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Abstract: This review summarizes the mechanisms that control the activity of the c-Myb 

transcription factor in normal cells and tumors, and discusses how c-Myb plays a role in 

the regulation of the cell cycle. Oncogenic versions of c-Myb contribute to the development 

of leukemias and solid tumors such as adenoid cystic carcinoma, breast cancer and colon 

cancer. The activity and specificity of the c-Myb protein seems to be controlled through 

changes in protein-protein interactions, so understanding how it is regulated could lead to 

the development of novel therapeutic strategies. 
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1. Introduction 

Myb proteins are a family of transcription factors with highly conserved DNA binding domains that 

are found in insects, higher plants and vertebrates, that are often involved in the regulation of 

differentiation, proliferation or both, and that are implicated in many types of tumors, as discussed in 

several detailed reviews [1–8]. Differentiation and proliferation are often considered to be opposite 
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outcomes: tumor cells fail to differentiate completely (or de-differentiate as in the case of epithelial to 

mesenchymal transition) and continue to proliferate or express stem cell-like features that keep them 

immortal and proliferating. Since Myb proteins are implicated in the regulation of both differentiation 

and proliferation, they may play important roles in deciding whether cells progress through the cell 

cycle and proliferate or instead arrest and differentiate. Since some successful chemotherapeutic 

strategies involve triggering the terminal differentiation of tumor cells that have become blocked in 

differentiation [9,10], Myb proteins would seem to be excellent targets for the development of novel 

therapeutic strategies that could shift tumor cells out of proliferation and into differentiation. However, 

the dual and conflicting roles of Myb proteins in processes that are often considered opposite raises 

questions about how the activities of Myb proteins are regulated and what types of interventions could 

be used to switch their activities in tumor cells from bad (inducing proliferation) to good (inducing 

differentiation). This review will focus on the functions of Myb proteins in regulating the proliferation 

and differentiation and how their activities could be regulated to induce tumor cells to differentiate. 

1.1. Structures and Functions of Myb Proteins 

The MYB proto-oncogene encodes a transcription factor (c-Myb) with a conserved N-terminal 

DNA binding domain (Figure 1A) and several highly conserved domains [7] that are involved in 

transcriptional activation, specificity and negative regulation. The MYB gene is the normal cellular 

counterpart to the v-Myb (viral-Myb) oncogenes found in two chicken leukemia viruses, Avian 

Myeloblastosis Virus (AMV) and E26 virus (Figure 1B). Both AMV and E26 transform immature 

hematopoietic cells in tissue culture and induce myeloid leukemias in chickens [1]. The v-Myb and  

c-Myb (cellular Myb) proteins share a highly conserved DNA binding domain near the N-terminus, 

which is also found in the related proteins A-Myb (MYBL1) and B-Myb (MYBL2) (Figure 1C). A 

second conserved domain, labeled ―TPTPF‖ in Figure 1, is also shared by the c-Myb, A-Myb and  

B-Myb proteins, but has an unknown function. All the Myb proteins are DNA-binding transcription 

factors that can recognize similar DNA sequences in vitro and that can activate the same reporter gene 

constructs in transfection assays [11,12]. Compared to c-Myb, the AMV v-Myb protein has truncations 

at both the N- and C-terminal regions and has eleven point mutations that cause amino acid changes. 

Several types of biological and gene activation assays have shown that all of the mutations acquired by 

v-Myb contribute to its oncogenicity and its distinct transcriptional activity, compared to c-Myb [13–15]. 

The E26 virus expresses a more complex version of v-Myb with 272 amino acids of the retroviral Gag 

protein fused to Myb, which is fused in turn to 491 amino acids from another transcription factor, Ets-1, 

at the C-terminus (Figure 1B) [1,7]. In each case, the C-terminal truncations are important for oncogenic 

activity, suggesting that the C-terminal domains of c-Myb suppress transforming activity [16,17]. 

The C-terminal region of c-Myb contains several domains that are highly conserved in the chicken, 

mouse and human proteins (Figure 1). These include the minimal transcriptional activation domain 

(TAD) required for activation of gene expression [18,19], the ―FAETL‖ domain that is required for 

oncogenic activity [20], the ―TPTPF‖ domain conserved in the other Myb proteins, and the ―EVES‖ 

domain that is involved in intra-molecular interactions and negative regulation [21]. There are also 

proline-rich regions that may be involved in conformational changes catalyzed by peptidyl-prolyl 
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isomerases [22,23]. Thus, the large C-terminal domain has multiple functional components involved in 

regulating both the specificity and the activity of c-Myb. 

