also performed on each individual blot to ensure even loading (not shown). WT HL60 

samples are indicated by WT, R38+ samples are indicated by + and R38- samples are 

indicated by --. (A) 24 h protein expression after treatment with a single inducer (RA or D3) 

during the precommitment phase. (B) 48 h protein expression after sequential treatment with 

two inducing agents during the precommitment and lineage-commitment phases (RA/RA, 

RA/D3, RA/-, D3/D3, D3/RA, and D3/-). Quantified blot data are presented in Figure 6.9. 
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Figure  6.9. Quantified signaling factor expression during sequential inducer 

 treatment. 

 

Repeat 48 h Western blot data were quantified using ImageJ and average fold change from 

control was graphed in GraphPad. Error bars represent standard error. Note that the fold 

change axis scale may differ for each bar graph. 
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upregulation, whereas D3 is able to increase Vav1 expression in both RA-resistant cell lines. 

p47
phox

 is comparably induced by RA and D3 in WT HL60 during the first 24 h. But in R38+ 

cells RA induces only a small increase in p47
phox

 and none detectable in R38-. In contrast D3 

treatment prominently increases expression of p47
phox

 in both RA-resistant lines. Slp76 is 

upregulated by both RA and D3 in WT HL60, but expression in resistant cells hardly changed 

with either RA or D3 treatment at 24 h. Meanwhile c-Cbl does not exhibit much change by the 

end of the early 24 h timepoint. There are thus early defects in RA-induced upregulation of select 

signaling molecules such as Fgr, Vav1, and p47
phox

, whose expression in the resistant cells is, to 

some degree, rescued by D3. 

 

6.3.7 WT, R38+ and R38- HL60 Cells Comparatively Display Decreasing D3-induced 

Expression and Phosphorylation of Differentiation-associated Signaling Factors at 48 h 

 

We examined signaling factor expression at 48 h to probe for resistance-related aberrations 

during the late, lineage-commitment phase. Representative blots for 48 h signaling data are 

shown in Figure 6.8B. To address slight variations across repeats, all repeats where quantified 

and average fold change ± S.E.M. is presented in Figure 6.9. Also, Figure 6.10 regraphs the same 

data separated by cell line to further clarify the expression differences. At 48 h, WT HL60 

treated with RA/RA behaved as expected, with RA exposure resulting in increased Fgr, Lyn, 

Vav1, c-Cbl, Slp76, c-Raf, AhR and p47
phox

 expression (Figure 6.8B, Figure 6.9) compared to 

untreated control. However, RA-resistant cells (R38+ and R38-) treated with RA/RA displayed 

little to no upregulation of these signaling proteins (excluding Slp76, as found previously [Jensen 

et al. 2013]) compared to WT HL60. For the RA/D3 treatment case, WT HL60 again show 
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Figure  6.10.  Quantified signaling factor expression compared on the  same axes. 

 

Repeat 48 h Western blot data were quantified using ImageJ and average fold change from 

control was graphed in MATLAB. Each cell line is graphed separately for comparison. Error 

bars represent standard error. (A) WT HL60 cells, all treatments and signaling proteins. (B) 

R38+ HL60 cells, all treatments and signaling proteins. (C) R38- HL60 cells, all treatments 

and signaling proteins. The fold change axis scale is maintained for each graph. 
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upregulated expression of these proteins. Interestingly, R38+ and R38- treated with RA/D3 

exhibited increased Vav1 and p47
phox

 expression compared to the RA/RA case, although 

expression in R38- was diminished relative to R38+. R38+ cells also exhibited c-Cbl expression 

with RA/D3 treatment, but R38- tended not to. Lyn and c-Raf were minimally increased in the 

RA-resistant cells during RA/D3 treatment. In the resistant cells, Fgr expression is only slightly 

increased during the RA/D3 case, with the R38+ line exhibiting less Fgr expression compared to 

WT HL60, and R38- even less compared to R38+. Overall this indicates that D3 treatment, 

despite the previous RA treatment, was able to predominantly rescue expression of Vav1 and 

p47
phox

 signaling proteins in R38+ and less so in R38-, consistent with the more apparent 

resistance to D3 of R38- compared to R38+. As most evidenced by Fgr, WT cells treated with 

RA/- (i.e. RA followed by no retreatment) displayed similar but diminished expression of 

signaling proteins compared to the RA/RA case, consistent with a need for continuous early and 

late exposure to drive expression. 

 For D3/D3 treated cells, WT and R38+ lines displayed upregulated Fgr, Lyn, Vav1, c-

Cbl, c-Raf and p47
phox

 expression compared to untreated controls, while R38- had notably 

diminished expression of these proteins, again consistent with greater D3 response dysfunction 

in R38- compared to R38+ (Fig 6.8B, Fig 6.9). For the D3/RA treatment pattern, WT HL60 still 

show upregulation of these proteins. But for the RA-resistant R38+ and R38- cells, D3 followed 

by RA treatment resulted in less Fgr, Vav1, c-Cbl, c-Raf and p47
phox

 expression compared to the 

D3/D3 case, consistent with a putative late defect in both resistant cell lines. 

 During RA/RA treatment in WT HL60, phosphorylation at c-Raf S259, S621, and 

S289/296/301 sites is increased (Figure 6.8B, Figure 6.9). For the resistant cells, this response 

was largely lost. For RA/D3 treatment, the pS259c-Raf and pS289/296/301c-Raf responses were 
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recovered in R38+ cells, but not in R38- cells, consistent with their putative greater resistance. In 

both resistant cells, the pS621c-Raf response was lost in RA/D3 treatments, consistent with the 

importance of this phosphorylation event in driving differentiation as suggested earlier (Smith et 

al. 2009). D3/D3 treatment induced phosphorylation at all c-Raf sites checked in WT and R38+ 

cells. Both R38+ and R38- retained S621c-Raf during D3/D3 treatment, but unlike R38+, 

phosphorylation at S259 and S289/296/301 sites on c-Raf was lost in R38- cells. Increased loss 

of induced c-Raf phosphorylation thus correlated with increased resistance. c-Raf 

phosphorylation was generally reduced in D3/RA-treated RA-resistant cells compared to the 

D3/D3 case. Overall these c-Raf phosphorylation changes did not necessarily correlate with the 

changes in c-Raf expression level. In the different treatment regimens, RA and D3, administered 

singly or in sequential combination, caused increased c-Raf expression in WT HL60. The 

response in each instance was diminished in R38+ and even more diminished in R38-. The Y416 

SFK (Src-family kinase) site also showed increased phosphorylation in RA-treated WT HL60 

cells, and this response was largely abrogated in both resistant cells. D3 administered early or 

late tended to cause, albeit much smaller, increase in Y416 SFK phosphorylation in the R38+ but 

not R38- cells. 

 Taken together the above data motivate the notion that this ensemble of signaling 

molecules and events support differentiation and that progressive resistance is concomitant with 

their decreased expression and phosphorylation. Cluster analysis (see Discussion) reveals that in 

WT HL60 cells there is a tight coupling between the responses of the ensemble of signaling 

molecules for different treatment regimens, but the coupling is degraded as the cells become 

progressively more resistant (Figs. 6.11B-D). 
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Figure  6.11.  Correlation analysis and clustering of cell lines and data. 

 

(A) Agglomerative hierarchical clustering analysis was performed on average quantified 

Western blot data (signaling protein data only) using Cluster 3.0 and visualized with 

TreeView. The distance metric was Pearson’s correlation coefficient. In the diagram, RR = 

RA/RA, RD = RA/D3, R- = RA/-, DD = D3/D3, DR = D3/RA, and D- = D3/-. (B-E). 

Clustering analysis across all treatment cases and all results (cytometry phenotyping data and 

Western blot signaling protein data) was performed using SYSTAT 8.0. In B-E, CTD refers to 

pS289/296/301c-Raf. (B) Clustering for WT HL60. (C) Clustering for R38+. (D) Clustering 

for R38-. (E) WT and R38+ cluster more closely to each other than to R38- HL60 cells. 
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6.4  Discussion 

 

6.4.1 Phenotypic Differences Between WT, R38+ and R38- HL60 Cells 

 

To our knowledge, this is the first study that analyzes how RA resistance depends on early vs. 

late lineage commitment events in lineage-bipotent myeloid cells and relates to lineage cross-

resistance. Taking the cellular response data together, the responses of R38+ and R38- RA-

resistant HL60 cells to the combinatorial sequences of RA and D3 treatment distills to two basic 

results. First, in both R38+ and R38- resistant cells, D3/RA treatment does not restore RA 

response, while RA/D3 could not fully restore D3 response. Thus D3 cannot necessarily abrogate 

the temporally segregated early or late RA defect(s). Second, as the resistance to RA became 

more pronounced with progression from R38+ to R38-, there was progressive emergence of 

worse D3 response. That is, the response to D3 administered early or late in combination with 

RA, or administered both early and late, was less effective in R38- than R38+ cells. Although 

both R38+ and R38- cells equally failed to develop a significant oxidative metabolism, D3 

treatment can nevertheless rescue expression of the respiratory burst-associated protein p47
phox

 in 

the resistant cells, with the greatest expression occurring during D3/D3 treatment and slightly 

lower during RA/D3 treatment, and greater expression always occurring in R38+ compared to 

R38-. When treated with D3 during the lineage-commitment phase, R38+ cells always exhibited 

higher CD14 expression than R38- cells. R38- cells consistently displayed lower CD38 and 

CD11b expression, lower differentiation-associated signaling factor expression and 

phosphorylation, and notably had lower G1/G0 cell cycle arrest compared to both WT and R38+ 

HL60. Therefore we found that RA differentiation therapy resistance can develop in stages, with 
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initial partial RA resistance and moderate D3 responsiveness (unilineage maturation block), 

followed by subsequent pronounced RA resistance and partial D3 resistance (bilineage 

maturation block).  

