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Abstract of the Dissertation 

BET Inhibition Releases the Mediator Complex from Specific cis Elements in Acute 

Myeloid Leukemia Cells 

by 
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Doctor of Philosophy 

in 

Molecular Genetics and Microbiology 

Stony Brook University 

2016 

Acute myeloid leukemia (AML) is a hematologic malignancy with a 5-year survival rate of less than 30%. We 

recently identified the bromodomain and extraterminal (BET) protein Brd4 as a therapeutic target in AML, and 

several trials are currently evaluating the clinical utility of BET inhibitors for this disease. BET inhibitors displace 

Brd4 from chromatin and subsequently reduce the expression of key oncogenes, such as Myc, leading to AML blast 

differentiation and cell death. However, the mechanism by which Brd4 maintains oncogene expression in AML is 

still unclear. We hypothesized that Brd4 functions by working with other coactivators in AML to promote 

expression of oncogenes. Brd4 is capable of associating with the Mediator complex, but the relevance of this 

interaction to the therapeutic effects of BET inhibition has not been explored. Here, we show that the BET inhibitor 

JQ1 causes the rapid release of Mediator from specific cis elements in the genome of AML cells. This effect occurs 

with greatest severity at a distal Myc super-enhancer, however JQ1 does not alter Mediator occupancy at all super-

enhancers in the genome. Nonetheless, the degree of Mediator eviction provides a reliable correlate with JQ1-

induced transcriptional suppression, a relationship that may have utility as a mechanism-based biomarker. Genetic 

knockdown of several Mediator subunits in AML cells, including Med12 and Med23, led to proliferation arrest, 

myeloid differentiation, and suppression of Brd4, Myb, and Myc target gene signatures. These findings unify Brd4 

and Mediator functions within a common gene regulatory pathway that sustains the pathogenesis of AML.
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Chapter I – Introduction 
 

1.1 Myeloid development and Acute Myeloid Leukemia 
 

Acute myeloid leukemia (AML) is an aggressive cancer of the blood in which cells that normally 

give rise to granulocytes, macrophages, red blood cells, mast cells, or platelets are arrested at an 

early stage of development and proliferate unlimitedly. These immature cells, or blasts, eventually 

overtake the bone marrow and the peripheral blood at the expense of normal hematopoiesis. This 

impaired ability to produce red blood cells, platelets, and innate immune cells results in the most 

frequent causes of death in patients with AML: infection and hemorrhage. The basic treatment 

for AML involves a regimen of cytotoxic chemotherapy that has changed little in recent decades, 

and accordingly, our ability to cure patients diagnosed with AML has improved very little in the 

same time period. 

 

1.1.1 - Normal blood development 

To understand the origins of AML, one must first understand the normal development of blood 

cells. Each day, more than 100 billion new blood cells must be produced in the human body 

(Boulais and Frenette, 2015). Observations of the profound toxicity on the blood system 

1



conferred by radiation damage, a looming specter in atomic age, spurred intense research into 

hematopoietic development (Eaves, 2015). Early on, it was discovered that individual cells 

isolated from the bone marrow had the capacity to self-renew and to develop into multiple blood 

lineages, establishing the current hierarchical model of normal hematopoiesis with hematopoietic 

stem cells (HSCs) at the top of the hierarchy (Becker et al., 1963; Jacobson et al., 1951).  

 

To ensure that HSCs are protected from external stressors and insults that may compromise 

their ability to produce normal blood when necessary, HSCs are generally kept quiescent 

(Cheshier et al., 1999). One mechanism by which HSCs are prevented from entering the cell 

cycle is that their location near arterioles in the bone marrow stroma exposes them to a number 

of secreted factors such as stem cell factor and transforming growth factor-β1, that suppress their 

cycling (Ding et al., 2012b; Yamazaki et al., 2011). This perivascular niche is composed of the 

endothelium itself as well as mesenchymal stem cells, sympathetic neuronal fibers, and Schwann 

cells (Boulais and Frenette, 2015). Another niche factor that appears crucial in maintaining stem 

cell quiescence is hypoxia (Parmar et al., 2007; Spencer et al., 2014; Suda et al., 2011). As would 

be expected, hypoxia results in increased expression of the transcription factor (TF) HIF-

1α in HSCs (Takubo et al., 2010). When this TF is knocked out, HSC numbers are decreased 

in mice; when over-stabilized, it causes an impaired ability to transplant the marrow-derived 

stem cells (Takubo et al., 2010). When a requirement for HSC expansion develops, the cells 

move toward the endothelial sinusoids in the marrow, which can promote the entry of HSCs 

into the cell cycle by secreting Notch ligands (Butler et al., 2010). Disruption of mechanisms 

that suppress HSC cycling or activation of those that promote cycling can directly result in the 

2



development of AML. Recently discovered examples of niche-dependent mechanisms of 

leukemogenesis include constitutive activation of β-catenin in osteoblasts that leads to increased 

Notch signaling and a sympathetic neuropathy in bone marrow that can support leukemia 

infiltration and can be reversed with β2 agonists to slow AML progression (Hanoun et al., 2014; 

Kode et al., 2014). 

 

The tight control of hematopoietic activity in the bone marrow heavily relies on intrinsic 

transcriptional regulation within the HSC. By way of example, knockout of the critical HSC TF 

Runx1 results in embryos with entirely absent hematopoiesis (Okuda et al., 1996). Even further 

on in development, as an HSC’s daughter cell commits to a lineage, the repertoire of TFs 

expressed in the cell change rapidly and control the ultimate outcome of differentiation. For 

example, maintenance of stemness in HSCs requires Runx1, Gata2 and Evi1, while myeloid 

lineage specification requires Pu.1 for monocyte commitment and the C/EBP TFs for 

granulocyte lineage choice (Goyama et al., 2008; Ling et al., 2004; Rosenbauer and Tenen, 2007; 

Tenen, 2003). However, the transcriptional development of hematopoietic cells is highly 

complex. Runx1 is known to relocalize other hematopoietic TFs to prime Pu.1 expression in 

HSCs, and the myeloid factors Pu.1 and C/EBPα are also important for maintaining HSC 

quiescence and stemness (Hasemann et al., 2014; Lichtinger et al., 2012; Staber et al., 2013).  

 

The timing and dosage of TF expression appears to be tightly regulated and closely 

interconnected. The erythroid TF Gata1 is known to interact with Pu.1 and can suppress its 

transcriptional output such that inappropriate overexpression of Gata1 in myeloid cells can block 
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Pu.1-driven myeloid development (Zhang et al., 1999). Interestingly, the reverse is also true, 

with Pu.1 suppressing erythroid development via suppression of Gata1 output (Rekhtman et al., 

1999). This TF-mediated blockade of normal blood development is an example of why 

disruption of transcriptional control is, as discussed below, a frequent contributor to development 

of leukemia. A similar, and physiologically important, mechanism of TF antagonism occurs 

between Pu.1 and C/EBPα, which directly blocks the DNA-binding domain of Pu.1, leading to 

a loss of Pu.1 target gene expression in myeloid progenitor cells (Reddy et al., 2002). This 

appears to drive a switch from the monocyte lineage to the granulocytic lineage (Reddy et al., 

2002). Underscoring the complexity in transcriptional regulation of myeloid lineage 

development, however, C/EBPα also binds to and activates an enhancer element 14kb upstream 

of Pu.1 in myeloid cells, driving Pu.1 expression and supporting myeloid lineage commitment 

(Yeamans et al., 2007). It has been suggested that loss of function mutations of C/EBPα, found 

in AML, may in part contribute to myeloid differentiation blockade by reducing levels of Pu.1 in 

leukemic cells (Yeamans et al., 2007). 

 

1.1.2 - The genetics of AML 

Major advances have been made in understanding the genetics of AML. We now know that, on 

average, fewer than 13 mutations can be found in each patient’s AML, and less than half of these 

mutations are recurrent (Cancer Genome Atlas Research, 2013). This genetic heterogeneity 

poses a challenge to design of targeted therapies for AML. Nevertheless, some recurrent 

mutations do occur and may yet represent good therapeutic targets for many AML patients. The 

most commonly mutated gene in AML, occurring in about a third of patients, is NPM1, which 
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encodes nucleophosmin (Grimwade et al., 2015). About 90% of mutations in NPM1 result in a 

nuclear export signal that relocates the protein to the cytoplasm and results in enhanced self-

renewal of hematopoietic progenitor cells via aberrant Hox gene expression (Vassiliou et al., 

2011). NPM1 is typically not associated with high-risk disease, but given its mutation in a large 

fraction of patients, identifying ways to treat NPM1-mutant AML is an urgent need (Burke, 

2016). A gene that is frequently mutated in AML and is associated with high-risk disease is Flt3. 

This gene encodes a receptor tyrosine kinase, and in about a quarter of AML patients, internal 

duplications in the juxtamembrane domain, resulting in constitutive, ligand-independent 

activation of Flt3, can be found (Dohner et al., 2015). Several inhibitors of Flt3 have been 

developed and are now being tested in clinical trials; unfortunately, resistance has already 

emerged to the first generation of these molecules, suggesting a need for higher-potency 

inhibitors or combination therapies (Grimwade et al., 2015; Zarrinkar et al., 2009).  

 

In keeping with the importance of transcription in regulation of hematopoiesis, many of the 

recurrently mutated genes in AML are transcriptional regulators (Cancer Genome Atlas 

Research, 2013). For example, as described above, mutations in sequence-specific transcription 

factors are a frequent event in AML. Of particular note are a number of germline mutations in 

hematopoietic TFs, such as Runx1, Gata2, and CEBP/α, that contribute to inherited forms of 

AML (Godley, 2014). There are also translocations involving myeloid TFs that dysregulate their 

function and lead to distinct subtypes of AML. These include the AML1-ETO translocation 

(Runx1-Runx1T1, t(8;21)), the inv(3) Gata2-Evi1 lesion, which is associated with a poor 

prognosis (Gröschel Cell 2014, Dohner NEJM 2015), and the CBFB-MYH11 (inv(16)) 
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aberration (Dohner et al., 2015; Groschel et al., 2014; Illendula et al., 2015). Interestingly, 

inv(16) AML was recently rendered therapeutically tractable by a small molecule that sequesters 

the oncogenic fusion protein (Smooth Muscle myosin heavy chain-core binding factor b, 

SMMHC-Cbfb), reinstating the ability of the wild-type Cbfb to bind Runx1 and restoring 

normal transcription (Illendula et al., 2015). 