Figure 1. Myb Protein Structures and Conserved Domains. (A) Conserved domains in  

c-Myb. The structure of the c-Myb protein is diagrammed, with N-terminus at left and  

C-terminus at right. Domains that are most conserved in human, mouse and chicken 

proteins are shaded and amino acid residues are numbered above the diagram, including 

the DNA binding domain (red) near the N-terminus. Labels below the diagram indicate 

conserved domains (DBD, TAD, FAETL, TPTPF and EVES) and proline-rich regions (PP) 

that are discussed in the text; (B) Structures of the oncogenic v-Myb proteins encoded by 

Avian Myeloblastosis Virus (AMV) and E26 virus. The AMV protein has 6 amino acids 

derived from the retroviral Gag protein fused to amino acids 72-442 of c-Myb, fused to  

13 novel non-Myb amino acids at the C-terminus (shaded gray). It also has eleven point 

mutations that distinguish it from c-Myb, indicated by white dots. The E26 protein is a 

Gag-Myb-Ets fusion, as indicated (the non-Myb regions are shaded dark and light green, 

respectively); (C) Diagrams of the structures of the related A-Myb (MYBL1) and B-Myb 

(MYBL2) proteins. These proteins are most similar to c-Myb in the conserved DNA 

binding domains (red) and in the conserved TPTPF domains (gray, labeled). 

 

1.1.1. Effects of DNA Binding Domain Mutations in v-Myb 

The first evidence that Myb protein activity is regulated through protein-protein interactions came 

from studying the first known Myb-regulated gene, mim-1, which was identified by screening for 

genes that were activated by a temperature-sensitive version of the E26 v-Myb protein [24]. The mim-1 

gene was activated by the normal c-Myb and by the v-Myb protein from E26 virus, but not by the  

v-Myb protein encoded by Avian Myeloblastosis Virus, AMV (Figure 1). All three proteins were able 

to bind the mim-1 promoter and to activate plasmid-born reporter gene constructs containing the mim-1 

gene promoter, but AMV could not activate the endogenous mim-1 gene embedded in cellular 

chromatin [25]. The key differences between the AMV and c-Myb/E26 proteins were mapped to three 

point mutations in the DNA binding domain of the AMV-encoded protein [25]. 

When the solution structures [26,27] and then the crystal structures [28] of the Myb DNA binding 

domain bound to DNA became available, it became clear that the three amino acid changes (Figure 1) 
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that made AMV v-Myb unable to activate the chromatin-embedded mim-1 gene were on the outside 

surface of the DNA binding domain, facing away from the DNA. The amino acid changes were unable 

to directly affect the interaction of the protein with the DNA, and were instead likely to affect protein-

protein interactions [7]. Thus, individual mutations in the DNA binding domain probably affect 

protein-protein interactions, rather than protein-DNA interactions, and lead to differences in which 

genes can be activated. 

The Myb DNA binding domain has recently been grouped with conserved domains from several 

chromatin-remodeling enzymes that are collectively dubbed SANT domain proteins [29]. All of the 

MYB/SANT domain proteins are thought to bind histone tails and may play important roles in histone 

remodeling [30–32]. The other SANT domain proteins have enzymatic activities that play roles in 

chromatin remodeling. However, Myb is not known to have any enzymatic activities so its role in 

chromatin remodeling is likely to be as a regulator or ―pioneer‖ transcription factor rather than as  

a catalyst of chromatin structure change [33,34]. Interestingly, the normal and oncogenic versions of 

the Myb DNA binding domain, which differ by the same surface residue mutations that affect activation 

of the mim-1 gene, interact differently with histones, which could be a hint about how mutations 

unmask the oncogenic activity of Myb [35]. So the DNA binding domain mutations in v-Myb may 

affect its ability to alter chromatin structure, either directly or via protein-protein interactions with 

other chromatin remodeling enzymes, which could in turn affect which genes it regulates. 

1.1.2. Microarray Assays Uncover the Complexity of Myb Activities 

The results with the mim-1 gene pointed out the importance of protein-protein interactions in the 

regulation of Myb activity. But the magnitude of the changes that can occur in Myb protein activities 

became apparent when microarray experiments were used to compare the activities of c-Myb and  

v-Myb. Adenoviruses were used to express normal c-Myb or oncogenic v-Myb in human cells then 

microarrays were used to measure changes in gene expression. The expected result was that the two 

proteins would have similar activities, although v-Myb was expected to be more active since it lacks 

the C-terminal domain involved in negative regulation [22,36–38]. Instead, when c-Myb and v-Myb 

were expressed in normal human monocytes, the microarray assays showed that the two proteins 

activated different sets of target genes, as if they were two unrelated transcription factors [39]. 