 RA can inhibit monocyte/macrophage activity (Oeth et al. 1998), and other 

differentiation programs can also be suppressed by a RAR-dependent process (Hu et al. 2010). In 

the case of WT HL60 cells, although the precommitment stage can be induced by RA or D3, the 

later stages of monopoiesis are inhibited by RA (Yen et al. 1984, Yen et al. 1987a). If enhancing 

the differentiation process toward one lineage may inhibit another, then it may be plausible that 

cells resistant to one induced lineage can respond more strongly to another induced lineage (i.e., 

the “repressive” pathway is removed). This could be one explanation for why early D3 treatment 

induced a slightly stronger response in the R38+ RA-resistant cells than the WT cells in terms of 

CD38 and CD14 expression.  

 We performed hierarchical clustering analysis between the cell lines across all treatments 

and results, and interestingly found that WT and R38+ clustered more closely than R38- (Figure 

6.11E). Agglomerative hierarchical clustering analysis across all cell lines and treatments vs. 

signaling components is diagramed in Figure 6.11A. The treatment cluster family for WT HL60 

separates into two clusters: those treated with RA first and those treated with D3 first. The 

untreated control samples exist in a cluster with R38- RA/RA and R38- RA/-. This is consistent 

with the notion that R38- is the most resistant cell line and consequentially the least dissimilar 

from untreated WT cells. Allowing that R38- RA/- represents the least responsive case, then the 

cluster analysis reveals a progression of cases that become more distal to and deviate from the 

most unresponsive case, namely R38- RA/-, R38- RA/RA, R38+ RA/-, R38+ RA/RA, and 

finally the RA/D3 cases for both resistant lines. This clustering conforms to the anticipation that 
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R38- are less responsive than R38+, and that RA is generally less effective than D3 in eliciting 

response in the resistant cells. The cases for early D3-treated resistant cells group together 

further away in the clustering analysis, consistent with weaker resistance to D3 compared to RA 

posited earlier.  

 When comparing both the signaling results and the cellular phenotypic results, 

hierarchical clustering across all treatments for WT (Figure 6.11B), R38+ (Figure 6.11C), and 

R38- (Figure 6.11D) reveals the increasing distances (lower correlations) as cells become more 

resistant compared to the WT HL60 cells. A progressive uncoupling of the signaling molecules 

thus occurs as WT HL60 change to R38+ and then to R38-. Thus the repertoire of signaling 

proteins surveyed may have a seminal role in effecting differentiation. Progressive degradation 

of the clustering of an ensemble of putative signalosome molecules as resistance increases 

supports the importance of an intimate co-regulated clustering of those molecules to drive 

differentiation.  We investigated RARα and VDR protein levels at 24 and 48 h (Figure 6.12) and 

were unable to attribute decreasing resistance to loss of either receptor. 

 

6.4.2 Vav1, Fgr and c-Raf Emerge as Prominent Differentiation-associated Factors 

 

A potential suite of molecular dysfunctions is seminal to the progression of observed resistance 

phenotypes. Vav1 is required for RA-induced granulocytic differentiation (Bertagnolo et al. 

2012) as well as TPA-induced monocytic differentiation of HL60 (Bertagnolo et al. 2011). Vav1, 

along with c-Cbl and Slp76, exhibit increased expression and exist in a CD38-associated 

complex during RA-induced differentiation of WT HL60 (Shen and Yen 2009). These signaling 



Figure  6.12.  RARα and VDR expression during sequential inducer treatment. 

 

Three repeats of Western blot data were quantified using ImageJ and average fold change 

from control was graphed in GraphPad. Error bars represent standard error. GAPDH loading 

controls were also performed on each individual blot to ensure even loading (not shown). 

Note that the fold change axis scale may differ for each bar graph. (A) At 24 h there is 

minimal to no change in the expression of RARα or VDR with RA or D3 treatment in all 

three cell lines. (B) Interestingly RA tended to increase VDR expression in WT HL60 cells at 

48 h. R38+ cells tended to have slightly higher receptor expression when treated with D3 

first. However, overall we found that increasing resistance of any cell line could not be 

attributable to significant loss of either receptor. 
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factors are also upregulated along with CD38 during D3 treatment in WT HL60, as well as in 

RA-resistant HL60. A cohort of molecules known to interact with CD38 is evidently expressed 

along with CD38 during either monocytic or granulocytic differentiation.  

 D3 induced Vav1 expression in R38+ and R38- during the first 24 h. If the two RA-

resistant lines were retreated with D3, then Vav1 expression persisted. However if the second 

treatment was RA, Vav1 expression tended to diminish by 48 h. A similar outcome occurs for c-

Cbl, and p47
phox

. Thus, although ectopic overexpression of Vav1 or c-Cbl can enhance RA-

induced differentiation in WT HL60 (Shen and Yen 2009, Bertagnolo et al. 2012), early-induced 

expression of these signaling factors in resistant cells is not enough to propel RA-induced 

differentiation during the lineage-commitment stage, which may reflect the co-existence of other 

potential defects. The data suggest that a late Vav1-dependent function may be disrupted in 

resistance, and lesser Vav1 expression in R38- compared to R38+ cells may contribute to the 

increased D3 resistance in R38- cells.  

 We have previously reported that the Src-family kinases (SFKs) Lyn and Fgr are 

upregulated with RA treatment in WT HL60 cells (Congleton et al. 2012). The D3-induced 

upregulation of Lyn and Fgr has been noted by us and others (Katagiri et al. 1991). Lyn and Fgr 

are the predominant SFKs expressed in myeloid cells (Katagiri et al. 1991, Dos Santos et al. 

2008) . However of the two, only Lyn appears to be the predominantly active (phosphorylated) 

kinase in RA-induced HL60 (Congleton et al. 2012, Kropf et al. 2010), as well as in RA-treated 

NB4 cells (Welch and Maridonneau-Parini 1997). Lyn and Fgr have been found to exert their 

functional roles in distinct subcellular compartments (Welch and Maridonneau-Parini 1997). 

When the aryl hydrocarbon receptor (AhR) ligand 6-formylindolo (3,2-b)carbozole (FICZ) 
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enhances Lyn and Fgr expression, as well as Vav1, c-Cbl, and p47
phox

 expression, it also 

enhances RA-induced differentiation in WT HL60 cells (Bunaciu and Yen 2013). 

 In R38+ and R38- RA-resistant HL60 cells, Fgr expression was not induced by RA at 24 

h, as expected, yet was only minimally rescued either early or late by D3 compared to WT HL60 

cells. Thus Fgr may be a signaling component important to the non-resistant phenotype, and 

dysfunctional early RA regulation of Fgr emerges as a prominent feature of resistance that 

correlates with loss of cellular phenotypic response. Phosphorylation at the Y416 SFK site seems 

to be primarily an RA-driven event in the WT HL60 cells, as the highest pY416 SFK 

phosphorylation occurs during RA/RA, RA/D3 and D3/RA treatments. In contrast, results for 

Lyn and AhR were not as striking. Overall, there appeared to be higher Lyn expression in WT 

HL60 cells across all treatment patterns. But upregulation by RA/RA, RA/D3, D3/D3 or D3/RA 

for all cells lines remained similar; hence it is not apparent whether Lyn expression is specific to 

any inducing agent or phase of differentiation. Similar results were obtained for AhR, with the 

exception of RA/RA treated WT HL60, which had the highest AhR expression among all 

treatment cases and cell lines.  

 c-Raf phosphorylation appears disrupted in resistance. Phosphorylation at the putative 

inhibitory site S259, the stability site S621, and the functionally ambiguous S289/296/301 site 

has been found to be induced by RA (Congleton et al. 2012, Jensen et al. 2013, Smith et al. 

2009). Here we show that S259 c-Raf phosphorylation may be an early (but not late) RA driven 

event. Enhanced pS259c-Raf is observed in WT cells during RA/RA, RA/D3, and RA/- 

treatment (Figure 6.9A), but not during D3/RA treatment (despite higher phosphorylation for the 

D3/D3 case). Also p259c-Raf is increased in the R38+ HL60 during RA/D3 and D3/D3, but not 

D3/RA, treatment. Thus for both the WT and R38+ cells, pS259 was higher during RA/D3 than 
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D3/RA treatment, consistent with being an early RA-driven event. Interestingly, the 

phosphorylation site pS289/296/301 was significantly increased (as high as in WT cells) in R38+ 

during RA/D3 treatment, but when D3 was used first, R38+ had less pS289/296/301c-Raf than 

WT (Figure 6.9A-B).  

 Overall for c-Raf expression and phosphorylation, the R38- cells tended not to show as 

great a response to D3 compared to WT or R38+, whether D3 was treated first or last (Figure 

6.9C). This is again indicative of the greater degree of disrupted c-Raf-dependent signaling in 

these cells. Consistent with this, c-Raf expression was similarly progressively less during all 

treatments across WT, R38+ and R38- HL60 cells. Like Vav1 and Fgr, c-Raf emerges as 

putatively a key component of the non-resistant phenotype. p47
phox

 and c-Cbl expression may be 

correlated with CD38 and/or CD14, since these two signaling factors were also more highly 

expressed in early D3-treated R38+ cells compared to WT HL60. But Fgr, Vav1 and c-Raf 

showed decreasing (across WT, R38+, R38-) induced expression for all treatments, similar to 

CD11b expression and G1/G0 arrest, notably implicating their dysfunction in progressive 

resistance. 