 

However, the array of genetic anomalies in AML that affect transcription can be extended 

beyond TF lesions to include epigenetic regulators. One of the most frequent mutations in 

AML, in about 30% of patients and almost always in concert with NPM1 mutations, is in the 

DNA methyltransferase DNMT3A, which leads to focal hypomethylation of CpGs in the 

genome and changes in gene expression patterns (Grimwade et al., 2015; Ley et al., 2010; 

Russler-Germain et al., 2014).  Because Dnmt3a functions as a tetramer, heterozygous 

mutations at R882 in DNMT3A appear to be dominant negative, leading to reduced enzymatic 

activity that leads to the focal hypomethylation pattern observed in patients with these mutations 

(Russler-Germain et al., 2014). Another group of AML mutations occurs in the genes encoding 

isocitrate dehydrogenase (IDH1/2) or ten-eleven translocation (TET1/2) proteins in a mutually 

exclusive manner (Figueroa et al., 2010a). Gain of function mutations in IDH genes lead to 

aberrant production of the 2-hydroxyglutarate (2HG) oncometabolite instead of the normal α-

ketoglutarate. 2HG inhibits the normal 5-methylcytosine hydroxylation function of Tet 

(Figueroa et al., 2010a). The end result of these IDH or TET mutations is a DNA 

hypermethylation phenotype and subsequently aberrant gene expression (Figueroa et al., 2010a). 
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Frequent, mutually exclusive mutations in the cohesin complex have also been described in AML 

(Kon et al., 2013). Cohesin is central to physical regulation of transcription, particularly in the 

formation and maintenance of DNA structural elements, including promoter-enhancer looping 

(Grimwade et al., 2015). The cohesin mutations found in AML are mutually exclusive between 

subunits and are heterozygous. Recently, the lesions have been shown to result in marked 

changes in chromatin accessibility and may thereby contribute to leukemogenesis via a shift in 

gene expression away from lineage commitment (Mullenders et al., 2015; Viny et al., 2015).  

 

One class of acute leuekmia is driven by lesions involving the mixed lineage leukemia (MLL) 

gene. Similar to Runx1, mice lacking MLL show no hematopoietic development (Ernst et al., 

2004). MLL obtained its name because, depending on the lesion, genetic aberrations involving 

the MLL gene can lead to acute lymphoblastic leukemia (ALL), AML, or a disease in which 

leukemic cells express markers of both lymphoblasts and myeloblasts (Slany, 2009). The genetic 

alterations are typically chromosomal translocations involving MLL and another protein partner. 

While most of these fusions are associated with a dismal prognosis, the t(9;11)(p22;q23) 

translocation, which fuses MLL to AF9, is associated with an intermediate prognosis (Dohner et 

al., 2015; Lavallee et al., 2015). Interestingly, MLL-fusion leukemias bear the lowest mutational 

burden among all AML subtypes but frequently harbor mutations in Ras proteins. (Cancer 

Genome Atlas Research, 2013; Kampen et al., 2014; Lavallee et al., 2015). These leukemias are 

thus more sensitive to MEK inhibitors but less sensitive to receptor tyrosine kinase inhibitors, 

which are upstream of Ras proteins in the signaling cascade (Kampen et al., 2014; Lavallee et al., 

2015)`. 
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The MLL1 gene encodes a histone 3 lysine 4 (H3K4) methyltransferase and is normally 

associated with gene activation (Chen and Armstrong, 2015). However, the fusion events in 

leukemia generally truncate the catalytic C-terminal SET domain of MLL and replace it with 

various fusion partners (Chen and Armstrong, 2015). Many of these partners share the ability to 

recruit transcription elongation complexes and promote the catalytic activity of the H3K79 

methyltransferase Dot1l (Deshpande et al., 2012; Deshpande et al., 2014). This ability to bind 

Dot1l appears to be essential for MLL fusion leukemias and results in the aberrant activation of 

characteristic MLL-fusion target genes such as Meis1 and Hoxa9 (Bernt et al., 2011). This 

appears to be due in part to Dot1l’s ability to restrict access of the histone deacetylase SIRT1 and 

H3K9 methyltransferase SUV39H1 to important MLL target genes including the HoxA cluster 

(Chen et al., 2015). Importantly, direct pharmacologic inhibition of the Dot1l methyltransferase 

activity has been successful in preclinical models and has resulted in initiation of clinical trials of 

Dot1l inhibitors in patients with MLL-fusion AML (Daigle et al., 2011). A recent study, 

however, used transcriptional signatures of MLL-fusion leukemias to identify cryptic MLL-

fusions and partial duplications within the MLL protein itself in AML samples that had not 

been classified as MLL-driven AML (Lavallee et al., 2015). Despite a lack of a Dot1l-binding 

partner, non-fusion MLL-driven (i.e. MLL-duplication) AML is still sensitive to inhibitors of 

Dot1l, suggesting this dependency is maintained across all MLL-driven leukemias regardless of 

karyotypic status (Lavallee et al., 2015). 

 

The fact that less than half of mutations in a given AML tumor are recurrent suggests that there 

is a high rate of background mutations in hematopoietic progenitor cells. Indeed, recent 

sequencing studies have highlighted frequent spontaneous mutations in peripheral blood cells 
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that did not directly cause malignant transformation (Busque et al., 2012; Welch et al., 2012). 

Instead, these mutations, most frequently in DNMT3A, ASXL1, and TET2, appear to cause 

clonal expansion of cells and are associated with an increased risk of subsequent hematologic 

cancer (Genovese et al., 2014; Jaiswal et al., 2014). Similarly, in therapy-related AML (t-AML), 

it was recently found that the mutational burden of chemotherapy naïve de novo AML and t-

AML are similar, undermining the prevailing idea that the prior chemotherapy directly causes 

the t-AML-driving mutations (Wong et al., 2015). Instead, it was found that age-related 

spontaneous p53 mutations occur in untransformed hematopoietic cells, and that chemotherapy 

or radiation therapy preferentially expands these cells, leading to increased rates of spontaneous 

transformation and, because of the p53 mutation, increased incidence of cytogenetic 

abnormalities (Wong et al., 2015). Sequencing AML as it responds to therapy and relapses has 

also revealed important characteristics about the clonality of the disease. It is now believed that 

between one and 5 clones arise and propagate the disease, and failure to eradicate all of these 

clones with chemotherapy directly results in relapse (Ding et al., 2012a).  

 

1.1.3 - Classification and Prognosis of AML subtypes 

In the clinic, AML often presents as nonspecific, constitutional symptoms, such as bleeding 

diathesis, infection, fever, weakness, or malaise, that are direct consequences of impaired normal 

hematopoiesis (Rowe and Tallman, 2010). A diagnosis of AML is made following a blood draw 

and smear or a bone marrow biopsy. Two methods of classifying AML predominate. For a 

leukemia diagnosis, the French-American-British (FAB) system requires ≥30% of cells in the 

peripheral blood or bone marrow to be leukemic blasts. FAB categorization of AML uses light-
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microscopic, morphologic, and cytogenetic analysis of AML cells to distinguish eight subtypes of 

AML (M0-M7) (Bennett et al., 1976). Because it was established prior to knowledge of 

recurrent genetic abnormalities, the FAB system does not take the genetics of AML, except in 

the case of cytogenetics, into account (Vardiman et al., 2002). 

 

The newer World Health Organization (WHO) classification of AML requires only 20% of 

blood or bone marrow cells to be blasts for diagnosis, and integrates genetic abnormalities, 

immunophenotypes, and clinical features into the categorization (Harris et al., 1999; Vardiman 

et al., 2002). The WHO classification also distinguishes AML that arises de novo from those 

arising from a pre-existing myelodysplastic syndrome (MDS) because of the different origins and 

features of the disease as well as its poorer therapeutic responses as compared to de novo AML 

(Vardiman et al., 2002). For similar reasons, AMLs that arise secondary to chemotherapy or 

radiation therapy for another malignancy, are categorized separately (Vardiman et al., 2002).  

 

Importantly, both systems of AML classification are able to distinguish acute promyelocytic 

leukemia (APL) from other AML subtypes (Rowe and Tallman, 2010; Vardiman et al., 2002). 

The FAB system categorizes APL as M3 based on the presence of distinguishing morphologic 

features, such as Auer Rods, while the WHO system classifies it as “Acute myeloid leukemia 

with recurrent genetic abnormalities – Acute promyelocytic leukemia with translocations 

between chromosome 15 and 17” (Bennett et al., 1976; Vardiman et al., 2002). This is a crucial 

distinction because this subtype of AML, which indeed harbors the t(15;17), PML-Retinoic acid 

receptor α (RARA) translocation in more than 98% of cases, is now treated very differently from 
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other AML types in the clinic and can be cured in almost all patients (Rice and de The, 2014; 

Rowe and Tallman, 2010). Empirical evaluation of drug sensitivities led to the discovery that 

APL cells are highly sensitive to treatment with all-trans retinoic acid (ATRA), a ligand of 

RARA. This finding was remarkable, as the therapeutic activity of ATRA was discovered before 

identification of PML-RARA as the causative oncogene in this disease (Huang et al., 1988; 

Huang et al., 1987). Combination therapy using ATRA and arsenic trioxide, another chemical 

that appears to selectively perturb PML-RARA function, has replaced chemotherapy as the 

standard of care for APL and results in cures in over 90% of patients (Lo-Coco et al., 2013; Rice 

and de The, 2014). Both agents exert anti-leukemia activity by targeting the PML-RARA 

fusion protein for degradation and represent the most successful example of targeted therapy 

used in oncology today (Rice and de The, 2014; Zhang et al., 2010; Zhu et al., 1999). 

 

In addition to subtypes of AML, like APL, that can be treated more effectively, a number of 

other factors play roles in predicting outcome for patients diagnosed with AML. As mentioned 

above, AML arising out of MDS or prior therapy is associated with a poorer outcome than de 

novo AML (Dohner et al., 2015). Additionally, older patients and those with pre-existing 

conditions are often unable to withstand intensive chemotherapy regiments and thus have poorer 

outcomes, although treatment-related mortality has declined with an improved ability to manage 

the patient’s health (Othus et al., 2014). Characteristics of the disease itself, such as blast counts 

at diagnosis and disease genetics, are also important prognostic factors (Rowe and Tallman, 

2010).  
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1.1.4 - Clinical management of AML and emerging therapies 

Following diagnosis, treatment of AML commences; chemotherapy for AML consists of 

induction therapy followed by consolidation therapy. The purpose of induction therapy is to 

induce remissions. The prevailing standard for induction chemotherapy, the “7+3” regimen, was 

first proposed in 1973 and consists of 7 days of continuous-infusion of the nucleoside analog 

cytarabine with 3 days of intravenous daunorubicin, an anthracycline (Rowe and Tallman, 2010; 

Yates et al., 1973). For adults under 60 years old, remission rates are around 70%, however for 

adults over 60 years old, induction therapy is less successful, with complete responses about 50% 

of the time in part because of dose-limiting toxicities in frailer patients (Dohner et al., 2015; 

Rowe and Tallman, 2010). In these frailer patients, addition of decitabine or azacytidine, agents 

that reduce DNA methylation, has extended median survival as compared to their standard of 

care, low-dose cytarabine chemotherapy (Dombret and Gardin, 2015). 

 

Following remission, a patient usually undergoes consolidation therapy consisting of a few doses 

of intravenous cytarabine (Dohner et al., 2015). Patients with a favorable risk profile are cured up 

to 70% of the time, but patients with intermediate or poor risk profiles are cured less than 15% of 

the time (Dohner et al., 2015). An alternative to consolidation therapy is allogenic 

transplantation, which provides the lowest rate of relapse of any post-remission therapy (Rowe 

and Tallman, 2010). Overall, however, the cure rate for AML remains below one in three 

patients (Pulte et al., 2010).  