Subsequent domain swap experiments showed that, although the differences in the DNA binding 

domains affected a few genes, the differences outside the DNA binding domain, in protein-protein 

interaction domains, were largely responsible for the different transcriptional activities of c-Myb and 

v-Myb [11,15]. Thus, although some genes like mim-1 are affected by DNA binding domain 

mutations, Myb specificity was predominantly controlled by protein-protein interactions that occur 

outside the DNA binding domains [1,5]. A similar conclusion came from comparing the activities of 

A-Myb, B-Myb and c-Myb in microarray assays. Each type of Myb protein activated a different set of 

human genes, and domain swap experiments showed that the DNA binding domains were 

interchangeable, while the unique C-terminal parts of the proteins determined which target genes were 

affected [11,12]. 

Although all the Myb proteins share a common structure and have highly related DNA binding 

domains, they have different activities. The three normal proteins, c-Myb, A-Myb and B-Myb, have 
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different tissue distributions and knock-out mutations lead to different outcomes, suggesting that each 

plays a unique biological role [1]. In addition, as discussed above, they each activated different sets of 

genes when ectopically expressed in human cells. Finally, only the v-Myb derivatives are oncogenic—

the full-length, normal c-Myb protein fails to transform hematopoietic cells in tissue culture or to 

induce tumors or leukemias in animals [17,38]. These types of results led to an oft-cited hypothesis 

that the oncogenic v-Myb proteins represent a constitutively activated version of c-Myb [7]. This 

model fit with findings linking the C-terminal domains of c-Myb to decreased protein stability, and to 

auto-regulatory interactions that appeared to work through intramolecular interactions involving the  

N- and C-terminal domains of c-Myb, both of which are negated in v-Myb, since it has a C-terminal 

truncation [21]. However, several types of results have demonstrated that each Myb protein has unique 

activities and regulates distinctive sets of target genes, suggesting that differences in protein-protein 

interactions steer the Myb proteins to specific target genes [5]. 

To explain the differences in activities of different Myb proteins that share very similar DNA 

binding domains we proposed a transcription factor code model, in which protein-protein interactions 

at promoters play an important role in determining the specificities of the Myb proteins [5]. While the 

DNA binding domains are required to make contacts with specific sequences in the chromatin, the 

protein-protein interactions are important for stabilizing the binding of Myb proteins at the promoters 

of regulated genes. Different protein-protein interactions mediated by changes or mutations in the  

C-terminal domains of the Myb proteins or through post-translational modifications, would lead to the 

formation of stable Myb protein complexes at different promoters, and to different genes being regulated. 

The transcription factor code model (Figure 2) proposes that c-Myb and v-Myb interact with different 

co-regulators, which leads to them being stabilized at different promoters so they can activate different 

genes. Thus, changes in Myb that affect which proteins or co-regulators it interacts with could determine 

whether it has a normal or oncogenic activity and whether it induces proliferation or differentiation. 

Figure 2. Myb Protein Interactions. This ―transcription factor code‖ model depicts how  

c-Myb and v-Myb could be directed to different sets of target genes, if they interact with 

different co-regulators or co-activators. The DNA binding domains are interchangeable, 

but differences in protein-protein interactions stabilize the two Myb proteins on different 

sets of promoters.  
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1.2. Mechanisms of Myb Activation in Cancer 

The oncogenic v-Myb proteins were originally discovered in avian acute leukemia viruses.  

But mutations in the normal MYB gene have also been found in several types of human cancer.  

The MYB gene is frequently duplicated or amplified in a subset of pediatric T-cell acute lymphocyte 

leukemias (T-ALL) [1,40,41], suggesting that Myb protein over-expression contributes to transformation. 

There is also growing evidence that Myb proteins play important oncogenic roles in a variety of solid 

tumors. High expression of MYB transcripts has been found in pancreatic tumors, colon tumors, and 

estrogen receptor-positive breast cancers [1,4], and studies using MCF7 breast cancer cell lines showed 

that the MYB gene is directly regulated by estrogen receptor, linking c-Myb protein activity to estrogen-

dependent proliferation [42]. However, depletion of c-Myb expression in MCF7 cells can lead to 

increased tumorigenesis in vitro and in vivo, suggesting that c-Myb may also have some tumor 

suppressing activity [43]. This is consistent with the long recognized dual role of Myb proteins in the 

regulation of both oncogenic proliferation and anti-oncogenic differentiation [25,44,45]. Thus, when 

Myb promotes proliferation it can be oncogenic, but when it promotes differentiation it can be  

anti-oncogenic. The question is: what turns Myb into an oncoprotein? 