  

6.4.3 D3 Treatments and RA Resistance in Other Studies 

 

Retinoic acid (RA) and the active form of vitamin D3, 1,25-dihydroxyvitamin D3 (D3), are 

dietary factors that demonstrate chemotherapeutic efficacy in inducing maturation in leukemia 

cells. RA is the current treatment for acute promyelocytic leukemia (APL) (Rego and Pandolfi 

2001), and retinoids serve preventative and therapeutic roles in other cancers and diseases 

(Freenmantle et al. 2003, Tang and Gudas 2011, Bushue and Wan 2010). D3 is able to exert anti-
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proliferative effects in other myeloid cells (Harrison and Bershadskiy 2012) and other cancer cell 

types (Cheung et al. 2012). It has been shown that analogs of D3 can induce differentiation of 

myeloid cells with minimal calcium toxicity (Norman et al. 1990, Zhou et al. 1991, Rebel et al. 

1992). Like D3, D3 analogs have shown efficacy in inducing differentiation not only in myeloid 

lines, but in prostate and breast cancer cells (Skowronski et al. 1995, Koshizuka et al. 1999). Co-

administration of RA with D3 or analogs thereof is a potential therapeutic strategy to mitigate the 

side effects of each individual inducer (RA syndrome, hypercalcaemia, RA or D3 resistance). 

 One group found that RA and analogs of D3 can act synergistically in WT HL60 to 

promote differentiation and inhibit cell growth (Dore et al. 1993), and that a RA-resistant HL60 

cell line is more sensitive to D3 treatment than the parental WT cells (Dore et al. 1994). We 

previously developed an HL60 cell line resistant to sodium butyrate (a monocytic inducer) that 

was also cross-resistant to RA; however, this line remained responsive to monocytic 

differentiation by D3 (Yen and Varvayanis 1995). Interestingly, D3 was shown to induce 

granulocytic (not monocytic) differentiation in a RA-resistant APL cell line (Muto et al. 1999). 

However, in another case, D3 treatment did not induce differentiation in RA-resistant HL60 

(Atkins and Troen 1995). RA resistance in HL60 has been historically attributed to mutation of 

RARα (Dore and Momparler 1996, Robertson et al. 1992). However, in some RA-resistant 

myeloid lines where a mutation in RARα was found, expression of wild-type RARα did not fully 

restore RA responsiveness (Atkins et al. 1995, Pratt et al. 1990). It is clear that other defects 

arise, which most likely vary across resistant sublines developed in different laboratories. This 

may account for the varying reports seen in the literature regarding a response (or lack of 

response) of RA-resistant cells to D3 treatment. In fact, in a single study one group developed 
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two RA-resistant HL60 cell lines, one of which was D3-responsive and harbored a RARα 

mutation, while the other was D3-resistant and had intact RARα (Mori et al. 1999). 

  

6.4.4 Conclusions 

 

These studies showed that induced signaling and phenotypic conversion progressively degrade in 

discernible stages of resistance. We showed that D3 cannot necessarily abrogate temporally 

segregated early or late RA resistance defect(s). Nonetheless, D3 can induce extensive, but not 

complete, functional monocytic differentiation in the RA-resistant cells compared to WT HL60. 

Therefore although the segregation of unilineage vs. bilineage resistance is not exact, we show 

that an RA-resistant cell line that retains partial RA responsiveness (R38+) is more amenable to 

D3-induced differentiation, while a sequentially emergent cell line more resistant to RA (R38-) is 

less responsive to D3. We found that the emergent R38- RA-resistant HL60 cell line was more 

dissimilar from WT and R38+ than WT and R38+ where from each other. An ensemble of 

signaling molecules that are co-regulated in WT HL60 become progressively more uncoupled as 

resistance becomes more pronounced, a trend involving increasing loss of response to RA and 

then D3. There was a putative early Fgr expression dysfunction and a late Vav1-dependent 

dysfunction correlated with progressive resistance, as well as dysfunctional c-Raf expression. 

HL60 are negative for the t(15;17) mutation, making RA-induced mechanisms in these cells 

potentially applicable to other cancers. Overall RA resistance may thus result from dysfunction 

of multiple pathways, rather than single genetic defects.  
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CHAPTER 7 

 

Induced myelomonocytic differentiation in leukemia cells is accompanied by noncanonical 

transcription factor expression 

 

 

7.1 Abstract 

 

Transcription factors with well known functions in driving non-neoplastic myelomonocytic 

differentiation have not been as systematically analyzed in the leukemic context, in particular 

comparing their expression to cellular capability to differentiate. We generated transcription 

factor expression profiles for a panel of patient-derived FAB M1-M5 leukemia cell lines that 

differ in their capability to differentiate when subject to retinoic acid (RA)-induced granulocytic 

differentiation and/or 1,25-dihyrdroxyvitamin D3 (D3)-induced monocytic differentiation. Using 

myeloid leukemia cell lines K562 (M1), HL60 (M2), derived RA-resistant HL60 sublines, NB4 

(M3), and U937 (M5), we correlated immunophenotype, G1/G0 cell cycle arrest and functional 

inducible oxidative metabolism to nuclear transcription factor expression during differentiation 

induction therapy. We found myelomonocytic transcription factors are aberrantly expressed 

during induced differentiation in these cell lines. For example, EGR1 expression, which 

promotes monocytic differentiation, was not induced by D3 (the monocytic inducer) but instead 

correlated to RA treatment (the granulocytic inducer) in bipotent wild-type HL60. Oddly, in NB4 

cells, EGR1 levels were increased by D3, although this D3-induced EGR1 expression could be 

repressed by RA. In contrast, Gfi-1 expression, which promotes the granulocytic lineage, was 

upregulated during D3-induced monocytic differentiation in HL60, and by RA treatment in 
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monocytic U937 cells. Furthermore, RARα expression was not correlated to variable responses 

to RA. VDR expression was likewise uncorrelated to differentiation. For example, the RA- and 

D3-unresponisve K562 cell line exhibits increased VDR expression without phenotypic 

maturation. Overall the results indicate that the function of critical transcription factors that 

govern nonmalignant myelomonocytic differentiation is corrupted in leukemia cells. We show 

that combined RA+D3 treatment results in a mixed phenotype, and despite the distinctions 

between RA-induced granulocytic or D3-induced monocytic lineage selection, the two pathways 

exhibit a degree of crosstalk. 

 

7.2 Introduction 

 

Acute myeloid leukemias (AML) are extremely heterogeneous diseases, with over 200 known 

documented AML-related cytogenic aberrations (Gocek et al. 2012). Nevertheless, 

differentiation induction therapy agents like all-trans retinoic acid (RA) and 1,25-

dihyrodxyvitamin D3 (D3) treatment show promise in many cancer cells types, although they 

invoke varied responses in human myeloid leukemia cell lines. Whether RA and D3 can act 

additively, synergistically or antagonistically is an outstanding question, since each behavior has 

been observed in different contexts. Although lineage-determining myeloid transcription factors 

are well characterized for the nonmalignant case (Tenen et al. 1997, Rosenbauer and Tenen 

2007, Friedman et al. 2007), how they operate during differentiation induction therapy in 

leukemia remains to be fully clarified. A multitude of patient-derived leukemia cell lines that 

span a range of maturity from FAB M1 to M7 are available. These cell lines represent a spectrum 

of differentiation capabilities in response to various inducing agents. But a systematic analysis of 
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their transcription factor expression changes during differentiation is lacking. In this study we 

used K562 (M1), HL60 (M2), NB4 (M3) and U937 (M5) human myeloid leukemia cell lines and 

compared their expression of an ensemble of well known transcription factors governing 

myelomonocytic differentiation lineage selection mechanisms in response to RA or D3 

treatment.  

 K562 is a blast crisis chronic myelogenous leukemia (CML) cell line (FAB M1) that 

upon isolation displayed variable aneulploidy and harbored the Philadelphia chromosome, 

t(9;22) which results in the Bcl-Abl fusion protein thought to be seminal to CML (Lozzio and 

Lozzio 1975, Rucker et al 2006). K562 cells are now known to be erythroleukemic, but also 

exhibit megakaryocytic characteristics, and can be induced to macrophage-like cells with 12-o-

tetradecanoylphorbol-13-acetate, or TPA (Andersson et al. 1979, Sutherland et al. 1986). K562 

cells are not responsive to either RA (Koiso et al. 2000, Robertson et al. 1991) or D3 treatment 

(Munker et al. 1986), and thus serve as a negative control for RA or D3-induced differentiation. 