 

Despite a great increase in the depth of our molecular understanding of AML, few discoveries 

have been successfully translated to clinical advancements (Rowe and Tallman, 2010). However, 
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a number of new, targeted therapies are making their way through clinical trials and may prove 

important for subsets of patients with AML. IDH inhibitors have shown promise in phase I 

clinical trials by releasing the differentiation blockade that is created by gain of function mutant 

IDH proteins (Stein et al., 2014). As mentioned above, internal tandem duplication of the 

receptor tyrosine kinase FLT3 is found in approximately 30% of AML patients and is associated 

with a poor outcome (Cancer Genome Atlas Research, 2013; Dohner et al., 2015). While 

complete responses have been attained using FLT3 inhibitors, resistance develops rapidly 

(Wander et al., 2014), and combination therapies are thus being explored. One recent study 

suggests that attention should be paid to cooperating mutations, as inhibitors targeting the 

differentiation-blocked state, such as IDH inhibitors, can strongly and positively impact the 

efficacy of FLT3-targeted therapies (Shih et al., 2015).  

 

1.2 – Brd4 and BET inhibitors in AML 
 

Another class of targeted therapy that is currently being evaluated in clinical trials is the relatively 

new category of molecules targeting bromodomain and extraterminal (BET) proteins (Dombret 

et al., 2014). BET proteins are a family of coactivators comprised of Brd2, Brd3, Brd4, and 

BrdT (Shi and Vakoc, 2014). These proteins utilize their tandem bromodomains to bind 

acetylated proteins, especially diacetylated histone tails and TFs, and subsequently positively 

regulate transcription of the associated genes (Shi and Vakoc, 2014).  
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1.2.1 - Regulation of Polymerase Pausing 

Studies of the mechanisms by which BET proteins activate transcription have largely focused on 

their ability to recruit regulators of transcriptional pause release and elongation. While earlier 

studies in yeast mainly focused on regulation of the initiation step as the primary barrier to 

productive transcription, it is now clear that at most active genes in the genome, RNA 

Polymerase II (Pol II) is paused approximately 50 nucleotides downstream of the transcription 

start site (TSS) and must be released from this site for a round of transcription to be completed 

(Adelman and Lis, 2012). This phenomenon was first characterized at the drosophila heat shock 

genes, where it was discovered that Pol II initiates transcription and creates a nascent RNA but 

cannot continue transcribing through genes without the heat shock stimulus (Adelman and Lis, 

2012). Genomewide localization studies of Pol II confirmed that in higher organisms, pausing is 

a common phenomenon at active genes (Adelman and Lis, 2012). Pol II pausing has been shown 

to be due in part to the activity of the pausing factors DSIF and NELF, which appear stabilize 

Pol II in the paused state (Wada et al., 1998; Yamaguchi et al., 1999). Hypotheses as to why Pol 

II pausing is so pervasive in higher organisms include the need to rapidly and coordinately 

activate transcription in response to urgent stimuli and the requirement for an additional 

checkpoint to prevent unwanted transcription of genes (Adelman and Lis, 2012). After the 

signal or stimulus to productively elongate transcription is received, such as by heat shock, the 

release of paused Pol II is coordinated by the positive transcription elongation factor b (P-TEFb) 

complex, which is comprised of Cdk9 and either Cyclin T1, T2, or K (Adelman and Lis, 2012). 

P-TEFb phosphorylates DSIF and NELF and results in their dissociation from Pol II, thus 

releasing its pause (Jonkers and Lis, 2015). P-TEFb also directly phosphorylates the Pol II C-

terminal domain (CTD) (Jonkers and Lis, 2015).  
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The recruitment of P-TEFb to paused genes is often facilitated by coactivator proteins such as 

Brd4 (Jang et al., 2005; Shi and Vakoc, 2014). Brd4’s bromodomain 2 recognizes acetylated 

Cyclin T1, while the Brd4 C-terminal domain interacts directly with both Cdk9 and Cyclin T1 

(Bisgrove et al., 2007; Jang et al., 2005). Brd4 competes with an inhibitory RNA/protein 

complex called 7SK/HEXIM for PTEF-b binding (Jonkers and Lis, 2015). 7SK/HEXIM 

sequesters PTEF-b in an inactive state while Brd4 releases PTEF-b, thus activating its kinase 

activity and Pol II elongation function (Shi and Vakoc, 2014). 

 

1.2.2 - Brd4 in cancer 

Brd4 is a target of translocations with the NUT protein in a rare squamous cell cancer called 

NUT midline carcinoma (Filippakopoulos et al., 2010). This Brd4-NUT fusion oncoprotein 

enforces a differentiation block in squamous cells and appears to cause massive enhancer 

spreading into up to two Megabase “megadomains” that lead to aberrant gene activation 

(Alekseyenko et al., 2015). This pathognomonic Brd4-NUT translocation provided the rationale 

to generate inhibitors of BET bromodomains that could remove Brd4 from chromatin and 

release the differentiation block in NUT midline carcinoma (Filippakopoulos et al., 2010). This 

was accomplished via the development of JQ1, a BET inhibitor that competes with acetyl-lysine 

residues for binding to BET bromodomains (Filippakopoulos et al., 2010). JQ1 was well 

tolerated in mouse models and this study established Brd4 as a therapeutically tractable target in 

cancer despite its apparently ubiquitous role in transcription coactivation (Filippakopoulos et al., 

2010). 
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In AML, Brd4 is not mutated, translocated, or amplified (Shi and Vakoc, 2014). Instead, it was 

first identified as a therapeutic target through an RNA interference screen in a MLL-

AF9/NrasG12D primary mouse AML cell line (Zuber et al., 2011c). After knocking down 

chromatin regulators one-by-one, Brd4 emerged as a strong hypersensitivity in AML relative to 

other cell types. Knockdown of Brd4 resulted in cell cycle arrest, apoptosis, and myeloid 

differentiation of AML blasts (Dawson et al., 2011; Zuber et al., 2011c). Furthermore, BET 

inhibitors were shown to remove Brd4 from chromatin in AML and result in the loss of 

expression of a number of important proto-oncogenes in this disease (Dawson et al., 2011; Zuber 

et al., 2011c). Most crucially, transcription of c-Myc is rapidly downregulated following JQ1 

treatment or Brd4 knockdown, and exogenous expression of Myc can restore the differentiation 

blockade that is lifted by JQ1 (Zuber et al., 2011c). These initial preclinical results led to the 

initiation of clinical trials of BET inhibitors for AML, and have been reported to result in 

complete responses in some patients enrolled in a Phase I study (Dombret et al., 2014).  

 

The utility of BET inhibitors has been extended to a number of other hematopoietic 

malignancies, including multiple myeloma, acute lymphoblastic leukemia, and diffuse large B cell 

lymphoma, that also lack genetic alterations in Brd4 (Chapuy et al., 2013; Delmore et al., 2011; 

Ott et al., 2012). Thus, a major avenue of research since the development of BET inhibitors has 

been to understand the mechanisms underlying the surprising therapeutic window of these 

molecules.  
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1.2.3 - The super-enhancer concept 

One prominent model proposed that regulatory elements known as super-enhancers can explain 

the activity of BET inhibitors (Loven et al., 2013). Super-enhancers are large domains of 

chromatin that harbor marks typical of enhancers, including the active chromatin mark H3K27 

Acetyl (H3K27Ac) and a lack of transcriptionally-associated H3K4 trimethylation (Loven et al., 

2013; Whyte et al., 2013). What separates them from typical enhancers is merely the presence of 

extra-ordinary levels of H3K27Ac, the Mediator complex subunit Med1, certain TFs, or Brd4 

(Loven et al., 2013; Whyte et al., 2013). To formally define super-enhancers, the Rank Ordering 

of Super-Enhancers (ROSE) algorithm is used to stitch together peaks of interest that are within 

12.5kb of each other (under the assumption that proximity implies cooperativity) and to then 

rank signal of the protein of interest at these stitched loci, and to name the top-ranking peaks as 

super-enhancers (Loven et al., 2013; Whyte et al., 2013). Several features of super-enhancers are 

salient, including their loading of excess activators and coactivators, their proximity to key 

lineage- and cell-state-defining genes, and the fact that they harbor a disproportionate 

abundance of disease-associated polymorphisms (Hnisz et al., 2013; Loven et al., 2013; Whyte et 

al., 2013). A modest reduction in the occupancy of Mediator and PTEF-b complexes that occurs 

only at super-enhancers has been observed after BET inhibitor treatment, but the effects of these 

events on transcription is unclear (Di Micco et al., 2014; Loven et al., 2013). Consistent with 

super-enhancers explaining JQ1 response, transcripts of genes proximal to super-enhancers are 

moderately more sensitive to JQ1 than those adjacent to non-super-enhancers and the 

empirically identified crucial transcriptional targets of JQ1 treatment, such as Myc and Cdk6, are 

associated with super-enhancer elements (Loven et al., 2013; Roe et al., 2015; Shi et al., 2013). 
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Thus, super-enhancers as a concept seem to encompass the necessary features to predict JQ1 

sensitivity among transcribed genes.  

 

However, closer examination of super-enhancers reveals that much remains to be explained. For 

example, the response of super-enhancer associated transcripts to JQ1 is highly heterogeneous. 

Many super-enhancer associated genes are not transcriptionally suppressed by JQ1, even though 

Brd4 appears to be uniformly released from chromatin by JQ1 (Loven et al., 2013). An example 

of this is HoxA9 in MLL-driven AML cells. HoxA9 is a direct target of MLL-fusion proteins, 

and is essential to mediate transformation and maintenance of the MLL-leukemia state (Bernt et 

al., 2011). Consistent with super-enhancers marking crucial genes for a cell state, HoxA9 is 

associated with a super-enhancer element (Eaton et al., 2015). However, HoxA9 transcription is 

unperturbed by JQ1, underscoring the insufficiency of super-enhancers as a concept that can 

explain JQ1-mediated transcriptional suppression (Zuber et al., 2011c). Additionally, recent 

studies have demonstrated that THZ-1, an inhibitor of TFIIH’s Cdk7, and 5,6-dichloro-1-b-

D-ribofuranosylbenzimidazole (DRB), an inhibitor of Pol II elongation, also preferentially 

suppresses super-enhancer associated genes, raising the possibility that the response of super-

enhancers to various chemical perturbations may reflect a more general property of these 

elements, such as higher rates of turnover, or perhaps a flaw in normalization methods, rather 

than a Brd4- or JQ1-specific mechanism (Chipumuro et al., 2014; Sigova et al., 2015). 
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1.2.4 - Brd4 interaction with other proteins 

Another approach in the pursuit to understand Brd4 sensitivity has been to define the repertoire 

of interacting factors that may contribute to the increased dependence on Brd4 in cancers such as 

AML. Given the importance of the bromodomains’ acetyl-lysine binding to Brd4’s overall 

function, our lab hypothesized that a lysine acetyltransferase (KAT) may act upstream of Brd4 to 

create an acetylated chromatin environment and to recruit Brd4 to its sites of activity (Roe et al., 

2015). By genetically screening the KATs in AML, P300 was found to maintain a similar cell 

state as Brd4 in this disease (Roe et al., 2015). Interestingly, P300 is known to acetylate histone 

tails as well as TFs, and Brd4 is binds acetylated versions of both of these substrates. Indeed, a 

number of hematopoietic lineage TFs were identified as being acetylated by P300 in AML and 

directly bound by Brd4 (Roe et al., 2015). Thus, one layer of specificity may arise from the AML 

repertoire of TFs, which can direct local acetylation at its target regulatory loci and directly 

recruit Brd4 to coactivate gene expression (Roe et al., 2015; Shi and Vakoc, 2014). Indeed, JQ1 

was found to suppress the transcriptional output of the Brd4-binding TFs in AML cells (Roe et 

al., 2015).  