Evidence from two different types of human tumors suggests that loss of the regulatory C-terminal 

domains of Myb can be a driver mutation leading to oncogenesis. The first mechanism is evident  

in leukemia samples, in which enhanced alternative RNA splicing produces variant MYB gene  

transcripts [1,46–50]. Due to the presence of at least six alternative exons plus a number of alternative 

splice donor and acceptor sites in the standard exons (Figure 3A), the MYB gene can produce more 

than 60 different mRNA variants that can encode at least 20 different versions of c-Myb protein. All of 

the alternative RNA splicing occurs in the portion of the gene that encodes the C-terminal regulatory 

domain; so all of the variant proteins have the normal N-terminal DNA binding domain but different 

C-terminal structures (Figure 3B). Thus, all of the variants should be able to bind the same DNA 

sequences, but their targeting to specific genes depends on the unique interactions promoted by their 

different C-terminal domains. By analyzing MYB alternative RNA splicing in great detail in a small 

cohort of leukemia samples, it was determined that primary hematopoietic and leukemia cells can 

produce a diverse set of MYB transcripts that show cell type specificity, that different variants have 

distinct transcriptional activities and that the expression of some variants correlates with poor patient 

survival [47]. These results support the hypothesis that enhanced alternative RNA splicing in leukemias 

leads to the production of truncated, oncogenic variants of c-Myb protein that contribute to 

leukemogenesis. However, there is not yet direct evidence that variant forms of c-Myb produced as a 

result of alternative RNA splicing actually act as oncogenic drivers in human leukemia. 

The second and best evidence that Myb proteins play a driver role in human oncogenesis comes 

from the discovery of recurrent t(6;9) translocations in Adenoid Cystic Carcinoma that fuse the MYB 

gene on chromosome 6 to the NFIB gene on chromosome 9 [51,52]. The gene fusions produce 

truncated c-Myb proteins lacking the C-terminal domains, reminiscent of the v-Myb proteins encoded 

by the avian retroviruses AMV and E26 and of the variant Myb proteins produced by leukemias as  

a result of alternative RNA splicing (Figure 3B). The common theme is that truncation of the  

C-terminal domain of c-Myb leads to its oncogenic activation. What remains to be explained is what 
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are the unique activities of the truncated Myb proteins, how do they contribute to oncogenesis, and can 

they be targeted in some way to produce novel therapeutic approaches? 

Figure 3. Different Tumor Mechanisms Generate Similar Myb Proteins. (A) Myb 

alternative RNA splicing. The exon/intron structure of the human MYB gene is shown at 

top, with 15 normal exons shown above the line and 6 alternatively spliced exons (red) 

shown below the line. Normal splicing generates mRNA that encodes the c-Myb protein 

(below left), but alternative splicing in leukemias leads to the expression of variant forms 

(below right), some of which have been linked to poor outcomes [46]; (B) Myb variants 

expressed in leukemias and solid tumors. Enhanced levels of alternative RNA splicing in 

leukemias generates variant forms of c-Myb protein (left) that correlate with poor outcome 

and could be oncogenic. In adenoid cystic carcinoma (ACC) with translocation t(6;9),  

the MYB gene is fused to the NFIB gene, generating fusion proteins (right) that resemble 

the variants from leukemias. Different mechanisms in leukemias and ACC tumors lead to 

the expression of similar truncated forms of c-Myb. Please see the legend to Figure 1 for  

an explanation of the conserved, shaded domains in the c-Myb protein and how they are 

labeled in the diagrams. 
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2. Myb as a Cell Cycle-Regulated Transcription Factor 

2.1. Links between Myb and Cell Cycle Regulation 

2.1.1. Myb Proteins, Cyclins and CDKs 

As a proto-oncoprotein with the potential to induce cell proliferation, c-Myb is likely to play a role 

in stimulating progression through the cell cycle in normal cells. Myb proteins interact with cell cycle 

regulators such as Cyclin D1, and the interactions are different for c-Myb compared to oncogenic  

v-Myb, suggesting that interactions with cell cycle regulators may be important for oncogenic activity [53]. 

In human cells, c-Myb protein interacts with and is regulated by Cyclin D1 and CDK4 or CDK6, 

suggesting that regulation of c-Myb activity may play a role in the G1/S transition [54]. In contrast,  

c-Myb has also been shown to directly regulate the promoter of the Cyclin B1 gene, which is involved 

in G2/M phase transition [55]. These results could suggest that c-Myb is important for multiple cell 

cycle regulatory events, in both G1 and G2, and early results studying the cell cycle effects of inactivating 

temperature-sensitive v-Myb proteins led to similar conclusions [56]. Whole genome studies have 

shown that cell cycle regulated promoters have conserved motifs, including Myb binding sites [57,58], 

consistent with a role for Myb proteins in cell cycle regulation. 