 HL60 cells were originally classified as FAB M3, but are in fact lineage-bipotent 

myeloblasts (Fontana et al. 1981) that are now classified as M2 (Dalton et al 1988). HL60 

leukemia cells can be induced to differentiate along either the granulocytic lineage (using RA) or 

monocytic lineage (using D3). HL60 cells are t(15;17)-negative, so RA-induced therapy must act 

through a mechanism independent of PML-RARα. We previously isolated and described two 

RA-resistant HL60 cell lines, R38+ and R38- (Jensen et al. 2013, Jensen et al. 2014). These lines 

demonstrate that as RA resistance becomes more profound, progressive resistance to D3 also 

develops. The suite of wild-type, R38+ and R38- HL60 provide a representative progression of 

responsive to non-responsive cell lines from the same parental FAB M2 cells. 
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NB4 is an acute promyelocytic leukemia (APL) cell line (FAB M3) that contains the 

t(15;17) translocation pathognomonic for APL (Lanotte et al. 1991, Drexler et al. 1995, 

Gallagher 2002). NB4 cells are RA-responsive and the mechanism of RA-induced granulocytic 

differentiation has been focused on the t(15;17) fusion product PML-RARα. NB4 cells are also 

less responsive to D3 than wild-type HL60 cells are, and require combination treatment in order 

to achieve any degree of monocytic differentiation (Bhatia et al. 1994, Testa et al. 1994). U937 

are monocytic leukemia cells (FAB M5) and are the most mature cells in this study. U937 are 

highly responsive to D3-induced monocytic/macrophage differentiation. RA exerts ambiguous 

effects in U937 cells, such as i) induction of monocytic differentiation, ii) induction of 

granulocytic differentiation, or iii) augmentation of monocytic differentiation (Nakajima et al. 

1996, Olsson and Breitman 1982, Defacque et al. 1995). U937 cells harbor a t(10;11) 

translocation, a recurrent event in T-cell acute lymphoblastic leukemia which has also been 

found in AML FAB M0-M5 and M7 cells (Gocek et al. 2012, Caudell and Aplan 2008).  

 As a result of numerous studies and intensive investigation, an ensemble of transcription 

factors has been identified that govern myelomonopoiesis. The transcription factors PU.1 (a 

myeloid lineage master regulator) and C/EBPα have positive effects on both granulocytic and 

monocytic maturation, but the ratio of PU.1 to C/EBPα determines granulocytic vs. monocytic 

lineage selection (Dahl et al. 2003). This is due to a bistable switch described by Laslo et al. 

(2006) that involves mutually antagonistic repressors Gfi-1 and EGR1 which lie downstream of 

PU.1 and C/EBPα. Gfi-1 represses monocytic differentiation and promotes granulocytic lineage 

selection, while EGR1 acts conversely. In addition to retinoid acid receptor α (RARα) and 

vitamin D receptor (VDR), other transcription factors found to be significant, specifically to RA-

induced differentiation, are IRF-1, AhR and Oct4 (Bunaciu and Yen 2011, Shen et al. 2011). The 
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aryl hydrocarbon receptor (AhR) is a transcription factor with a number of ligands that include 

both endogenous metabolites/photoderivatives and xenobiotics. AhR expression increases during 

myeloid differentiation of HL60 (Bunaciu and Yen 2011) as well as during monocytic 

differentiation of HL60 and U937 (Hayashi et al. 1995), and promotes Oct4 downregulation. 

AhR agonists enhance RA-induced differentiation in HL60; however, it has been shown recently 

that AhR may have different roles in granulocytic vs. monocytic differentiation (Bunaciu and 

Yen 2013, Ibabao et al. unpublished data). IRF-1 expression is induced by RA in HL60, NB4 

and U937 cells (Shen et al. 2011, Matikainen et al. 1996), but not K562 cells (Grande et al. 

2001), and this expression appears to be Stat1-independent (Luo et al. 2006). IRF-1 is thought to 

be part of the mechanistic basis of the well known collaboration between interferon and retinoic 

acid (Gaboli et al. 1998, Chelbi-Alix and Pelicano 1999). 

 In this study, we treated K562, wild-type and RA-resistant HL60, NB4 and U937 cells 

with RA, D3, or combination RA+D3 and assessed differentiation using the following 

immunophenotypic markers: CD38 and CD11b (myelomonocytic markers) and CD14 (a 

monocytic-specific marker). Additionally we assessed the G1/G0 cell cycle arrest and inducible 

oxidative metabolism, a functional differentiation marker of mature myelomonocytic cells. We 

surveyed the nuclear expression of the nine aforementioned transcription factors that govern 

myelomonopoiesis and analyzed their coupling to cellular phenotype. Our intentions were to: (1) 

provide ourselves and others with a comparative index of responses by these cell lines, in 

particular to determine if there were transcription factor profiles of response or resistance, (2) 

identify departures from the norm of myelomonocytic transcription factor expression in the 

leukemic differentiation context, (3) determine transcription factor expression and phenotypic 
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marker signatures coupled to the individual treatments (RA, D3 or RA+D3) and myeloid cell 

maturity, and (4) determine if combined RA+D3 treatment promotes one lineage over the other.  

 

7.3 Results 

 

7.3.1 Characteristics of Myeloid Leukemia Cell Lines 

 

Table 7.1 describes the characteristics of K562, HL60, NB4 and U937 cells curated from 

literature. In addition to these cell lines, we previously established two sequentially emergent 

RA-resistant HL60 cell lines, termed R38+ and R38- (Jensen et al 2013, Jensen et al. 2014). 

Neither of these RA-resistant HL60 cell lines exhibits CD11b expression, G1/G0 arrest or 

inducible reactive species (ROS) production after RA treatment. While R38+ HL60 cells retain 

RA-inducible CD38 expression, R38- HL60 cells are more profoundly resistant and have lost 

early CD38 expression in addition to late differentiation events. Both R38+ and R38- HL60 also 

fail to upregulate signaling factors that are RA-induced in wild-type HL60, such as c-Raf, the 

Src-family kinases Lyn and Fgr and CD38-assocaited proteins, Vav1 and c-Cbl (Jensen et al. 

2013). The two RA-resistant lines also display a progressively reduced response to D3 treatment 

as RA resistance becomes more profound (Jensen et al. 2014). 

 To assess the characteristics of the patient-derived cell line ensemble with progressively 

more limited capability to differentiate, we compared doubling times and basal surface marker 

expression of untreated cells. Wild-type and RA-resistant HL60 have a doubling time of 

approximately 20 h (Figure 7.1A-B) and are grown in 5% FBS. K562, NB4 and U937 have 

slower doubling times and are maintained in 10% FBS (Figure 7.1A-B). Compared to untreated 



Table  7.1.  Reported characteristics of K562, HL60, NB4, and U937.  

 

 

Patient Characterisitics Responsive 

Cell Line Patient Disease Source FAB morphology 
Genetic 
Abber. 

RA D3 

K562 53, F 
chronic myelogenous 

leukemia 
pleural fluid M1† 

erythro-
megakaryocyte 

t(9;22) no no 

HL60 36, F 
acute promyelocytic 

leukemia* 
peripheral blood M2 myeloblast amp(8)q(24) yes yes 

NB4 23, F 
acute promyelocytic 

leukemia 
bone marrow M3 promyelocyte t(15;17) yes no‡ 

U937 37, M 
diffuse histiocytic 

lymphoma 
pleural fluid M5 monoblast t(10;11) yes** yes 

*Later reclassified as acute myeloblastic leukemia 
†K562 do not correlate to a specific stage of normal hematopoiesis 
‡NB4 are RA-responsive, but effects of D3 are ambiguous 
**Effects of RA in U937 (granulocytic-  vs. monocytic-promoting) are ambiguous 
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Figure  7.1.  Basal comparison of HL60, K562, NB4 and U937 cell lines. 

 

(A) Box-and-whisker plots of cell line doubling times. (B) Mean doubling times of cell lines. 

(C) CD38, CD11b and CD14 expression was analyzed by flow cytometry and shown as 

percent positive cells for each myeloid cell line compared to wild-type (WT) HL60, the 

bipotent system. Percent positive shift was determined by setting the WT HL60 control to 

exclude 95% of the population peak. NB4 (p<0.0001) and U937 (p<0.05) had significantly 

higher CD38 expression than WT HL60. All cell lines had similar CD11b expression levels 

when untreated, but K562 (p<0.01) and U937 (p<0.001) had higher CD14 expression 

compared to WT HL60.  
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wild-type HL60, untreated NB4 and U937 were more mature, having higher basal expression 

levels of CD38 and CD14 (Figure 7.1C). K562 also had significantly higher CD14 expression.  

 

7.3.2 Induced Phenotypic Changes in K562, HL60, NB4 and U937 Cells  

 

To be able to relate transcription factor expression to differentiation, we first investigated the 

phenotypic changes that result from differentiation induction therapy in the myeloid leukemia 

cell line panel. CD38, CD11b and CD14 expression, G1/G0 cell cycle arrest, and cell densities 

were assessed in wild-type and the two RA-resistant HL60 cell lines after 24, 48, and 72 h of 

treatment with either retinoic acid (RA), 1,25-dihydroxyvitamin D3 (D3), or combination 

(RA+D3). Wild-type HL60 cells display a strong response to both RA and D3 (Figure 2A-B), 

with D3 treatment resulting in greater CD11b expression as well as CD14 expression, as we 

reported previously (Jensen et al. 2014). The combined RA+D3 treatment seemed to further 

enhance G1/G0 arrest and CD11b expression compared to either treatment individually. 

However, lower CD14 expression was observed with combined RA+D3 compared to D3 alone. 

This may suggest that RA can have an antagonistic effect on the relative number of cells 

expressing monocytic-specific markers. Meanwhile RA-resistant cells lines R38+ and R38- do 

not respond to RA, with the exception of RA-inducible CD38 expression in R38+ HL60, as 

previously reported for 48 h (Jensen et al. 2013). Both R38+ and R38- are responsive to D3 

treatment, displaying increased CD11b, CD14 and G1/G0 arrest, with the sequentially emergent 

line R38- being less responsive. Interestingly, unlike wild-type HL60, RA fails to reduce the D3-

induced CD14 expression in R38+ and R38- HL60. 



Figure  7.2.   Induced phenotype in wild-type, R38+ and R38- HL60 cells.  