 

Interest has also been developed in the downstream effectors of Brd4. As mentioned above, Brd4 

is well known to interact with and recruit PTEF-b. Recent mass-spec approaches have identified 

another protein, the SET domain-containing H3K36 methyltransferase Nsd3, as binding to the 

extra-terminal (ET) domain of Brd4 (Rahman et al., 2011). Through detailed biochemical and 

genetic studies, it was discovered that a shorter isoform of Nsd3 that lacks the SET domain and 

any catalytic activity binds directly to Brd4’s ET domain and is recruited to the genome in this 

manner (Shen et al., 2015). Furthermore, Nsd3 knockdown caused myeloid differentiation of 
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AML cells that was completely rescued by Myc over expression (Shen et al., 2015). Thus, Nsd3 

appears to be crucial for the Brd4’s actions to maintain AML. Nsd3 appears to be an adaptor 

molecule that allows Brd4 to recruit the chromatin remodeler Chd8 to genes, as knockdown of 

Nsd3 prevented this recruitment from occurring and knockdown of Chd8 also recapitulates the 

anti-leukemia phenotype observed after Brd4 knockdown (Shen et al., 2015). The full 

complement of Brd4 effectors has not been defined, but it appears that Brd4 functions as a 

molecular scaffold at regulatory elements in the genome. Its ability to recruit PTEF-b, Nsd3, 

Chd8 and other proteins thus suggests that Brd4 assembles a highly complex assortment of 

regulators to enforce transcription of key target genes. Defining the key components of this 

effector complex may therefore shed light on the mechanisms by which Brd4 can selectively 

perturb oncogenic transcription in AML. One Brd4 interaction partner is the Mediator 

coactivator complex. Mediator has been demonstrated in a number of studies to bind Brd4 (and 

in a number of other studies to not bind Brd4), yet its relationship to the transcriptional function 

of Brd4 has not been explored (Dawson et al., 2011; Jang et al., 2005; Jiang et al., 1998; Wang et 

al., 2013; Wu and Chiang, 2007). 

 

1.3 – The Mediator Complex 
 

1.3.1 - The limiting reagent in transcription 

In the late 1980s, it was discovered that overexpression of the yeast transcriptional activator 

GAL4 had the unexpected effect of suppressing transcription at genes that were not GAL4 

targets (Gill and Ptashne, 1988). This was similar to an unexplained repressive effect of the 
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herpesvirus VP16 activator on transcription from non-VP16-target plasmid (Triezenberg et al., 

1988). Subsequently, this finding was extended to the mammalian setting, where it was found 

that expression of the estrogen receptor could suppress transcription at progesterone receptor 

targets (Meyer et al., 1989).  This effect, termed “activator-interference” or “squelching” was 

thought to be the result of a factor in the transcription apparatus that is present in limited 

quantities; overexpression of an exogenous activator thus sequesters that limiting reagent from 

other transcription sites and reduces expression of other genes. The Kornberg lab confirmed this 

effect in yeast and demonstrated that the limiting factor was not TFIID or Pol II, as initially 

expected, because additions of purified TFIID or Pol II failed to relieve squelching in vitro. 

Instead, using a roughly purified yeast nuclear extract, they suggested a novel “mediator” of 

transcription activation was the limiting reagent (Flanagan et al., 1991; Kelleher et al., 1990). A 

series of complex purification steps finally yielded the Mediator of Pol II transcriptional 

activation (Kim et al., 1994). This complex included 20 protein subunits, associated with Pol II 

and other general transcription factors, stimulated activator-dependent transcription, and 

appeared to enhance the ability of the TFIIH kinase Cdk7 to catalyze Pol II CTD 

phosphorylation (Kim et al., 1994). Interestingly, this complex also overlapped previously 

identified SRB proteins that suppressed the phenotype of Pol II CTD mutants in yeast (Nonet 

and Young, 1989). The specificity of SRBs in suppressing some CTD mutant phenotypes, but 

not others, suggested a direct interaction with Pol II. 

 

Subsequently, numerous large protein complexes that shared Mediator’s coactivator function 

were purified, each identified and named by a different lab. The first of these was thyroid 

hormone receptor associated proteins (TRAP) from the Roeder lab, which was identified in a 
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ligand-dependent association with the thyroid hormone receptor (Fondell et al., 1996). The 

TRAP complex, in an in vitro system lacking thyroid hormone, could activate transcription, 

which was a hint at its general, and not thyroid-hormone specific, function (Fondell et al., 1996). 

Shortly thereafter, the Kornberg lab purified from murine B cells the mammalian version of its 

previously-isolated yeast Mediator complex, again confirming the presence of SRB homologs 

(Jiang et al., 1998). A number of activators were then used to purify activator-associated 

coactivator complexes from HeLa cells that had varying degrees overlap with Mediator, yet were 

all considered distinct. These include Sp1 to yield the coactivator required for Sp1 activation 

(CRSP), GAL4-AH to yield positive cofactor 2 (PC2), the vitamin D receptor to yield DRIP, 

SREBP-1a, VP16, and p65, to yield activator recruited cofactor (ARC), and adenoviral E1A to 

yield a complex that was not given a unique name (Boyer et al., 1999; Kretzschmar et al., 1994; 

Malik et al., 2000; Naar et al., 1999; Rachez et al., 1998; Ryu et al., 1999). Surprisingly it took 

until 2004 before differences were settled and the universal name Mediator was applied to each 

of these complexes (Bourbon et al., 2004). Some of the confusion arose from the fact that these 

complexes were often partial, lacking one or more components of the complete Mediator 

complex, in part due to differences in purification schema and washing conditions (Conaway et 

al., 2005). Furthermore, in an issue that has yet to be definitively resolved, Mediator complexes 

may naturally exist in partial forms on chromatin as a result of different activator interactions 

(Poss et al., 2013). Nonetheless, mass spectrometry approaches have defined the full complement 

of Mediator subunits in mammalian cells and demonstrated that each subunit can exist in a 

complex with each other subunit (Sato et al., 2004). 
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1.3.2 - Architecture of the Mediator complex 

At a maximum, Mediator can contain up to 30 subunits (Sato et al., 2004). These subunits can 

be subdivided into four distinct domains: the head, middle, tail, and kinase modules (Asturias et 

al., 1999; Malik and Roeder, 2010). The mammalian Mediator head module is comprised of 

Med6, 8, 11, 17, 18, 20, 22, 27, 28, 29 and 30 (Tsai et al., 2014). Early work demonstrated that 

subunits in the Mediator head module, especially yeast Med17, were required for transcription in 

an essentially identical manner to the Pol II subunit RPB1 (Holstege et al., 1998). Furthermore, 

early cryo-electron microscopy (cryo-EM) structures of Mediator showed at a low resolution that 

the head module of Mediator appeared to embrace Pol II (Asturias et al., 1999). Importantly, the 

complex of Mediator and Pol II did not form in the absence of a CTD on Pol II (Asturias et al., 

1999), confirming transcriptional results that this domain is crucial for the Mediator-Pol II 

functional interaction (Myers et al., 1998). A later study demonstrated that amongst 80 pairwise 

possible interactions between yeast Mediator head or middle subunits and core Pol II subunits, 

only Med17 and Rpb3 could be validated as interaction partners by a UV-induced crosslinking 

approach (Soutourina et al., 2011). A direct interaction between Med11 and the TFIIH subunit 

Rad3 has also been described (Esnault et al., 2008). Crystal structures of the yeast Mediator head 

module have been determined and confirmed a Med11-TFIIH interaction and the centrality of 

Med17 to the yeast head module (Imasaki et al., 2011; Lariviere et al., 2012). Further analysis of 

EM structures of Mediator along with other members of the pre-initiation complex (PIC) 

demonstrate how the head might bring TFIIH to the CTD to support its phosphorylation 

activity (Kim et al., 1994; Plaschka et al., 2015). 
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The yeast and mammalian Mediator complexes, despite limited sequence conservation, appear to 

adopt similar conformations and are each further partitioned into middle (Med1, 4, 7, 9, 10, 19, 

21, 26, 31), tail (Med14, 15, 16, 23, 24, 25), and kinase (Med12/12L, Med13/13L, Cdk8/19, 

any cyclin C) modules (Asturias et al., 1999; Poss et al., 2013; Tsai et al., 2014). While the 

remainder of Mediator has not been crystallized in full, key features of the complex architecture 

are still discernable from the lower resolution studies. For example, cryo-EM of a yeast Mediator 

complex with Med16 deleted reveals a complex with intact Middle and Head modules but a 

missing tail, suggesting that the tail of Mediator is not required for complex integrity (Dotson et 

al., 2000).  Consistent with this interpretation, the same deletion results in viable yeast cells (Li 

et al., 1995). A highly detailed analysis of the cryo-EM structure of Mediator, coupled with 

biochemical crosslinking and deletion experiments, revealed the most complete understanding of 

the general layout of the yeast and human versions of the Mediator complex to date (Tsai et al., 

2014). This study confirmed that yeast and human Mediator adopts similar baseline 

configurations, and also defined the network of intra-complex interactions between Mediator 

subunits, providing a useful platform to understand Mediator subunit biology (Tsai et al., 2014). 

 

A major discovery about Mediator structure was that it is highly dynamic in response to various 

stimuli (Taatjes et al., 2002). Purification of a Flag-tagged Mediator complex from HeLa cells 

resulted in a complex that is identical in subunit composition but highly divergent in 

conformation from a VP16 activator-purified Mediator complex (Taatjes et al., 2002). 

Furthermore, Mediator purified with the SREBP-1a activator adopted an even more distinct 

conformation relative to Flag-Mediator (Taatjes et al., 2002). This revealed that, depending on 

the transcriptional stimulus, Mediator can function in different modes that might have major 
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impacts on the output at a target gene. For example, varying effects on Pol II activity and 

differential recruitment of coactivator proteins could result from individual activator-stimulated 

Mediator conformations.   

 

1.3.3 - Mediator interactions with TFs 

TFs have preferences for specific binding partners within the Mediator complex. As an example, 

nuclear hormone receptors, including the thyroid receptor that was initially used to identify 

TRAP complexes, preferentially bind Med1’s LxxLL motifs (Malik and Roeder, 2010). 

Deletions of Med2, Med3, or Med16, all of the tail module were also shown to affect a subset of 

transcriptional activation functions in response to Gal4-VP16, but leave unaffected other 

transcriptional activities of the remaining Mediator complex (Myers et al., 1999). Similarly, 

deletion of Med15 led to specific transcriptional deficits while deletion of Med18 led to more 

complete loss of transcriptional activity in yeast (Han et al., 1999).  

 

While knockout of Mediator subunits in mammals has always led to embryonic lethality (Poss et 

al., 2013), cells derived from these embryos have allowed study of the contributions of individual 

subunits to TF stimuli. Knock out of Med1, as expected, led to a deficit in nuclear hormone-

dependent transcriptional signaling, such as PPARγ2-induced adipogenesis, but not other 

transcription pathways, such as Myo-D-induced myogenesis (Ge et al., 2002). Med1 also binds 

to GATA1 and is required for transactivation at GATA1 target genes, and deficiency in Med1 

leads to an inability for the developing embryo to undergo erythropoiesis (Stumpf et al., 2006). 