2.1.2. Myb Regulation of Genes that Regulate the Cell Cycle 

An important target gene that can be regulated by c-Myb is the MYC oncogene, which is involved 

in many types of human cancer [59,60]. Despite their similar names, the Myb and Myc proteins are 

structurally unrelated, although both are DNA-binding transcription factors with oncogenic activities. 

However, several early studies identified c-Myb binding sites in the MYC gene promoter, and showed 

that c-Myb could activate the MYC promoter in reporter gene assays [61,62]. Later studies confirmed 

the direct regulation of MYC gene expression by c-Myb using chromatin immunoprecipitation (ChIP) 

assays [63,64]. Those results have even been confirmed using whole-genome ChIP-chip experiments [65]. 

However, the regulation of the MYC gene is complex and can be affected by many regulatory 

elements, including some that are distant from the MYC promoter [66–68]. So while c-Myb can affect 

the expression of the MYC gene, Myb is not required for MYC gene expression in all situations, nor is 

it involved in regulation of the MYC gene in all cell types. 

The c-Myb protein has also been implicated in the regulation of genes that control the cell cycle, 

including the CCNB1 and CCNE1 genes, which encode the Cyclin B1 and Cyclin E1 proteins, 

respectively [55,69,70]. These results have been confirmed in other cell types using ChIP assays [71]. 

Interestingly, the related protein B-Myb has been implicated in the regulation of the CCND1 gene, 

which encodes the G1/S regulator Cyclin D1 [72,73]. So both c-Myb and B-Myb appear to be involved 

in cell cycle regulation, at least indirectly. A major question that remains is how the Myb proteins are 

themselves controlled so that these important regulators get expressed at the correct times in the cell 

cycle? This implies that the activities of the c-Myb and B-Myb proteins are likely to be controlled during 

the cell cycle, and that they may be active in some parts of the cell cycle and inactive in others. 
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2.1.3. Retargeting Myb to Different Promoters during the Cell Cycle 

The c-Myb protein interacts with the cell cycle regulator Cyclin D1 [53] and its transcriptional 

activity is subject to control by Cyclin D1/CDK4/6 and by the Cyclin-Dependent Kinase inhibitor 

p27Kip1 [54]. In addition, c-Myb binds to the promoter of the Cyclin B1 gene and regulates its 

expression in the G2/M phase of the cell cycle [55]. But what happens to Myb during the other parts of 

the cell cycle? Does it remain bound to the Cyclin B1 promoter even when the gene is not expressed? 

Or does the specificity of Myb change dynamically during the cell cycle, moving to different target 

genes as it interacts with different co-regulators in response to upstream signals? 

This question was addressed by developing an assay that allowed Myb to be fixed to its cognate 

promoters, followed by fluorescence activated cell sorting to enrich cells in different phases of the cell 

cycle. The fixed chromatin was then purified and incubated with Myb-specific antibodies to complete 

the chromatin-immunoprecipitation (ChIP) assay. The results showed that Myb proteins associate with 

different promoters in different parts of the cell cycle [71]. For example, Myb associates with the 

Cyclin B1 promoter in G2/M, and the CXCR4 gene promoter in S and G2 [71]. The Myb DNA binding 

domains do not change during the cell cycle, nor do the DNA sequences that Myb proteins recognize 

in promoters. So the differences must occur in the interactions between Myb and other transcription 

factors or in co-activators that form multi-protein complexes at the promoters of regulated genes 

(Figure 4). 

Figure 4. Transcription Factor Interactions. In this model promoters bind multiple 

transcription factors that must interact to form stable complexes that can stimulate gene 

expression. Post-translational modifications on the individual transcription factors (left) are 

the result of upstream signaling pathways, which promote interactions (middle), forming 

co-operative and synergistic binding and leading to interactions with co-activators and 

productive transcription initiation (right). 

 

2.2. Regulation of B-Myb in the Cell Cycle 

The c-Myb protein is closely related to another transcription factor, B-Myb, the product of the gene 

MYBL2. Although both B- and c-Myb share homology in their DNA binding domains, they activate 

different sets of genes [1,4–6,74–77]. Expression of B-Myb is very tightly linked to the cell cycle.  

B-Myb is able to activate genes responsible for promoting entry into the S- and M-phases of the cell 

cycle [73,77,78] and can also stimulate expression of genes that are expressed in the G2/M-phase of 

the cell cycle [78,79]. The transcriptional activity of the B-Myb protein is tightly regulated, and is 

stimulated through phosphorylation by Cyclin A/CDK2 [78,80,81]. B-Myb is an essential component 
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of the LINC/DREAM complex, an important regulator of cell division, which controls the expression 

of G2/M-specific genes [78,82–84], many of which have been identified in chromatin immunoprecipitation 

experiments [85]. Overexpression of B-Myb occurs in several aggressive types of cancer [78,86–88], 

suggesting that B-Myb plays a role in tumorigenesis, or at least in the regulation of cell division in the 

tumor cells. Finally, repression of B-Myb causes cells to undergo premature senescence [78,89,90], 

and some studies have also revealed that B-Myb is capable of repressing gene expression by competition 

with other transcription factors [78,83,91]. Thus, developing therapeutic agents that target B-Myb 

could provide a novel approach for blocking the growth of rapidly dividing tumor cells. 