 

CD38, CD11b, CD14, G1/G0 arrest and cell densities for wild-type, R38+ and R38- HL60 

cells at 24 , 48 and 72 h of culture for indicated control, RA, D3 or RA+D3 treatment.  
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Table 7.2.   p-values for Figure 7.2. 

 

 

 

WT HL60 R38+ HL60 R38- HL60 

38 11b 14 G1/0 Den 38 11b 14 G1/0 Den 38 11b 14 G1/0 Den 

0 h                                   

C vs. RA -- -- -- -- ns   -- -- -- -- ns   -- -- -- -- ns 

C vs. D3 -- -- -- -- ns   -- -- -- -- ns   -- -- -- -- ns 

C vs. RA+D3 -- -- -- -- ns   -- -- -- -- ns   -- -- -- -- ns 

24 h                                   

C vs. RA **** * ns ns ns   **** ns ns ns ns   ns ns ns ns ns 

C vs. D3 **** **** ns ** ns   **** *** ns **** ns   *** *** ns ns ns 

C vs. RA+D3 **** **** ns *** ns   **** **** ns **** ns   **** **** ns ns ns 

48 h                                   

C vs. RA **** **** ns *** ns   **** ns ns ns ns   ns ns ns ns ns 

C vs. D3 **** **** **** **** ns   **** **** **** **** ns   **** **** **** ns ns 

C vs. RA+D3 **** **** ** **** ns   **** **** **** **** *   **** **** **** ns ns 

72 h                                   

C vs. RA **** **** ns **** ns   **** ns ns ns ns   ns ns ns ns ns 

C vs. D3 **** **** **** **** *   **** **** **** **** ****   **** **** **** ns ns 

C vs. RA+D3 **** **** ** **** ****   **** **** **** **** ****   **** **** **** * * 
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 RA- and D3-induced phenotypic attributes of the other lines spanning progressive 

maturity were evaluated. Since we were ultimately interested in comparing RA- and D3-

inducible phenotypic responses to transcription factor expression, we included the most 

immature cell line, K562, in this panel as a negative phenotypic control. RA, D3 or combined 

RA+D3 did not induce any change in CD38, CD11b or CD14 expression, G1/G0 arrest, or in cell 

density after 24, 48 and 72 h of treatment in K562 cells (Figure 3A-B). In contrast, NB4 cells 

were highly responsive to RA treatment, which induced CD38 and CD11b expression, G1/G0 

arrest, and greatly reduced cell density over time. Interestingly, minor CD14 expression was RA-

inducible in NB4 cells. This effect has been reported in the literature (Kim et al. 2005), and may 

be due to aberrant effects of the PML-RARα fusion protein (see Discussion). D3 treatment of 

NB4 cells did not significantly reduce cell density, but did induce comparable levels of CD38, 

CD11b and CD14 surface markers. In NB4, combined RA+D3 treatment appeared to enhance 

the effect of either individual inducer. U937 cells appeared to arrest in culture over time, even 

without treatment (Figure 3A). This may reflect the greater maturity (M5) of this cell line. U937 

cells displayed the strongest response to D3 treatment compared to the other cell lines, with over 

50% CD14 expression occurring by 72 h in the D3 and RA+D3 treated cases (Figure 3A-B). 

Unlike wild-type HL60, combined RA treatment failed to reduce the D3-induced CD14 

expression in U937 cells. However, RA did enhance D3-induced CD38 and CD11b expression, 

and RA alone could induce significant CD38 expression and very minor CD11b expression in 

U937. 

 In addition to these phenotypic traits, a functional differentiation marker was also 

assessed. Reactive oxygen species (ROS) production, or inducible oxidative metabolism in 

response to 12-o-tetradecanoylphorbol-13-acetate (TPA), is a marker of functional differentiation 



Figure  7.3.   Induced phenotype in U937, K562 and NB4 cells. 

 

CD38, CD11b, CD14, G1/G0 arrest and cell densities for U937, K562 and NB4 cells at 24, 48 

and 72 h. of culture for indicated control, RA, D3 or RA+D3 treatment.  
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Table 7.3.   p-values for Figure 7.3. 

 

 

 

U937 K562 NB4 

38 11b 14 G1/0 Den 38 11b 14 G1/0 Den 38 11b 14 G1/0 Den 

0 h                                   

C vs. RA -- -- -- -- ns   -- -- -- -- ns   -- -- -- -- ns 

C vs. D3 -- -- -- -- ns   -- -- -- -- ns   -- -- -- -- ns 

C vs. RA+D3 -- -- -- -- ns   -- -- -- -- ns   -- -- -- -- ns 

24 h                                   

C vs. RA *** ns ns ns ns   ns ns ns ns ns   ** **** ns *** ns 

C vs. D3 ** *** **** ns ns   ns ns ns ns ns   ns ** * ns ns 

C vs. RA+D3 **** **** **** ns ns   ns ns ns ns ns   *** **** **** *** ns 

48 h                                   

C vs. RA **** ns ns ns ns   ns ns ns ns ns   ** **** ns * ns 

C vs. D3 **** **** **** ns ns   ns ns ns ns ns   * **** *** ns ns 

C vs. RA+D3 **** **** **** ns ns   ns ns ns ns ns   *** **** **** **** ns 

72 h                                   

C vs. RA **** ns ns ns ns   ns ns ns ns ns   ** **** * ns *** 

C vs. D3 **** **** **** ns ns   ns ns ns ns ns   ** **** **** ns ns 

C vs. RA+D3 **** **** **** ns ns   ns * ns ns ns   **** **** **** ** **** 
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in mature myelomonocytic leukemia cells. RA and D3 significantly increase ROS, with RA+D3 

causing greater ROS production compared to either inducer alone, in wild-type HL60 (Figure 

7.4). R38+ HL60 only exhibit TPA-induced ROS in the presence of D3, and R38- only 

minimally during RA+D3 treatment. K562 are functionally unresponsive to RA or D3 induction, 

while NB4 display striking TPA-induced oxidative metabolism with RA treatment. This is 

generally consistent with the phenotypic traits and origins of these cells. However, U937 had 

surprisingly low ROS production, with a significant increase occurring only after the combined 

treatment.  

 For response to combined RA+D3 treatment, generally U937 and the RA-resistant HL60 

lines R38+ and R38- were comparable in that D3 induces monocytic changes that are only 

minimally enhanced or unchanged by additional RA treatment. In wild-type HL60, RA enhances 

D3 effects with the exception of CD14 expression, which is reduced. NB4 cells display a 

complex response, with both RA and D3 inducing expression of CD38, CD11b and CD14 to 

some extent. However in NB4 cells, cell density is greatly reduced and functional oxidative 

metabolism is greatly enhanced only when RA is present. These characterizations of phenotypic 

responses based on cell line identity and maturity can be compared to the intracellular 

transcription factors expression profiles determined below. 

 

7.3.3 Transcription Factor Expression in K562, HL60, NB4 and U937 Cells  

 

In order to determine i) if the expression of regulatory transcription factors for myelomonocytic 

lineage selection was strongly correlated to individual differentiation induction agents and/or 

phenotypic outcome despite cell line identity and ii) if expression of the transcription factors 



Figure  7.4. Inducible ROS production in HL60, U937, K562 and NB4 cells at 72 h.  

 

Cells were stimulated with TPA to induce respiratory burst activity. Percentage positive were 

determined by flow cytometry detection of DCF fluorescence. 
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mirrored what would be expected in the nonmalignant case, we surveyed a total of nine 

transcription factors for their nuclear expression levels in the myeloid cell line ensemble treated 

with RA-, D3- or RA+D3 for 48 h. Quantified expression data were subject to clustering analysis 

below. However, inspection of the individual data revealed certain intriguing characteristics. 

RARα protein levels are unchanged in treated HL60 (Figure 7.5a), which has been shown 

previously (Jensen et al. 2014), but in R38+ and R38- RA-resistant HL60 cells, RARα 

expression was sometimes increased with treatments, whereas in the less mature K562 cells 

treatment tended to decrease RARα. The more mature NB4 and to a lesser extent U937 appeared 

to exhibit RA-inducible RARα expression which was blunted by combined treatment with D3. In 

contrast VDR expression was greatly enhanced whenever D3 was present in every cell line, 

including the phenotypically-unresponsive K562 cells.  

 Nuclear PU.1 levels tended to be higher with RA treatment in wild-type HL60 (Figure 

7.5a). PU.1 expression is higher in U937 with combined RA+D3 treatment, while expression is 

higher when D3 is present in RA-resistant HL60. In NB4 cells, both RA- and combined RA+D3- 

treated cells tended to have increased PU.1 expression, although D3 induced PU.1 expression as 

well. The C/EBPα transcription factor could not be detected in K562. C/EBPα expression was 

highest with D3 treatment alone in wild-type HL60, R38+ HL60 and NB4. R38- and U937 are 

similar in their expression of C/EBPα across treatments, which was highest for combined 

RA+D3. 

Gfi-1 (which promotes granulocytic differentiation) paradoxically increases during D3 

treatment in wild-type HL60, and is also higher in RA-treated U937 (Figure 7.5a). NB4 cells do 

not exhibit RA-induced Gfi-1 upregulation, although Gfi-1 expression decreases slightly with D3 

treatment. Gfi-1 expression is more or less unchanged in treated RA-resistant HL60 and was 



Figure  7.5a.   Myeloid transcription factor expression in myeloid leukemia cell lines. 