Med23 was identified as binding to adenoviral E1a and to the MAP kinase pathway ETS 
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transcription factor Elk1 (Boyer et al., 1999). Cells from Med23 knockout embryos were unable 

to activate gene expression in response to these TFs, which can result in phenotypes such as 

deficient adipogenesis (Stevens et al., 2002; Wang et al., 2009). An example of this with 

important implications arises from studies of Med15. Originally identified as binding to the 

master lipid biogenesis regulator SREBP-1a through its KIX domain, deletion of Med15 from c. 

elegans led to impaired lipid homeostasis and an inability to activate SREBP-1a target genes 

(Yang et al., 2006). The specificity of the KIX domain of Med15 to bind SREBP-1a’s activation 

domain has since been exploited by the development of a boron-containing chemical probe that 

selectively blocks the interaction of Med15 and SREBP-1a, resulting in a suppression of 

SREBP-1a target genes in mouse livers and a reduction in serum lipids (Zhao et al., 2014). 

These results demonstrate how understanding of Mediator-TF interactions can be exploited for 

therapeutic aims. 

 

1.3.4 - The Mediator kinase module 

A four protein module called the kinase module reversibly associates with the core Mediator 

complex. This module, comprised of Cyclin C and Cdk8, Med12, and Med13 (or their paralogs 

Cdk19, Med12L, and Med13L), was originally described as repressive because deletion of Cdk8 

from yeast led to transcriptional activation of approximately 3% of the genome (Holstege et al., 

1998). Association of the kinase module was also shown to block Pol II from binding Mediator 

(Elmlund et al., 2006). Furthermore, addition of the kinase module to purified transcription 

systems revealed that the module inhibited the activating function of core Mediator, even in the 

absence of kinase activity (Knuesel et al., 2009a). This repressive effect was recapitulated with 
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just Med12/Med13, the two largest subunits of the kinase module and of the entire Mediator 

complex, supporting a steric inhibitory role for this module (Knuesel et al., 2009a). However, 

work from the same group also showed that Cdk8 phosphorylates Histone 3 serine 10, a 

chromatin mark associated with transcriptional activation (Knuesel et al., 2009b). Furthermore, 

kinase modules were required for activation of gene expression in response to serum stimulation 

and hypoxia (Donner et al., 2010; Galbraith et al., 2013). This dichotomy persists within the TF 

targets of Cdk8 kinase activity. Cdk8 can promote TGF-b signaling by phosphorylating the 

Smads, a modification that both promotes Smad target gene activation and marks the Smad 

proteins themselves for degradation (Alarcon et al., 2009). Similarly, Cdk8 can phosphorylate 

the Notch ICD to activate target gene expression and mark the protein for degradation, and 

STAT1, with both positive and negative effects on target gene activation (Bancerek et al., 2013; 

Fryer et al., 2004). Thus, even within a single transcriptional system, Cdk8 has bidirectional 

effects on gene expression. The kinase module as a whole, too, has activating and repressing 

effects within transcriptional systems. Cdk8 can phosphorylate E2F1 to repress its transcriptional 

output with the consequence of releasing β-catenin transcription from E2F1’s own repressive 

effects (Morris et al., 2008). Cdk8 is also amplified in colorectal cancer, a malignancy with a 

well-established dependence on the β-catenin pathway (Firestein et al., 2008). Intriguingly, 

Med12 has been demonstrated to directly bind β-catenin through its PQL domain and is 

essential for b-catenin target gene activation (Kim et al., 2006). Despite their close association 

within the kinase module, Med12/13 and Cdk8/19 have frequently been demonstrated to carry 

out distinct functions in cells. A genomewide screen of factors necessary for maintenance of ES 

cell pluripotency identified, among other Mediator subunits, Med12 but not the Mediator 
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kinases as requirements for this phenotype (Kagey et al., 2010). More strikingly, a separate 

genomewide shRNA screen for modulators of drosophila crystal cell development identified 

Med12 and 13, but not the other kinase subunits, as crucial coactivator partners of the GATA 

TF Serpent that regulates this cell type (Gobert et al., 2010). This finding was extended in a 

recent microarray analysis of Med12, Med13, Cdk8, and Cyclin C knockdown S2 cells, which 

highlighted a stark contrast in the transcriptional profiles that result from perturbation of 

Med12/13 vs Cdk8/Cyclin C (Kuuluvainen et al., 2014). 

 

1.3.5 - Mediator regulates multiple steps of Pol II transcription 

After being recruited to chromatin by TFs, Mediator regulates transcriptional output in a 

number of ways. Mass-spectrometry approaches revealed that in response to activators in live 

cells, Mediator is recruited in a step that is required for subsequent assembly of the pre-initiation 

complex (PIC) components TFIIB, TFIID, and TFIIH, as well as for the recruitment of Pol II 

itself and other complexes such as those containing MLL (Chen et al., 2012). This work 

confirmed the biochemical results on purified DNA templates that suggested a role for Mediator 

in the assembly of these components of the PIC (Baek et al., 2006; Johnson and Carey, 2003). 

Mediator can also coordinate the histone modifications that accompany PIC assembly, as shown 

in a study in which the P300 acetyltransferase bound to VP16-recruited Mediator, acetylated 

chromatin, and then dissociated from chromatin, allowing TFIID to bind Mediator (Black et al., 

2006).  
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Additionally, Mediator has been shown to bind directly to the super-elongation complex (SEC, 

including ELL, EAF, and PTEF-b) through the Med26 subunit, thus supporting gene 

expression both at the pre-initiation stage as well as the elongation step (Takahashi et al., 2011). 

An additional mechanism of transcriptional regulation that is controlled by Mediator appears to 

be the chromatin architecture itself. Enhancers often occur long distances from the genes they 

regulate and subsequently loop back towards their target genes (Sanyal et al., 2012). 

Furthermore, enforcing enhancer-promoter looping can selectively affect gene transcription in 

cells (Deng et al., 2012). Mediator was recently shown to be required for the maintenance of 

enhancer-promoter loops in embryonic stem cells by associating with the cohesin complex and 

thus providing a molecular bridge through which enhancer bound TFs can assemble and regulate 

promoter-bound PICs in cells (Kagey et al., 2010). This may additionally be facilitated by 

production of noncoding RNA species from enhancers, which have been demonstrated to bind 

directly to some Mediator subunits and drive looping toward target genes (Lai et al., 2013). 

 

1.3.6 - Mediator and disease 

Given Mediator’s centrality in nearly all aspects of transcription regulation, it is no surprise that 

Mediator function is altered in a number of human disease states (Malik and Roeder, 2010). 

While loss of function alleles of Mediator subunits have consistently proven to be embryonic 

lethal at various stages of development, a number of germline point mutations in Mediator 

subunits have revealed developmental syndromes, suggesting important roles for Mediator in 

human development (Poss et al., 2013). After sequencing a single seven year old girl with 

transposition of the great arteries (TGA), condition in which the aorta arises from the right 
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ventricle and the pulmonary trunk arises from the left ventricle, a mutation was detected in a 

novel gene that was named PROSIT240 (protein similar to TRAP240, or Med13) and has since 

been renamed Med13L, a subunit of the kinase module (Muncke et al., 2003). Subsequent 

sequencing of 97 further patients with TGA revealed 3 missense mutations in Med13L and none 

in 400 controls (Muncke et al., 2003). Interestingly, deletion of Med13 from cardiomyocytes also 

had a phenotype in mice, albeit a metabolic syndrome in which mice were more prone to develop 

obesity and insulin resistance due to reduced expression of metabolic genes (Grueter et al., 2012).  

 

Also within the kinase module, Med12 harbors mutations that are associated with familial, X-

linked mental retardation syndromes. FG syndrome, originally called Opitz-Kaveggia syndrome 

(R961W), and Lujan syndrome (N1007S) are both intellectual disability syndromes associated 

with heritable mutations in the LS (leucine-serine-rich) domain of Med12 (Graham and 

Schwartz, 2013). Mechanistically, Med12 has been shown to recruit the histone 

methyltransferase G9a and the REST corepressor in a manner that is disrupted by these point 

mutations, thus leading to aberrant expression of neuronal genes such as Synapsin1 (Ding et al., 

2008). However, the same group also later showed that these same mutations disrupt Med12’s 

chromatin association with Cdk8 in cells derived from patients with FG or Lujan syndromes, 

which leads to a lost ability to constrain activation of Gli3-dependent sonic hedgehog pathway 

target genes, such as Bmp4 (Zhou et al., 2012). However, this disruption of mutant Med12 

association with Cdk8 was not recapitulated in biochemical experiments, suggesting further work 

is needed to understand the true mechanisms underlying these syndromes (Zhou et al., 2012). 
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Med12 mutations have also been detected via exome sequencing in approximately 5% of prostate 

cancer patients, with the LS domain L1224F lesion occurring most often (Barbieri et al., 2012). 

However, another report identified overexpression of Med12 in castration resistant prostate 

cancers, raising the possibilities of differential requirements for Med12 activity at different stages 

of prostate cancer or that a gain of function conferred by the L1224F mutation (Shaikhibrahim 

et al., 2014). 

 

Most notable, however, are mutations in exon 2, especially at glycine 44, of Med12. The 

mutations were initially discovered in 70% of uterine leiomyomas from 80 patients, suggesting a 

major role for these mutations in driving or initiating the disease (Makinen et al., 2011). These 

same mutations, which were subsequently identified in 5% of chronic lymphocytic leukemias 

(and are associated with poor prognosis), and 73% of breast fibroepithelial tumors, including 

59% of breast fibroadenomas and 80% of phyllodes tumors (Kampjarvi et al., 2015a; Landau et 

al., 2013; Lim et al., 2014; Tan et al., 2015; Yoshida et al., 2015). Importantly, these mutations 

have been demonstrated not to be loss of function alleles, because deletion of Med12 in mice 

does not lead to tumorigenesis (Mittal et al., 2015). Instead, Med12G44D the most common 

variant observed in uterine leiomyomas, needed to be expressed for tumors to arise and could 

cause tumorigenesis even on a fully wild-type background (Mittal et al., 2015). Importantly, 

chromothripsis, or complex and catastrophic chromosomal “shattering,” is also observed 

frequently in leiomyomas, and Med12G44D murine leiomyomas recapitulated this phenotype, 

suggesting that the Med12 alteration precedes the chromothripsis (Mehine et al., 2013; Mittal et 

al., 2015).  Interestingly, the most upregulated gene in Med12 mutant uterine leiomyoma patient 

samples is Rad51b, which fits this model (Mehine et al., 2013). These mutations have been 
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demonstrated to disrupt the interaction of Med12 with Cyclin C and Cdk8 in 293T cells, an 

association that is required for the catalytic activity of the Cdk8 kinase (Knuesel et al., 2009b; 

Turunen et al., 2014). However, corresponding mutations in Ccnc that also disrupt this 

interaction, or mutations in Cdk8’s kinase domain, have not been observed in any cancers, 

suggesting that a simple dissociative effect or loss of kinase activity might not capture the entire 

gain of function of Med12 exon 2 mutants. Interestingly, Med12 has also been identified in two 

independent screens for drivers of resistance to targeted kinase inhibitors used in cancer therapy 