2.3. Contrasting Roles of B-Myb and c-Myb in Cell Cycle Regulation 

The c-Myb and B-Myb proteins both appear to be regulated through phosphorylation by 

Cyclin/CDK complexes, but may be specific for different phases of the cell cycle. Both proteins have 

an N-terminal DNA binding domain and a large C-terminal domain that provides negative regulation 

and specificity (Figure 1). Both proteins may be regulated through intra-molecular interactions that are 

controlled by cell cycle-specific phosphorylation [1]. For example, in response to phosphorylation by 

Cyclin D1/CDK4/6, c-Myb may activate genes required for the G1/S phase transition. In contrast,  

B-Myb is regulated by Cyclin A/CDK2 in G2/M, and appears to control the late phases of the cell 

cycle. This difference could explain why c-Myb is a proto-oncogene, capable of stimulating normal 

cells to enter or progress faster through the cell cycle, while B-Myb, which is required for cell division, 

is not oncogenic since it cannot initiate the change from resting state to cell cycle progression. 

3. Situation-Specific Activities of Myb Proteins 

3.1. Context-Specific Activities of Myb 

3.1.1. Myb Activities during Differentiation 

The cell cycle regulation of c-Myb described above suggests that its activity is regulated through 

post-translational modifications. The specificity of the c-Myb transcription factor is also regulated 

during hematopoietic cell differentiation. The c-Myb protein is relatively highly expressed in 

immature, dividing hematopoietic cells of both the myeloid and lymphoid lineages, and expression 

levels decline as the cells differentiate [1,7]. Although c-Myb protein activity is not required for the 

initial hematopoiesis that occurs in the yolk sac, it is essential for fetal liver hematopoiesis and 

homozygous knockout of the MYB gene leads to embryonic lethality, characterized by a catastrophic 

defect in hematopoiesis [92]. Mouse embryos lacking c-Myb protein fail to develop past the stage 

when fetal liver hematopoiesis begins. More recent, targeted knockout experiments have shown that  

c-Myb is required for the development of most myeloid and erythroid lineages [93–95] and for both  

B- and T-cell development [96–99]. The requirement for c-Myb activity in hematopoiesis was also 

discovered in mutational screens that identified point mutants in c-Myb causing decreased 

hematopoiesis [100], which will be discussed more in the next section. 

Although Myb is sometimes described as being specific for hematopoietic lineages, it is actually 

involved in the differentiation, development and maintenance of many non-hematopoietic cell types, 
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especially epithelial cells in the gut, kidney and mammary gland [42,65,101,102], as well as smooth 

muscle cells [103] and some neural stem cells [104]. Myb proteins are thought to be regulated by Wnt 

signaling pathways, and may play an important role in changes in gene expression that occur during 

aging [105]. Thus, the c-Myb protein appears to be involved in regulating gene expression and 

differentiation in a wide variety of tissues and lineages. However, microarray experiments have shown 

that overexpressed c-Myb activates different genes in different cell types, suggesting that the choice of 

target genes is determined, at least in part, by the cellular context [11,15]. Myb likely works together 

with other cell-type specific co-regulators to activate target genes. The presence or absence of different 

co-regulators in different cell types determines which target genes can be regulated by Myb.  

This concept led to a model for how Myb proteins could be regulated during differentiation and in 

different tissues, through a protein-protein interaction code [5]. As shown in Figure 4, the interactions 

between Myb and other transcription factors are likely regulated by post-translational modifications 

that stabilize or disrupt interactions, and guide Myb (and other transcription factors) to make stable 

complexes at specific promoters. Thus, mutations in Myb that alter these protein-protein interactions, 

such as the mutations in the oncogenic variants like v-Myb, would lead to changes in which target 

genes are regulated. Similarly, changes in signal transduction pathways that lead to different  

post-translational modifications in Myb, or the co-regulators, would also lead to changes in gene 

expression. These types of changes could also occur during the cell cycle, allowing Myb to regulate 

different target genes in different parts of the cell cycle because of stage-specific changes in  

post-translational modifications. 

3.1.2. Combinatorial Interactions between Myb and Other Transcription Factors 

The first-identified Myb-regulated gene, mim-1, provides an excellent example of how Myb 

proteins co-operate with other transcription factors to regulate genes in a cell type-specific manner. 