 

Fold change of quantified Western blot data (at least three repeats) are shown with a 

representative blot. Note the scale on the y-axis may differ. Error bars represent standard 

error. p-values are not calculated as blots themselves may be in the linear or nonlinear range. 
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undetected in K562. Strangely, EGR1 (which promotes monocytic differentiation) expression is 

increased with D3 treatment alone in NB4 cells, although combined RA+D3 suppressed EGR1 

expression (Figure 7.5a). Meanwhile wild-type HL60 cells display increased EGR1 expression 

whenever exposed to RA. EGR1 expression is unchanged in U937 and RA-resistant HL60, and 

may be slightly decreased by all treatments in K562. 

 IRF-1 is clearly induced by RA in the most RA-responsive lines, wild-type HL60 and 

NB4 (Figure 7.5b). Interestingly, IRF-1 expression is higher across all treatments in the RA-

resistant HL60, and not detectable in U937. Combined RA+D3 treatment could increase IRF-1 

expression in K562. Nuclear AhR levels decrease with treatments in wild-type HL60, but remain 

more or less the same in all other cell lines, therefore nuclear AhR expression alone did not 

reveal significant dependencies on RA vs. D3-induced differentiation (Figure 7.5b). Oct4 

expression levels, as a marker for stem-ness, were generally reduced with treatments (Figure 

7.5b). But quantified fold change results were sensitive to small differences due to the faintness 

of the band. 

 Overall we discovered aberrant expression patterns regarding the mutually antagonistic 

repressors Gfi-1 and EGR1, which are thought to promote granulocytic and monocytic 

differentiation respectively. Additionally there were cell line-dependent distinctions as to which 

differentiation agents induced expression of these two transcription factors. Below we address 

the importance of cell line maturity vs. differentiation-inducing agents for the myeloid leukemia 

context by performing clustering analyses on transcription factor expression data and phenotypic 

attributes. 

 

7.3.4 Correlations between Treatments, Cell Lines and Transcription Factor Expression 



Figure  7.5b.   Myeloid transcription factor expression in myeloid leukemia cell lines. 

 

Fold change of quantified Western blot data (at least three repeats) are shown with a 

representative blot. Note the scale on the y-axis may differ. Error bars represent standard 

error. p-values are not calculated as blots themselves may be in the linear or nonlinear range. 
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We initially speculated that differentiation induction mechanisms betrayed by the transcription 

factor expression profiles and the identity of the differentiation-inducing agent would couple 

despite variance in cell line maturity. However, we found striking differences in transcription 

factor expression for similar treatments in different leukemia cell lines. To examine the 

relationship between treated cell lines and transcription factor expression, we performed 

hierarchical clustering analysis on the 48 h transcription factor expression data. The simple 

anticipation was to observe clusters grouped by treatment rather than by cell line, to indicate that 

the same treatment evokes a similar response across all myeloid types. But contrary to this 

anticipation, we found that the induced transcription factor response in U937 cells was highly 

divergent from all other cases, indicating a cell line-specific expression pattern (Figure 7.6A). 

However, all other myeloid leukemia cell lines treated with D3 (with the exception of R38+) 

were grouped within a single subcluster. This could suggest that for less mature cell lines, the 

identity of the inducer, rather individual cell lines with distinct karyotypes, can take precedence 

in determining resulting transcription factor expression. Also included in this cluster were the 

least RA-responsive lines, K562 and R38-, when treated with combination RA+D3. But this 

cluster seemed to be grouped based on VDR expression, which could be uncorrelated from 

phenotypic maturation (as exemplified by K562 cells). R38+ HL60 and NB4 cells, respectively 

poor and good RA-responders, were closely coupled based on similar treatments (RA alone or 

combined RA+D3). However these also seemed to be grouped based on a single transcription 

factor, IRF-1, rather than on a collectively similar expression profile of several transcription 

factors. Finally, RA-treated and combined RA+D3-treated wild-type HL60 were grouped closely 

together but away from the other strong RA responder, NB4. 



Figure  7.6. Clustering of treated cell lines based on transcription factor expression 

 profile.  

 

(A) Transcription factor expression matrix and clustering of treated cell lines and 48 h 

transcription factor expression data. Mean quantified Western blot data for each cell line 

treatment case was subject to hierarchical clustering analysis using the Pearson correlation 

coefficient as a distance metric and using an average linking method. (B) Correlation and 

clustering without VDR, IRF-1 or RARα.   
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 We repeated the hierarchical clustering analysis after eliminating VDR and IRF-1, which 

had very dominant (high) expression levels and were poorly coupled to the transcription factor 

ensemble. We also removed RARα from the analysis since RARα expression was above found to 

correspond poorly to RA response. Without these transcription factors, the highly non-responsive 

K562 cells (treated and untreated) were then tightly grouped, while the treated U937 cells 

remained in a highly coupled cluster (Figure 7.6B). This illustrates that differentiation induction 

agents result in very cell line-specific transcription factor expression patterns in very mature 

(U937) or very immature (K562) cells. Meanwhile cell lines of closer maturity, NB4 (M3) and 

HL60 (M2), including the emergent RA-resistant HL60 cell lines, were better clustered based on 

treatment. RA-treated wild-type HL60 and NB4 cells were highly coupled, as were D3-treated 

NB4 with RA+D3-treated wild-type HL60. D3-treated wild-type and likewise D3-treated R38+ 

and R38- HL60 cells were highly correlated. RA-treated R38+ and R38- HL60 were clustered 

with the untreated cases. 

 One of our initial goals was also to identify couplings between transcription factors 

expressed and cellular differentiation state or induced phenotypic shift. We calculated the 

correlation coefficient matrices between transcription factor expression data and the induced 

phenotypic markers across all six myeloid leukemia cell lines for 48 h RA treatment (Figure 

7.7A), D3 treatment (Figure 7.7B) and RA+D3 treatment (Figure 7.7C). We also assessed the 

hierarchical clustering of the phenotypic response markers across all cell lines for RA treatment, 

D3 treatment and RA+D3 treatment (Figures 7.7D-F). Results did not indicate that RA or D3 

necessarily took precedence over the other agent during combined treatment (see Discussion). 

For RA differentiation induction, CD38 expression, CD11b expression and ROS production 

were generally more positively correlated with the transcription factor ensemble compared to 
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Figure  7.7.  Correlation of transcription factor expression to observed phenotype. 

 

Pearson correlation coefficient matrix between transcription factor expression and phenotypic 

results at 48 h across all cell lines for (A) RA treatments, (B) D3 treatments and (C) RA+D3 

treatments. Hierarchical clustering of phenotypic results using average linkage for all cell 

lines across (D) RA treatments, (E) D3 treatments and (F) RA+D3 treatments. 
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CD14 expression, G1/G0 arrest and cell culture density (Figure 7.7A). For D3 differentiation 

induction, individual transcription factors had very strong correlations (close to 1) with various 

phenotypic responses, e.g. AhR or VDR with cell density and G1/G0 arrest, Gfi-1 or C/EBPα 

with CD14 expression, and PU.1, RARα or IRF-1 with CD38 expression (Figure 7.7B). 

Combined RA+D3 treatment appears to result in a mixed phenotype, preserving some couplings 

observed for both the RA and D3 treatment cases (Figure 7.7C). For example, VDR expression 

remained highly correlated to G1/G0 arrest while AhR expression was positively correlated to 

both CD38 and CD11b expression. 

 CD38, CD11b and inducible ROS production were strongly correlated in RA-treated 

cases (Figure 7.7D). But G1/G0 grouped with CD14 and cell density in a cluster distinct from 

CD38, CD11b, and ROS. During D3 treatments, CD11b and CD14 were tightly coupled, and 

better correlated to G1/G0 arrest and cell density (which were also tightly coupled) than to CD38 

or ROS production (Figure 7.7E). Interestingly combined RA+D3 treatment clustering was 

generally similar to RA (vs. to D3) clustering, with CD14, G1/G0 arrest and cell density grouped 

into the same cluster while CD11b was more highly correlated with the cluster containing CD38 

and ROS production (Figure 7.7F). 

 

7.4 Discussion 

 

7.4.1 Impetus for Cell Line Use and Differentiation Therapies 

 

A multitude human cell lines were established ex vivo during the late 1970s and 1980s, but 

continuous culture gives rise to numerous concerns. Cell lines may diverge from their original 
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can be used to lower the dosage of traditional chemotherapeutics, or when combined with other 

differentiation induction agents, mitigate the negative and augment the positive effects of the 

individual inducers. For example, differentiation therapy using 1,25-dihydroxyvitamin D3 (D3) 

has been less widespread since it can induce hypercalcemia and hyperphosphatemia, but 

combination with RA, or use of D3 analogs (Zhou et al. 1991, Rebel et al. 1992), could reduce 

these side effects. 

 

7.4.2 Effects of RA and D3 Treatment on their Receptors and on Maturation in Myeloid 

 Leukemia Cell Lines 

 

It is well known that RA and D3 have different effects on expression of their cognate receptors 

in different myeloid lines. RA and D3 act as ligand agonists for their respective transcription 

factors, retinoic acid receptor (RAR) and vitamin D receptor (VDR), each of which can 

heterodimerize with retinoid X receptor (RXR, whose ligand is 9-cis RA). Treatment with D3 

can increase the expression of VDR protein in HL60 (Gocek et al. 2007), while RA treatment 

results in a downregulation of VDR mRNA in HL60 (Gocek et al. 2012) and in K562, NB4, 

U937 and R38+ HL60 (this study). However in KG1 cells, which are RA-responsive but not D3-

repsonsive, RA treatment actually induces upregulation of VDR mRNA (Gocek et al. 2012). 