(Huang et al., 2012; Shalem et al., 2014). In a genome-wide shRNA screen of non-small cell 

lung cancer (NSCLC) cells harboring an EML4-ALK translocation, shRNAs targeting Med12 

conferred resistance to the tyrosine kinase inhibitor crizotinib (Huang et al., 2012). These results 

were extended to show that Med12 knockdown generated NSCLC resistance to the EGFR 

inhibitors gefinitib and erlotinib, melanoma resistance to the mutant BRAF inhibitor 

vemurafinib and the MEK inhibitor selumetinib, and hepatocellular carcinoma resistance to the 

multi-kinase inhibitor sorafenib (Huang et al., 2012). Knockdown of TGFβ receptor 2 reversed 

this resistance, and it was demonstrated that Med12 had an unexpected, Mediator-independent 

cytoplasmic role in glycosylating and thus destabilizing this receptor (Huang et al., 2012). Thus, 

knockdown of Med12 resulted in activation of TGFβ signaling and kinase inhibitor resistance 

(Huang et al., 2012). Interestingly, the Med12 exon 2 mutations found in CLL and breast and 

uterine tumors and the prostate cancer Med12L1224 mutation lead to dissociation of Med12 from 

Mediator complexes, raising the intriguing possibility that these mutants lead to hyperactivation 

of TGFβ signaling in this therapy-resistant disease (Kampjarvi et al., 2015b; Turunen et al., 

2014). 
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The kinase module subunit cyclin C was recently found to be a tumor suppressor in T-cell acute 

lymphoblastic leukemia (T-ALL) (Li et al., 2014). Cyclin C is required for the kinase activity of 

Cdk8, which has previously been shown to phosphorylate the Notch intracellular domain to 

promote its degradation, and thus loss of CCNC, which occurs homozygously via chromosome 

6q21 deletion in 9% of patients and heterozygously in many more leads to aberrant notch 

signaling and T-ALL (Fryer et al., 2004; Li et al., 2014). Interestingly, the repressive effects of 

Cdk8 and Cdk19 were also recently reported to be required for the growth of acute myeloid 

leukemia cells by selectively restricting the expression of super-enhancer-associated genes (Pelish 

et al., 2015). However, Cdk8 has also been found to be an oncogene in some solid tumor types. 

An shRNA screen to uncover modulators of β-catenin signaling in colon cancer identified Cdk8 

as a requirement for β-catenin transcriptional activity and as a target of copy number gain in 47% 

of colon cancer patient samples (Firestein et al., 2008). Cdk8 was shown to be required for even 

β-catenin-mediated transformation of cells in a kinase-dependent manner (Firestein et al., 

2008). Further work suggests that in colon cancer, Cdk8 also cooperates with the TF HIF1a to 

recruit PTEF-b and promote transcriptional elongation of HIF1a target genes in the disease 

(Galbraith et al., 2013). Interestingly, the recently reported kinase inhibitor of Cdk8 and Cdk19 

showed no growth-inhibitory phenotype in the identical colon cancer cell line used in these 

studies, although a more recently reported Cdk8/Cdk19 inhibitor does (Dale et al., 2015; Pelish 

et al., 2015). Cdk8 has also been shown to be transcriptionally upregulated in murine and human 

melanoma malignant progression cell line series (Kapoor et al., 2010). This upregulation was 

shown to be mediated by loss of expression of macroH2A (mH2A), a histone variant that is 
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generally associated with transcriptional suppression, and patient samples show an inverse 

correlation of mH2A and Cdk8 expression levels (Kapoor et al., 2010). Knocking down Cdk8 

slowed the growth of melanoma cells, but this effect could be reversed by exogenous expression 

of a kinase-dead mutant of Cdk8, suggesting that the kinase activity of the protein is unnecessary 

in this disease (Kapoor et al., 2010). 

 

The newly-appreciated role for Mediator in human disease and the importance of transcription 

regulation in AML disease initiation and progression led us to examine the roles of Mediator in 

maintaining AML. The results presented here shed new light on important mechanisms of 

leukemogenic transcription and on mechanisms of action of novel therapeutics in this disease 

and also support the development of new modes of Mediator inhibition to help treat AML. 

 

 

Figure 1-1 The Mediator Complex. The 
Mediator complex is composed of up to 30 
subunits and is divided into head (yellow), 
middle (red and gray), tail (blue), and 
kinase (green) modules. Subunit 
organization is based on Tsai et al, 2014.
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Chapter II - BET inhibition releases the 
Mediator Complex from select cis elements in 
Acute Myeloid Leukemia 
 

2.1 – Brief Introduction 
 

Inhibitors of bromodomain and extra terminal (BET) proteins are an emerging class of therapy 

for a wide range of hematopoietic malignancies. BET inhibitors have been demonstrated to be 

well tolerated and effective at delaying disease progression and extending survival in a number of 

preclinical models of leukemias, lymphomas, and myelomas (Chapuy et al., 2013; Dawson et al., 

2011; Delmore et al., 2011; Ott et al., 2012; Zuber et al., 2011c). Furthermore, a phase I clinical 

trial of a BET inhibitor in acute myeloid leukemia (AML) demonstrated promising therapeutic 

activity in patients who had failed prior chemotherapy (Dombret et al., 2014). We previously 

showed that the BET protein Brd4 is required in AML for the expression of key oncogenes such 

as Myc and Cdk6 and for the maintenance of aberrant self-renewal of AML blasts (Zuber et al., 

2011c). However, the underlying molecular mechanism of Brd4 function in supporting cancer 

progression remains poorly understood. Brd4 utilizes tandem bromodomain modules to 
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recognize acetyl-lysine side chains on histones and transcription factors, thereby localizing to 

hyper-acetylated promoter  and enhancer regions of the genome (Dey et al., 2003; Roe et al., 

2015). Chemical inhibitors of BET bromodomains, such as JQ1 and IBET, cause a global 

release of Brd4 from the genome. Thus, why certain genes respond to BET inhibition while 

others do not remains unclear. It has been proposed that genes associated with super-enhancers, 

defined as regions of extraordinary Mediator occupancy, are selectively affected by BET 

inhibition (Loven et al., 2013). Other studies have focused on interacting proteins and protein 

complexes as potential effectors of Brd4 in AML. Proteomic analyses of Brd4 complexes have 

revealed numerous associated factors, and while a few of these associated factors, such as Nsd3, 

Chd8, and Cdk9 have been shown to be required for leukemia cell viability, the relevance of 

most Brd4 interactions to the AML maintenance function of this BET protein is largely 

unstudied (Dawson et al., 2011; Garcia-Cuellar et al., 2014; Jang et al., 2005; Rahman et al., 

2011; Shen et al., 2015). 

 

An association between the Mediator complex and Brd4 has been noted previously, although it is 

unclear to what extent these two machineries cooperate to regulate transcription (Donner et al., 

2010; Jang et al., 2005; Jiang et al., 1998; Wu and Chiang, 2007). Mediator is a ~30-subunit 

coactivator complex that interacts with the activation domains of DNA binding transcription 

factors (TFs) and participates in the recruitment and activation of RNA polymerase II (Pol II). 

The first purification of the mammalian Mediator complex included peptides later shown to be 

derived from Brd4, and several subsequent studies have also identified a physical interaction 

between Mediator and Brd4 (Dawson et al., 2011; Donner et al., 2010; Jang et al., 2005; Jiang et 

al., 1998; Wang et al., 2013). However, many other studies have not observed an interaction 
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between Mediator and Brd4, including those used for structural examinations of the Mediator 

complex (Boyer et al., 1999; Naar et al., 1999; Ryu et al., 1999; Taatjes et al., 2002; Takahashi et 

al., 2011; Tsai et al., 2014). One possible distinction between studies that identify a Mediator-

Brd4 interaction and those that do not is that purifications of Mediator involving an activation-

domain affinity step do not seem to co-purify with Brd4 (Boyer et al., 1999; Jang et al., 2005; 

Jiang et al., 1998; Naar et al., 1999; Ryu et al., 1999; Taatjes et al., 2002; Takahashi et al., 2011; 

Tsai et al., 2014). This may be related to the induction of a rigid structural conformation of 

Mediator that does not accommodate Brd4 binding, and may also hint at mutually exclusive 

modes of Mediator recruitment that involve either TFs or Brd4, but not both. 

 

Since TF interactions are thought to tether Mediator to DNA, the role of Brd4 in Mediator 

recruitment is unclear. Brd4 and Mediator have been found to colocalize at super-enhancers 

(clusters of highly active enhancers) and BET inhibition can modestly perturb Mediator 

occupancy at such sites (Di Micco et al., 2014; Loven et al., 2013). In embryonic stem cells, Brd4 

and Mediator are each required to maintain Oct4 expression and the pluripotent cell state (Di 

Micco et al., 2014; Kagey et al., 2010; Wu et al., 2015). However, a recent study has shown that 

the Cdk8 and Cdk19 kinase subunits of Mediator function in opposition to Brd4 to repress 

super-enhancer associated genes (Pelish et al., 2015). This series of studies raises two key 

questions: 1) At what locations of the genome is Mediator released following BET inhibitor 

treatment? And 2) Does perturbation of Mediator contribute to the observed therapeutic effects 

of BET inhibition in cancer? 
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Here, we show that the BET inhibitor JQ1 causes a dramatic loss of Mediator occupancy at 

select cis elements in the genome of AML cells, partially overlapping with super-enhancers. 

Notably, Mediator eviction tracked closely with the sensitivity of transcription to JQ1-mediated 

suppression, which suggests that release of Mediator from the genome contributes to the 

transcriptional effects of BET inhibition. Moreover, a Mediator-focused shRNA screen 

performed in AML revealed that Brd4 and Mediator coordinate a common gene regulatory 

network that maintains a blocked state of differentiation in this disease. Since Mediator is 

preferentially evicted by JQ1 at genes with known roles in supporting leukemogenesis, our 

findings implicate Mediator antagonism as a contributor to the therapeutic efficacy of BET 

inhibition in AML. 

 

2.2 - Results 
 

2.2.1 - The Mediator complex is released form the leukemia genome in a variable manner following 

JQ1 exposure 

We tested the hypothesis that BET inhibition with JQ1 elicits anti-leukemia effects by 

interfering with the function of the Mediator complex. We performed ChIP-seq of Brd4 and 

Med1 in murine MLL-AF9;NrasG12D AML cells (RN2 cells) (Zuber et al., 2011a). In agreement 

with prior studies, Brd4 and Med1 colocalize in a pattern that overlaps with H3K27 hyper-

acetylated regions across the AML genome (Figure 2-1A) (Loven et al., 2013; Roe et al., 2015; 

Whyte et al., 2013). Additionally, the levels of occupancy of Med1 and Brd4, as measured by 

ChIP-seq reads at each peak, were highly correlated (R2=0.91, Figure 2-1B). The close 
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Figure 2-1 Brd4 and Mediator co-localize across the AML genome.

A) Density plot of Brd4, Med1, and H3K27Ac ChIP-seq datasets in murine 
MLL-AF9/NRASG12D AML cells.
B) Comparison of tag counts of Brd4 ChIP-seq and Med1 ChIP-seq at 10,604 
Med1 peaks in the genome.
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correlation of Brd4 and Med1 across the AML genome is consistent with a physical interaction 

between these factors in this cell type. 