The c-Myb and v-Myb proteins bind a high-affinity site in the mim-1 gene promoter and strongly 

activate the promoter in reporter gene assays [24]. However, activation of the endogenous,  

chromatin-embedded mim-1 gene requires the combination of c-Myb plus another transcription factor, 

C/EBPbeta (also called NF-M), which binds at an adjacent site [106]. The mim-1 gene is regulated by 

both transcription factors and only in the cells where both are active. The c-Myb protein is primarily 

expressed in hematopoietic and epithelial tissues. The C/EBPbeta protein is restricted to a few tissues 

such as liver and some myeloid cell lineages. The mim-1 gene is only expressed in a subset of myeloid 

cells that express both c-Myb and C/EBPbeta. However, an artificial combination of c-Myb plus 

C/EBPbeta is sufficient to activate the endogenous mim-1 gene in other cell types. For example, 

ectopic expression of c-Myb plus C/EBPbeta is sufficient to activate expression of the gene in cells 

such as fibroblasts or lymphoid cells where mim-1 is usually not expressed [106]. The mim-1 gene 

appears to be especially responsive to c-Myb and C/EBPbeta because the two transcription factors bind 

not only the mim-1 promoter, but also a key upstream enhancer [107]. Ectopic expression of the  

c-Myb and C/EBPbeta proteins leads to activation of the enhancer, reorganization of the chromatin 

around the mim-1 gene and activation of the promoter [107–109], allowing the gene to respond to the 

combination of c-Myb and C/EBPbeta in a wide variety of cell types and demonstrating how  
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a relatively simple transcription factor code (Myb plus C/EBPbeta) can lead to tissue-specific  

gene regulation. 

3.1.3. Myb Interactions with CBP and p300 

The c-Myb protein has also been shown to interact and co-operate with the transcriptional  

co-activator CREB-binding protein, or CBP, and the highly related protein p300. Both CBP and p300 

have conserved protein-protein interaction domains called KIX domains that bind the Myb transcriptional 

activation domain (TAD) [110–113]. CBP and p300 have histone acetyltransferase activities and also 

acetylate Myb when they interact with it [110,111]. Acetylation could alter the specificity of Myb by 

altering its protein-protein interactions, helping to determine which target genes get regulated. Genetic 

evidence suggests that a specific interaction between Myb and CBP is required for normal hematopoiesis. 

A mutagenesis screen in mice identified defects in hematopoietic stem cell differentiation caused by a 

mutation in Myb, M303V, which disrupts the interaction between Myb and p300 [100]. The mutation 

led to a large increase in the number of immature hematopoietic stem cells in the bone marrow, with 

concomitant defects in the production of T-cells, B-cells, erythroid cells and myeloid cells, suggesting 

that an interaction between Myb and p300 is critical for the earliest stages of hematopoietic stem cell 

differentiation and for normal hematopoiesis [100]. Complementary studies showed that both p300 and 

CBP play a role in hematopoiesis and that both interact with Myb proteins, although some 

hematopoietic lineages may depend more on p300 [112]. These studies reaffirmed that Myb activity is 

required for cell differentiation, which is often thought to be the opposite of transformation. 

CBP and p300 interact with a number of transcription factors besides Myb, including GATA-1, 

FOXO proteins, C/EBPbeta, ETS-1, NFATc4, RelA, E2a-PBX1 and TP53 [114–119], mostly through 

the same conserved domain known as the KIX domain. The interactions between the KIX domain of 

CBP/p300 and Myb have been studied in great detail [113,120], and could potentially be targeted by 

drugs designed to disrupt the interactions. Interestingly, the KIX domain is able to interact with Myb 

and with the Mixed Lineage Leukemia (MLL) protein simultaneously, in a three-way complex that 

may be important for oncogenesis [121,122]. Understanding how these proteins interact, how the 

interactions affect the choice of target genes that are regulated by Myb, and how these interactions play 

a role in the development of tumors or leukemia could provide important information for the development 

of new drugs or therapeutic strategies. 

3.2. Protein-Protein Interactions Regulate Myb Activity 

The c-Myb protein has been reported to interact with a large number of potential regulators of its 

activity, including protein kinases, cell cycle regulators and transcription factors (Figure 5). The c-Myb 

protein is also subject to a large number of post-translational modifications, including serine and 

threonine phosphorylation [21,123–131], lysine acetylation [110], ubiquitinylation [132] and 

sumoylation [37,131,133]. Changes in post-translational modifications are likely to alter protein-protein 

interactions, leading to changes in transcriptional specificity (Figure 4). Since post-translational 

modifications can occur quickly, often as the result of upstream signaling cascades initiated by cell 

surface receptors, it seems likely that Myb protein activities and specificities are able to change in 

response to extracellular signals. This provides a mechanism for Myb proteins to respond to cytokine 
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or growth factor receptors or to cell-cell interactions that control hematopoietic or epithelial cell 

differentiation. Indeed, chromatin immunoprecipitation experiments have shown that Myb proteins 

associate with largely different sets of promoters in sparsely growing cells compared to densely plated 

cells, which make multiple cell-cell contacts [65]. This mechanism may explain how Myb proteins are 

able to bind different promoters in different cell types, before and after cell-cell interactions or even in 

different parts of the cell cycle. Unfortunately, detailed proteomics studies that could explain how the 