Exposure of KG1 cells to both RA and D3 can thus rescue expression of the monocytic marker 

CD14. Another cell line classified as M2, Kasumi-1, undergoes monocytic differentiation in 

response to either D3 or RA (Manfredini et al 1999). 

 There are also different crosstalk effects. Bastie et al. (2004) showed that in HL60 cells, 

D3 treatment (VDR) transrepresses retinoic acid transcriptional activity, while RA does not 
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transrepress D3. However, we saw that combined RA+D3 treatment decreased the D3-induced 

CD14 expression in HL60, which suggests the opposite (i.e. RA inhibits D3 action). Meanwhile 

in NB4 cells the opposite is true: D3 is not a transrepressor of RA transcriptional activity, and 

RA treatment releases VDR and increases RAR binding to promoter regions (Bastie et al. 2005). 

Testa et al (1994) found that combined RA treatment can rescue D3-induced differentiation in 

NB4 cells, but here we found that D3 alone can induce several CD markers to some extent in 

NB4. Also, in U937 cells transfected with PML-RARα, monocytic differentiation is reduced, 

while concurrent D3 and RA treatment restores monocytic differentiation (Testa et al. 1994). It 

appears the PML-RARα fusion protein (not addressed in this study) can inhibit D3-induced 

monocytic differentiation, perhaps via PML-RARα’s sequestration of RXR (James et al. 1999), 

but RA can relieve this inhibition. Thus D3 action appears reduced in cells expressing PML-

RARα. 

 Contrary to this, RA-induced CD14 expression in NB4 cells is known (Kim et al. 1995). 

In fact, there are several CD markers not expressed in RA-induced HL60 that are expressed in 

RA-induced NB4, and vice versa (Barber et al. 2008). This may be directly related to the 

aberrant function of the PML-RARα fusion protein which HL60 cells lack. Additionally, induced 

differentiation of K562 (with compounds other than RA or D3) along the erythroid and 

megakaryocytic lineages is also accompanied by ambiguous expression of CD markers for one 

or more lineages (Sutherland et al. 1986). Overall, lineage infidelity is a recurrent theme for 

induced leukemia. That being the case, it is no surprise to find that transcription factor 

expression can deviate from what is established for the nonmalignant case. 
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7.4.3 Aberrant Transcription Factor Expression and Cell-type vs. Treatment-specific 

 Responses 

 

Generally the roles of transcription factors, especially PU.1 and C/EBPα, in myelomonocytic 

lineage selection have been well characterized via knockout, antisense and overexpression 

studies, and are reviewed in Tenen et al. (1997), Rosenbauer and Tenen (2007), and Friedman et 

al. (2007). In this study, the most salient result after surveying the expression of several 

transcription factors was deviation from the Gfi-1/EGR1 circuit described by Laslo et al. (2006). 

 Gfi-1 promotes granulocytic differentiation, while EGR1 promotes monocytic 

differentiation. HL60, NB4 and U937 leukemia cells exhibit some paradoxical effects compared 

to what is described in literature for Gfi-1 and EGR1 expression in nonmalignant 

myelomonocytic fate selection. In the most mature cell lines, NB4 and U937, the treatment 

respective to each lines’ maturity (RA for NB4 and D3 for U937) does not result in an increase 

in the transcription factor that promotes that lineage (Gfi-1 is unchanged with RA treatment in 

NB4, EGR1 is unchanged with D3 treatment in U937). Oddly, treatment increases its 

corresponding transcription factor in the cell line of opposite maturity (RA increases Gfi-1 

expression in U937 and D3 increases EGR1 expression in NB4). We could speculate that lack of 

activation is prompting an increase in expression: Gfi-1 is not getting activated during RA 

treatment in U937 cells, and EGR1 is not getting activated during D3 treatment in NB4 cells, 

hence expression is being driven to compensate. Meanwhile in the bipotent HL60, which are less 

mature, there is a different effect altogether. Treatment actually drives expression of the 

transcription factor not corresponding to that lineage, i.e. D3 oddly induces Gfi-1 expression and 

RA induces EGR1 expression. This could again indicate that lack of activation is prompting an 
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increase in expression. Essentially we found that in more mature leukemia cells, treatment with 

the inducer for the opposite lineage drives that lineage-associated transcription factor. In less 

mature HL60 cells, treatment drives the opposite lineage-associated transcription factor. 

 One intent of our studies was to observe if strong coupling of transcription factor 

expression by treatment rather than by cell line occurred, namely to indicate whether a given 

agent evokes a similar response across all myeloid leukemia types. We found results both in 

favor and against this idea. We showed that there is a high correlation between all D3-treated cell 

lines and RA+D3-treated K562 and R38- (the least RA-responsive cell lines). This suggests that 

the identity of the inducer, rather individual cell lines with distinct karyotypes, can take 

precedence when comparing transcription factor expression. Cell lines like NB4 and R38+ (a 

good RA responder and poor RA responder) could also be highly correlated based on the same 

treatment pattern like RA alone or RA+D3 treatment. However, the importance of cell identity 

and maturity can still hold sway as evidenced by U937 cells, which when treated with any 

inducer were the least correlated from the remaining cases. Also, clustering of treated cell lines 

appeared to be based strongly on the expression of an individual transcription factor—rather than 

an expression profile of several transcription factors—and  these factors (i.e. VDR and IRF-1) 

were not significantly coupled to the remaining factors. However, removal of VDR, IRF-1 and 

RARα from the clustering analysis did not significantly skew the clustering toward same-

treatment groups. 

 We questioned whether induced myelomonocytic lineage selection, during combined 

treatment with RA+D3, has a hierarchical differentiation relationship or solely a bifurcation 

structure. Namely, we asked whether monocytic differentiation takes precedence over 

granulocytic differentiation when cells are treated with RA+D3. In a previous study we found 
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that progressive resistance to RA also resulted in progressive resistance to D3, i.e. lineage 

induction occurred at the expense of being able to undergo the other lineage (Jensen et al. 2014). 

Comparing the correlations between transcription factor expression and phenotypic response 

across all cell lines for each treatment, RA+D3 treatment seemed to result in a mixed response 

with aspects from both RA- and D3-induced differentiation (Figure 7.7C). Figures 7.7D-F 

suggest that the RA+D3 phenotypic changes are more RA-like, and RA+D3 treatment enhances 

CD marker expression (including CD14) in NB4 cells. However, in wild-type HL60, RA+D3 

treatment decreases CD14 expression compared to D3 alone, suggesting that D3-induced 

signaling can be inhibited by RA-induced signaling. Without VDR expression overpowering the 

clustering analysis (Figure 7.6B), D3-treated cases are separated across different clusters. 

Various reports in U937 cells have not truly clarified whether RA enhances monocytic 

differentiation or promotes granulocytic changes in these cells. While we found that RA can 

induce certain changes interpretable as either granulocytic or monocytic (CD38 expression, 

oxidative metabolism), RA fails to upregulate the monocytic specific marker CD14 in U937 

cells. Despite the distinctions between RA-induced granulocytic or D3-induced monocytic 

lineage selection the two pathways exhibit a degree of crosstalk. 

 

7.4.4  Conclusions 

 

We found myeloid leukemia cell maturity and differentiation induction agent to both be 

important factors in determining the outcome of differentiation induction therapy. The most 

mature cell line U937 exhibited transcription factor expression responses the most distinct from 

the other cells, while more similarly mature cells like NB4 and HL60 could be coupled based on 
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the same treatments. However, RA potentiated D3-induced phenotypic changes in NB4 cells but 

not in wild-type or RA-resistant HL60 cells. Aberrant transcription factor expression can also be 

a characteristic of leukemia cell lines, indicating that expression should not be used as a predictor 

of response.  
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CHAPTER 8 

 

Conclusions and future directions 

 

 

8.1  Closing Remarks 

 

Retinoic acid (RA) continues to be the most promising compound for application of 

differentiation induction therapy. Limited success has been achieved beyond the remissions 

induced in t(15;17)-positive acute promyelocytic leukemia (APL) patients. Even a disease as 

closely related to standard APL as aberrant APL with t(11;17) (PLZF-RARα) does not respond 

to RA therapy as a single agent (Tenen et al. 1997). However RA could serve as an extremely 

effective component of combination therapy. A multitude of clinical trials have paired RA with 

VEGF inhibitors (NCT00533169), histone deacetylase inhibitors (NCT01575691), arsenic 

trioxide (NCT01404949), monoclonal antibodies (NCT00413166), cytokines (NCT00001438), 

and kinase inhibitors (NCT00892190) in addition to traditional chemotherapeutic compounds. 

RA exerts anti-proliferative effects in multiple cancer cell types including breast, lung, kidney, 

skin, prostate and more.  Cancer is a maturation disease, and multi-targeted combination 

therapies that combine agents with a range of specificities and functionalities to target the 

hallmarks of cancer will inevitably include differentiation induction agents like RA. 

 This work paired RA differentiation induction with kinase inhibitors or another 

differentiation induction compound, 1,25-dihydroxyvitamin D3 (D3). These combinations were 

effective at overcoming sequential emergent resistance after continual exposure to RA. Below 
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are a bird’s eye view of several of the salient points and accomplishments that have resulted from 

these studies. 

 

Mechanistic and Therapeutic Insights 

 

 Resistance is not a single state  

o The spontaneous emergence of R38- from R38+ in our culture flasks exemplifies 

that progressive resistance can lead to a spectrum of subclones to treat 

o Resistant cell lines can be used to study resistance directly or provide a means of 

comparison to the wild-type case 

o Multi-stage resistance resulting from global signaling aberrations exemplifies the 

need for multi-targeted therapies and combination regimens 

o Despite progressive resistance, entire groups of signaling factors can be lost and 

rescued together. 