 

We next performed ChIP-seq analysis of Brd4 and Med1 in RN2 cells following 2-hour 

treatment with 500 nM JQ1 or DMSO as a vehicle control. Transcription of the Myc proto-

oncogene in RN2 cells is highly sensitive to JQ1 and is regulated by Brd4 via a cluster of super-

enhancers (E1-E5) 1.7 Megabases downstream of the Myc promoter (Shi et al., 2013; Zuber et 

al., 2011c). As expected, Brd4 was evicted from the E1-E5 super-enhancers and from the Myc 

promoter by JQ1 (Figure 2-2). We additionally observed an equally dramatic reduction of Med1 

occupancy at this region (Figure 2-2). To ensure that the entirety of Mediator was being released 

from these sites, and not just the Med1 subunit, we performed ChIP-qPCR analysis of Brd4, 

Med1, Med12, and Med23 at the Myc E1-E5 super-enhancers. This revealed parallel reductions 

of all four factors following JQ1 treatment (Figure 2-3). Since Med1, Med12, and Med23 are 

present in distinct modules of Mediator (the middle, kinase, and tail modules, respectively), this 

result suggests that the entire Mediator complex is released from the Myc super-enhancers 

following BET bromodomain inhibition. 

 

The observed loss of Mediator from chromatin was not due to suppression of Mediator subunit 

protein levels, as 2-hour treatment with JQ1 did not affect steady-state quantities of Med1, 

Med12, or Med23 protein, nor was RNA of any Mediator subunits affected after 6 hours of 

treatment (Figures 2-4A and 2-4B). Furthermore, by ChIP-qPCR, 30-minute treatment with 

JQ1 also had similar effects on Mediator occupancy at the E1-E5 super-enhancers, suggesting 
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that Mediator is rapidly released from chromatin as cells are exposed to the molecule (Figure 2-

5). 

  

Because BET inhibition has been proposed to selectively perturb Med1 occupancy at super-

enhancers, we applied the Rank Ordering of Super-Enhancers (ROSE) algorithm to Med1 

ChIP-seq data to define super-enhancers in RN2 cells and used these for the analyses that follow 

(Figure 2-6A) (Loven et al., 2013; Whyte et al., 2013). We inspected various super-enhancer 

regions for the impact of JQ1 on Med1 occupancy. Cdk6 has been previously implicated as a 

Brd4 target gene in AML and is regulated by an intronic super-enhancer (Dawson et al., 2011; 

Roe et al., 2015). Similar to the Myc locus, we observed parallel reductions of Brd4 and Med1 at 

the Cdk6 super-enhancer following BET inhibition (Figure 2-6B). However, not all super-

enhancers were susceptible to JQ1-dependent Med1 eviction. The Lrrfip1 gene harbors a 

promoter-proximal super-enhancer that displayed reduced Brd4 occupancy but only a minimal 

reduction of Med1 following exposure to JQ1 (Figure 2-6C). Interestingly, a large domain of 

Med1 occupancy found at the HoxA locus qualifies as a super-enhancer when applying the 

ROSE algorithm (Figure 2-6A), yet Med1 is entirely unaltered by JQ1 at this region (Figure 2-

6D). We also noted that Med1 displacement often occurred at regions that fell below the 

threshold of being called as super-enhancers, such as intronic locations at the Mgat5 locus 

(Figure 2-6A and 2-6E). For most genomic sites, we observe a largely non-linear relationship 

between Med1 and Brd4 loss following JQ1 exposure (R2=0.13) (Figure 2-7).  However, we also 

note that severe Med1 eviction was generally confined to elements exhibiting severe decreases in 

Brd4 occupancy following JQ1 treatment. Collectively, these findings show that JQ1 causes 

varying levels of Med1 loss at specific cis elements in the leukemia genome. 
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2.2.2 - JQ1-induced Mediator eviction correlates with JQ1-induced transcriptional suppression 

We next sought an understanding of the transcriptional consequences of JQ1-induced Med1 

eviction in RN2 cells. For this purpose, we rank-ordered 10,604 reproducible Med1 peaks, as 

called by the Model-based Analysis of ChIP-seq (MACS) algorithm, based on the average fold-

change of Med1 tag counts following exposure to JQ1 in two independent biological replicates 

(Zhang et al., 2008). This analysis revealed that the constituent Med1 peaks at the Myc E1-E5 

super-enhancers were outliers in the genome with regard to the severity of Med1 loss following 

JQ1 treatment (Figure 2-8A). This result was striking, since Myc is also among the most down-

regulated mRNAs in AML cells following JQ1 treatment (Dawson et al., 2011; Zuber et al., 

2011c) (Figure 2-8B). Furthermore, the severity of Med1 loss at the gene loci highlighted above 

was correlative with the relative effect of JQ1 on gene expression (Figure 2-8). This raised the 

possibility that loss of Med1 from the genome was a critical feature of JQ1-induced 

transcriptional suppression. 

 

To systematically test this hypothesis, we defined 200 regions in the RN2 genome that exhibited 

the largest JQ1-dependent decrease in Med1 occupancy (Figure 2-8A, blue box). Surprisingly, 

we found that only 64% of these peaks overlapped with the locations of super-enhancers (Figure 

2-9A). We then applied the Genomic Regions Enrichment of Annotations Tool (GREAT) to 

link each JQ1-sensitive Med1 peak to the nearest expressed gene, an established means of 

identifying the relevant target gene of cis-elements (McLean et al., 2010). We also performed an 

analogous GREAT analysis to link each Med1-defined super-enhancer to its relevant target 
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gene (Table 2-2, at the end of this chapter). These two gene sets were then independently 

evaluated within RNA-seq data derived from RN2 cells treated with 500 nM JQ1 for 6 hours 

(Roe et al., 2015). Consistent with prior observations, we found that super-enhancers correlated 

to some extent with sensitivity of gene expression to JQ1 (Figure 2-9B) (Loven et al., 2013). 

However, we found that genes located near JQ1-sensitive Med1 peaks were suppressed to a 

significantly greater degree than genes located in proximity to super-enhancers and genes located 

in proximity to JQ1-sensitive Brd4 peaks (Figure 2-9B and 2-9C). This result prompted us to 

consider that the ROSE algorithm definition of super-enhancers might include two distinct 

classes of cis elements that differ with regard to their sensitivity to JQ1-mediated perturbation. 

We found that 75 of the 178 super-enhancers in RN2 cells overlapped with JQ1-sensitive Med1 

peaks (Figure 2-10A), and that only this subset of super-enhancers was associated with JQ1-

mediated transcriptional repression (Figure 2-10B). An important implication of this finding is 

that a large fraction of ROSE-defined super-enhancers (103 out of 178) resist JQ1-mediated 

Med1 displacement and appear to be unrelated to transcriptional suppression by BET inhibition. 

JQ1 eviction of Med1 may therefore represent a more reliable correlate of transcriptional 

repression by JQ1 than pre-existing levels of Med1. 

 

2.2.3 - JQ1-sensitive MED1 peaks are loaded with BRD4-binding TFs and are associated with gene 

relevant for leukemia 

We next sought to understand the unique properties of JQ1-sensitive Med1 peaks in AML cells.  

We have previously shown that a set of hematopoietic TFs (C/EBPa, C/EBPb, Erg, Fli1, Myb, 

and Pu.1) directly bind Brd4 and facilitate its recruitment to the genome of AML cells (Roe et 
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al., 2015). We found that the 200 JQ1-sensitive Med1 peaks were associated with a higher motif 

density and a higher occupancy of C/EBPa, C/EBPb, and Myb, whereas Erg, Fli1, and Pu.1 

levels, and their cognate ETS motifs, were enriched to a lesser extent (Figure 2-11A and 2-11B). 

We also evaluated whether the genes linked with JQ1-sensitive Med1 peaks were enriched for 

any particular biological or molecular pathways. For this purpose, we used GREAT to compare 

the ontology of genes located near 200 JQ1-sensitive Med1 peaks with genes located near 200 

random Med1 peaks. This revealed that Mediator release from the genome occurred 

disproportionately at genes involved in leukemia pathogenesis (Figure 2-12). Within this 

analysis, Myb target genes comprised the most enriched transcription factor network among the 

JQ1-sensitive Med1 peaks, in agreement with the higher relative level of Myb occupancy at this 

class of cis elements (Figure 2-11B and 2-12). These results suggest that Mediator is 

preferentially evicted by JQ1 near Myb target genes that modulate the pathogenesis of leukemia. 

 

2.2.4 - Knockdown of select Mediator subunits triggers differentiation of leukemic blasts 

The genomic correlations described above support a model in which Brd4 and Mediator 

cooperate to regulate a common set of target genes in AML. One prediction of this model is that 

targeting of specific subunits of Mediator may lead to similar phenotypic and transcriptional 

ffects as targeting of Brd4. Inhibition of Brd4 with either JQ1 or shRNAs triggers differentiation 

of AML cells into macrophage-like cells that express higher levels of Mac1 (CD11b) and lower 

levels of cKit on their cell surface (Zuber et al., 2011c). To evaluate the phenotypic consequences 

of Mediator perturbation, we constructed a custom library of 190 shRNAs targeting all of the 

known Mediator subunits (~6 shRNAs/gene) and carried out a negative selection screen to 
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Figure 2-11 TFs preferentially occupy JQ1-sensitive Med1 peaks

A) Motif counts at 200 JQ1-sensitive Med1 peak  cores vs. the remaining 10,404 Med1 
peak cores (peak cores defined as 400bp centered on peak summits). Motif counts were 
performed using the FIMO algorithm.
B) ChIP-seq meta-profiles for hematopoietic TFs at 200 JQ1-sensitive Med1 peaks vs. 
remaining 10,404 Med1 peaks.
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define the Mediator subunits that are essential for the proliferation of RN2 cells. The relative 

growth arrest observed over 10 days in culture was quantified using GFP reporters in a 

competition-based assay and the effect of shRNAs were averaged for each gene (Figure 2-13). 

We set a 3-fold cutoff of depletion in this assay and found that RN2 growth was sensitive to 

targeting of specific subunits in the complex. This includes components of the head (Med8, 

Med28, Med30), middle (Med9, Med26), tail (Med16, Med23, Med24, Med25), and kinase 

(Med12, Med13) modules (Figures 2-13 and 2-14A). On-target knockdown potency for 

shRNAs was validated using RT-qPCR (Figure 2-14B). We found that the Med12, Med13, 

Med23, and Med24 requirement for proliferation was unique to AML cells, as shRNAs 

targeting these subunits in iMEFs did not impair proliferation despite verified knockdown of 

these subunits (Figures 2-15A and 2-15B). In contrast, shRNAs targeting Med8, Med28, and 

Med30 impaired the growth of iMEFs (Figure 2-15A). This heterogenous cellular response to 

genetic perturbation of individual Mediator subunits did not appear to be related to their 

baseline levels of mRNA expression. Collectively, our findings suggest that, relative to iMEFs, 

AML cell proliferation is hypersensitive to targeting of Mediator subunits Med12, Med13, 

Med23, and Med24. Interestingly, Med12 and Med23 have each been previously implicated in 

the physical interaction with Brd4 (Dawson et al., 2011; Jang et al., 2005; Wang et al., 2013). 