Myb protein modifications and interactions change in different situations are still lacking and clearly 

need to be a priority for future studies. 

Figure 5. Multiple Regulatory Pathways Lead to Myb. The c-Myb protein is diagrammed 

at top, with DNA binding domain (red) and C-terminal regulatory domains labeled. Sites of 

phosphorylation and acetylation are indicated. The lower section shows the approximate 

binding or interaction sites for kinases or other proteins. Please see the legend to Figure 1 

for an explanation of the conserved, shaded domains in the c-Myb protein. 

 

4. Conclusions: Protein Interactions Could Provide Novel Therapeutic Targets 

The c-Myb protein appears to be regulated by a large number of post-translational modifications 

that are likely to affect its interactions with co-regulators like C/EBPbeta and transcriptional  

co-activators like CBP or p300. In the case of the mim-1 gene, a simple transcription factor code, Myb 

plus C/EBPbeta, leads to activation of the gene, even in cells that would otherwise never express mim-1. 

If the example of the mim-1 gene is typical of Myb-regulated genes, Myb proteins could make a large 

number of cell type-specific, combinatorial interactions with other transcription factors to regulate 

different sets of target genes in specific cell types or in specific situations, such as in different parts of 

the cell cycle. The example of the CCNB1 gene shows that c-Myb can bind to different promoters in 

different parts of the cell cycle, apparently moving dynamically to different target promoters as it 

makes stable interactions with different partners. Thus, it is likely that Myb interacts with other 

transcription factors to regulate specific genes in B-cells and still others to regulate specific genes in 

colon or breast cells. All of these interactions are subject to regulation by upstream signaling pathways 

that lead to changes in post-translational modifications and therefore affect protein-protein interactions. 

These results suggest that each Myb-regulated gene is likely to be controlled by a specific combination 

of Myb proteins, with appropriate gene-specific post-translational modifications, that interact with 
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unique sets of transcriptional co-regulators that together define a specific transcription factor code for 

each gene (Figure 4). 

Although the simple transcription factor code that regulates the mim-1 gene may be unusual,  

it raises the possibility that many genes could be controlled through similar combinations of transcription 

factors that must interact at promoters or enhancers. These interactions could potentially be targeted by 

small molecules that disrupt the necessary interactions, or that stabilize alternative ones, in order to 

alter gene expression patterns. The power of individual protein-protein interactions was demonstrated 

by the Myb M303V mutation that disrupted interactions with the p300 KIX domain and had a dramatic 

effect on hematopoietic differentiation. If gene-specific protein-protein interactions could be identified 

and then targeted with small molecules, new opportunities for regulating individual genes with specific 

drugs could be created. For example, if Myb proteins interact with p300 to activate proliferation-

specific genes, but with co-regulators like C/EBPbeta to regulate differentiation-specific genes, a small 

molecule that inhibits the former but not the latter could trigger leukemia cells to stop proliferating and 

to differentiate instead. Although no such small molecule inhibitors of Myb proteins have yet been 

described, small molecule inhibitors that disrupt the interaction of CBP and p300 with other 

transcription factors have been identified [134,135]. Identifying similar molecules that disrupt Myb 

protein functions could lead to important new therapies. 

In summary, Myb serves as an excellent model for identifying and studying the complexities of 

transcriptional regulation in normal and transformed cells. The normal Myb protein regulates different 

genes than the oncogenic variants. The former is required for normal differentiation while the latter 

transforms cells and drives tumorigenesis. Both normal and oncogenic forms of Myb have the same 

DNA binding domain and are capable of binding the same sites in DNA—the difference between them 

appears to be in the protein-protein interactions they make, which targets them to specific subsets of 

target genes. Thus, the normal and oncogenic Myb proteins are not only different, but they oppose 

each other. To adequately treat a tumor driven by an oncogenic Myb it may be necessary to both 

inactivate the driver and also to reactivate the normal Myb, to induce differentiation. Understanding the 

transcription factor codes that regulate different Myb target genes could lead to novel therapeutic 

approaches for turning specific genes on or off, or for inducing tumor cells to differentiate rather  

than proliferate. 
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