 Individual markers may or may not predict response or indicate a resistant vs. 

nonresistant state. 

o Cancer occurrence and treatment response are not always necessarily coupled to 

defining mutations like PML-RARα. Some cancers exhibit a normal karyotype, 

and in others with defining chromosomal translocations or inversions, resistance 

may not be accompanied by mutation of the aberrant product. 

o CD38 is a staging and prognostic marker in chronic lymphoblastic leukemia 

(CLL). In this study R38+ HL60 cells display CD38 expression but are otherwise 
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unresponsive to RA therapy, thus we found that CD38 expression is uncorrelated 

from either responsive or unresponsive prognosis.  

o However CD38 expression could predict response to another differentiation agent 

 Combination treatments are effective strategies for overcoming resistance. 

o Families of factors (Vav1, c-Cbl) can be rescued similarly with one treatment 

(PP2), or progressively rescued with other treatments (D3) 

o One kinase inhibitor (GW5074) rescued phenotypic changes but had negative 

effects on signaling events like c-Raf and Lyn expression 

 Kinase inhibitors must be screened for effective combinations. 

o Incomplete knowledge of kinase network function should not bias selection of 

kinase inhibitors. The complexity of biological pathways dictates that even with a 

supposed linear cascade, targeting different members will lead to variable 

outcomes.  

o Inhibitors should not be taken for granted as true inhibitors. Many have off-target 

effects or are actually activating in different contexts. The inhibitors here act on 

proteins with various activating and inhibitory phosphorylation sites that remain 

to be fully clarified.  

o Some inhibitors are extremely effective when combined with RA treatment, some 

were minimally helpful and some did not help at all. Inhibitors investigated here 

were either both pro-differentiative and anti-proliferative (GW5074, PP2), anti-

proliferative only (PD98059 and Akti-1/2), or ineffectual (wortmannin). 

o Combinations of differentiation-promoting kinase inhibitors did not always have a 

synergistic effect, and sometimes resulted in an inhibitory effect instead. 

 Differentiation induction therapies can evoke similar responses across cell types. 
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o Despite differences in karyotype cells could response similar to a given 

treatment—this seemed to be truer for cells closer in maturity (NB4, wild-type 

HL60) 

o However cell line identity remains an important factor (U937 cells were the least 

correlated, and are FAB M5) 

o Despite this, strategies for a given tissue type are likely to be somewhat effective 

on a slightly less or more differentiated cancer of the same tissue. 

 Groups of signaling factors can be lost and rescued together. 

o In our system RA resistance was accompanied by a global failure to induce 

CD38-associated factors, Scr-family kinases and upstream MAPK components.  

o This suggests that signaling events seminal to all these have been corrupted, 

which should be sought out. 

 Lyn and c-Raf are at the heart of an important kinase module. 

o Although CD38-associated proteins like Vav1 and c-Cbl are necessary for 

differentiation, a Lyn/c-Raf module is consistently correlated during D3 or kinase 

inhibitor rescue and can be lost and rescued together. Vav1, Cbl, Slp76 and Fgr 

seem uncoupled from GW5074’s effects. 

o This Lyn/c-raf module is uncoupled from traditional downstream effectors like 

Akt and ERK 

o Lyn and c-Raf exhibit induced phosphorylation at sites that may be activating or 

inhibitory 

 Despite upregulating similar factors, lineage selection pathways can remain distinct 
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o D3 differentiation induction therapy can induce significant rescue of 

differentiation markers and growth arrest in RA-resistant cells  

o A sequential treatment regimen with RA is also effective, suggesting that 

combination agents may be a potential strategy for augmenting positive and 

mitigating negative side effects  

o In this system, lineage selection occurs after the 24 h precommitment phase, 

during which D3 can rescue its own lineage mechanism but cannot prime for 

successful subsequent RA differentiation. 

 Many aberrant mechanisms exist in leukemia cells.  

o In leukemia, lineage-determining transcription factors do not behave as expected 

for the nonmalignant case, and lineage infidelity is a well-known characteristic of 

induced leukemia differentiation 

o Expression as a surrogate for impaired activity provided an attractive explanation 

for the observed transcription factor expression 

o Some induction agents actually bypass traditional differentiation. For example, 

TPA treatment “skips” differentiation toward monocytes and induces immediate 

changes into macrophage. TPA is actually a potent and effective inducer of K562 

cells, which were not responsive to D3 or RA. Thus leukemic and cancerous cells, 

because of their aberrant nature, may even be more capable of transdifferentation 

events, which could dictate additional strategies for therapy with differentiation 

agents. 

 

 



198 
 

8.2  Potential Future Projects 

 

Below are a series of brief examples for potential future directions related to this project. 

 

Dosing and Analogs for both RA and D3. Investigating the efficacy of RA or D3 analogs in the 

R38+ and R38- resistant cells could be a potential significance. Some RA analogs have been 

shown to overcome RA resistance. D3 analogs, meanwhile, exert the action of D3 without 

inducing hypercalcemia. Additionally, whether higher doses of RA could overcome the RA 

resistance observed here at 1 μM remains unknown.  

Mutations in RARα. RA resistance in both patient leukemia cells and established cell lines is 

associated with mutation in RARα or PML-RARα proteins, although this is not always the case. 

Here we established an RA-resistant cell line that exhibits RA-inducible CD38 expression, 

suggesting that RARα function is intact. However the progressively resistant cell line R38- fails 

to upregulate CD38 expression, thus an impetus exists to assess the integrity of RARα transcripts 

in these cells. 

Distinct Functions of MEK1/2 or ERK1/2. Throughout this work we collectively refer to MEK1 

and MEK2, and ERK1 and ERK2, as simply MEK and ERK. However, the two isoforms may 

differ. Across all studies in RA-treated HL60 cells, ERK2 phosphorylation is consistently much 

higher than ERK1, suggesting a distinct function for the ERKs. ERK2-/- homozygous mice die 

in gestation while ERK1-/- mice are normal (Pages et al. 1999). A similar outcome is observed 

during MEK knockouts (Giroux et al. 1999, Berlanger et al. 2003). MEK1 may direct ERK2 to 

the nucleus while MEK2 directs EKR2 to remain in the cytoplasm (Skarpen et al. 2008). RA-

treated HL60 provide an opportunity to clarify ERK2-dependent differentiation mechanisms.  
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c-Raf Phosphomimetic Mutants. Phosphomimemtic c-Raf mutants have been used to clarify the 

precise functions of various sites like S621, S259, and S289/296/301. However, how these 

phosphorylation events contribute to RA-induced differentiation remains unclear. 

Phosphomimeitc or phosphorylation-deficient c-Raf mutants for one or more of these sites could 

elucidate the noncanonical function of c-Raf in the HL60 system. 

c-Cbl Phosphomimetic Mutants. The Y371H mutation on c-Cbl is a recurrent event in juvenile 

myelomonocytic leukemia (Bunda et al. 2014). The Y371 site is a target for Src-family kinases, 

and PI3K/Akt singaling is strongly activated by the Y731H c-Cbl mutant in JMML, and this 

process is Lyn-dependent. Because Lyn and PI3K are important components of the RA-induced 

differentiation network in HL60, querying the effects of c-Cbl phospho-mutants that are either 

activated of inactivated could shed light onto the Cbl/Lyn/PI3K functional relationship.  

The Distinct Functions of Fgr and Lyn. RA induces Y416 SFK phosphorylation on Lyn but not 

on Fgr in HL60 cells. The role of Y416-phosphoryalted Lyn (pY397Lyn) remains ambiguous as 

PP2 can inhibit this site while promoting differentiation, but this phosphorylation event appears 

necessary for PI3K and c-Cbl phosphorylation. Meanwhile Fgr expression is always much more 

striking and correlates strongly to successful differentiation. Investigation into the divergent roles 

of these two Src-family kinases, and how they impinge on c-Raf, PI3K or the aryl hydrocarbon 

receptor (AhR) will likely clarify some of the mechanisms at the core of RA-induced 

differentiation in HL60 cells. 

GW5074 – roles of PIMs in leukemia. GW5074 promoted differentiation events despite the 

necessary of c-Raf function during RA-induced differentiation. Interestingly, GW5074 has off-

target effects toward the PIM kinases (Balan et al. 2007). A PIM inhibitor has proved capable at 

arresting the growth of T-cell lymphoblastic leukemia/lymphoma cells (Lin et al. 2010). 
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Application of this inhibitor may be useful in determining how specific to c-Raf the GW5074-

induced changes are. 

The CD38 Supramolecular Complex. RA-upregulated CD38 is capable of interacting with RA-

upregulated proteins Vav1, c-Cbl, Slp76, Lyn, Fgr, and PI3K. However, it is unlikely that all 

these proteins exist in a single complex at one time. Some of these interactions, like Vav1/Slp76, 

are interacting in the nucleus. The nature of the actual CD38-activating complex should not be 

assumed but should be clarified. 

A systems biology approach. Intracelluler signaling networks involve thousands of different 

kinases, phosphatases, adaptors, transcription factors, scaffolds, transporters, and cytoskeletal 

proteins. Fully holistic understanding of an intractable amount of signaling mechanisms and data 

can be achieved with appropriate computational models. HL60v2.0, an expansion of a previously 

reported model (Tasseff et al. 2011), is an as-yet unapplied powerful tool for investigating RA-

induced maturation in the HL60 system. 
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