 

We then asked whether knockdown of Mediator subunits in RN2 cells results in a similar 

myeloid differentiation phenotype as observed following Brd4 inhibition. When expressed 

conditionally via a doxycycline(dox)-regulated promoter, we found that Med12, Med13, Med23, 

and Med24 shRNAs, but not Med8 or Med30 shRNAs altered the cell surface expression of 

cKit and Mac1 in a manner that resembled Brd4 knockdown (Figures 2-16A and 2-16B). 
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Figure 2-13 Genetic knockdown of 

Mediator subunits limits proliferation of 

AML cells

Summary of negative selection shRNA 
screen targeting the indicated Mediator 
subunits. Bars represent the average of all 
hairpins for each gene. Black bars high-
light subunits having at least 3-fold loss of 
GFP-positive cells with at least two hair-
pins. shRNAs are expressed using the 
LMN vector. Data are represented as 
mean of each hairpin for the correspond-
ing gene ± SEM.
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Figure 2-14 Mediator subunit knockdown leads to growth arrest of AML cells

A) Negative-selection experiments using the indicated shRNAs chosen from the screen 
in (Figure 2-13). GFP+/shRNA+ percentages were normalized to values taken on day 2 
and tracked for 8 days. Data are presented as mean ± SEM and n=3.
B) qRT-PCR analysis to test knockdown efficiency of Mediator subunit shRNAs in RN2 
cells. Relative mRNA levels of the indicated Mediator subunits following 48 hr treatment 
of RN2 cells with doxycycline to induce expression of the indicated shRNA from the 
TRMPV-Neo vector. Values were normalized to Gapdh expression within each sample 
and to shRen values across samples. Data are presented as mean ± SEM; n=3.
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Figure 2-15 Knockdown of some Mediator subunits does not negatively select in 

a murine fibroblast cell line

A) Negative-selection experiments using the indicated shRNAs chosen from the screen 
in (Figure 2-13). GFP+/shRNA+ percentages were normalized to values taken on day 2 
and tracked for 16 days. Data are presented as mean ± SEM and n=3.
B) qRT-PCR analysis to test knockdown efficiency of Mediator subunit shRNAs in 
iMEFs. Relative mRNA levels of the indicated Mediator subunits following 48 hr treat-
ment of IMEF cells with doxycycline to induce expression of the indicated shRNA from 
the TRMPV-Neo vector. Values were normalized to Gapdh expression within each 
sample and to shRen values across samples. Data are presented as mean ± SEM; n=2.
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shRNAs targeting Med15, Med19, and Med28 also induced differentiation, while knockdown 

of Med25, and Med26 did not. To confirm that differentiation was induced following Mediator 

subunit knockdown, we imaged May-Grünwald/Giemsa-stained RN2 cells using light 

microscopy. Consistent with the flow cytometry analysis, knockdown of Med12, Med13, 

Med23, and Med24, but not of Med8 or Med30, led to morphologic changes, such as 

cytoplasmic expansion, vacuolation, and multilobular nuclei, consistent with myeloid 

differentiation as observed after Brd4 inhibition (Figure 2-17). These findings suggest that 

targeting select Mediator subunits triggers differentiation of AML blasts. 

   

2.2.5 - Mediator subunits are required to sustain expression of Brd4 target genes in AML 

We next evaluated the global transcriptional consequences of knocking down Mediator subunits 

in RN2 cells by performing RNA-seq analysis after 48 hours of dox-induced shRNA expression. 

In an analogous manner to JQ1 treatment, knockdown of Med12 or of Med23 resulted in 

reduced mRNA levels of Myc, Mgat5, and Cdk6, but not Lrrfip1 or Hoxa9 (Figures 2-18A and 

2-18B). To provide an unbiased evaluation of gene signatures altered by Med12 or Med23 

knockdown, we performed gene set enrichment analysis (GSEA) to interrogate a database of 

10,379 gene sets (Subramanian et al., 2005). Remarkably, several of the most down-regulated 

gene signatures in this analysis following Med12 or Med23 knockdown corresponded to the 

known target genes of Myb, Myc, and Brd4 (Figure 2-18C-F). Among the positively enriched 

gene sets were those related to myeloid cell maturation, consistent with the phenotypic changes 

observed following Med12 and Med23 knockdown (Figure 2-18C-F). Knockdown of Med8, 

Med28, and Med30 also led to suppression of Brd4 target genes such as Myc, however the global 
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Figure 2-16 Mediator targeting can lead to Myeloid differentiation in AML cells

(A-B) Flow cytometric analysis of cell-surface cKit and Mac1 following 96 h of doxycy-
cline-induced expression of indicated shRNAs versus shRen (black trace). shRNAs were 
expressed using TRMPV-Neo. Gating was performed on GFP+/shRNA+ populations.
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Figure 2-17 Mediator targeting can lead to Myeloid differentiation in AML cells

Light microscopy analysis of May-Grünwald-Giemsa-stained RN2 cells after 96 h of 
doxycycline-induced expression of the indicated shRNAs. The images were taken with 
40X objective.
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Figure 2-18 Med12 and Med23 are requried to sustain expression of Brd4, Myc, and Myb 

target genes in AML

A-B) Fold change in FPKM for 8,393 expressed genes in AML (defned by FPKM>5 in shRen 
sample) following 48h of doxycyline indufcion of two independent shRNAs targeting Med12 or 
Med23. Fold change values for each gene are the average value of the independent hairpins. 
The genes are ranked in order of increasing fold change. Nnumbers in parentheses represent 
the fold change expression rank of the indicated genes.
C-D) Gene Set Enrichment Analysis (GSEA) of Med12 and Med23 RNA-seq using 10,379 gene 
sets. Signatures are plotted by their Normalized Enrichment Scores and FDR q-values.
E-J) Example GSEA plots from the indicated RNA-seq. Normalized Enrichment Scores (NES) 
and Nominal p-values (Nom p-value) are provided.
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pattern of gene expression following Med8 knockdown was different from what was observed 

following Med12 or Med23 knockdown (Figure 2-19A-C). GSEA revealed that while Brd4 and 

Myc signatures were affected by Med8, Med28, and Med30 knockdown, these subunits also 

perturbed a number of gene signatures, such as metabolic pathways, that are not suppressed by 

JQ1 treatment or by Med12 or Med23 shRNAs (Figure 2-19D-F and Table 2-1). Though 

Med8 was most clearly distinct from the pattern of transcriptional change observed after Brd4, 

Med12, or Med23 inhibition (Figures 2-18A-B, 2-19A-C, 2-20), unsupervised hierarchical 

clustering analysis of the shMediator RNA-seq datasets placed Med8, Med28, and Med30 in a 

cluster apart from Med12 and Med23 (Figure 2-21). While it appears that not all Mediator 

subunits perform identical roles in AML, our findings lend further support for a role of the 

Mediator complex in supporting Brd4-dependent gene activation. 

 

A recent study in breast cancer has shown that Mediator can facilitate Brd4 chromatin 

localization in the setting of acquired resistance to BET inhibitors (Shu et al., 2016). We 

therefore considered whether Mediator plays a reciprocal role in stabilizing Brd4 occupancy in 

the AML genome. Since Med12 and Med23 knockdown mimicked the phenotypic and 

transcriptional effects of BRd4 inhibition, we performed Brd4 and Med12 or Med23 ChIP-seq 

following knockdown of these subunits. This revealed that Med12 and Med23 knockdown 

resulted in a modest reduction in Med12, Med23, and Brd4 chromatin occupancy at the same cis 

elements at which Med1 is perturbed following BET inhibition (Figure 2-22 and 2-23). This 

result suggests that an interaction between Brd4 and Mediator can mutually stabilize each other’s 

occupancy at select genomic loci.  

 
64



-6
-5
-4
-3

-2

-1

0

1

2

8,201 genes with FPKM > 5 in shRen sample

Med8 (7)

Myc (488)

Mgat5 (4691)
Cdk6 (8012)

Hoxa9 (1398)
Lrrfip1 (7926)

shMed8 vs shRen
lo

g 2 F
ol

d 
Ch

an
ge

 F
PK

M
 (s

hM
ed

8/
sh

Re
n)

-3

-2

-1

0

1

2

3

8,201 genes with FPKM > 5 in shRen sample

Med28 (3)

Myc (25)
Mgat5 (526)

Cdk6 (1888)
Hoxa9 (4954)

Lrrfip1 (7861)

shMed28 vs shRen

lo
g 2 F

ol
d 

Ch
an

ge
 F

PK
M

 (s
hM

ed
28

/s
hR

en
)

-3

-2

-1

0

1

2

8,201 genes with FPKM > 5 in shRen sample

Med30 (3)

Myc (26)
Mgat5 (752)

Cdk6 (2881)
Hoxa9 (4275)

Lrrfip1 (7861)

shMed30 vs shRen

lo
g 2 F

ol
d 

Ch
an

ge
 F

PK
M

 (s
hM

ed
30

/s
hR

en
)

-3.0 -2.5 -2 -2 -1 0 1 2 2 2.2 2.4 2.6 2.8 3.0

Normalized Enrichment Score (10,379 gene set input)

0.0

0.2

0.4

0.6

0.8

1.0

FD
R 

q-
va

l

shMed8 vs shRen RNA-seq
Myc target gene signatures
Brd4 target gene signatures
Myb target gene signature

Myeloid differentiation
signatures

Normalized Enrichment Score (10,379 gene set input)

shMed28 vs shRen RNA-seq
Myc target gene signatures
Brd4 target gene signatures
Myb target gene signature

Myeloid differentiation
signatures

-3.0 -2.5 -2 -2 -1 0 1 2 2 2.2 2.4 2.6 2.8 3.0

0.0

0.2

0.4

0.6

0.8

1.0

FD
R 

q-
va

l

Normalized Enrichment Score (10,379 gene set input)

Myc target gene signatures
Brd4 target gene signatures
Myb target gene signature

Myeloid differentiation
signatures

-3.0 -2.5 -2 -2 -1 0 1 2 2 2.2 2.4 2.6 2.8 3.0

shMed30 vs shRen RNA-seq

0.0

0.2

0.4

0.6

0.8

1.0

FD
R 

q-
va

l

A D

B

E

C

F

Figure 2-19 Med8, Med28, and Med30 maintain 

overlapping but distinct genetic pathways as 

Med12, Med23, and Brd4

A-C) Fold change in FPKM for 8,201 expressed 
genes in AML (defned by FPKM>5 in shRen 
sample) following 48h of doxycyline induction of 
two independent shRNAs targeting Med8, Med28,  
or Med30. Fold change values for each gene are 
the average value of the independent hairpins. 
The genes are ranked in order of increasing fold 
change. Numbers in parentheses represent the 
fold change expression rank of the indicated 
genes.
D-F) Gene Set Enrichment Analysis (GSEA) of 
Med8, Med28, and Med30 RNA-seq using 10,379 
gene sets. Signatures are plotted by their Normal-
ized Enrichment Scores and FDR q-values.

65



Gene Set Normalized Enrichment Score
shMed12 shMed23 JQ1 6h shMed8 shMed28 shMed30

BRD4/MYC/Differentiation signatures ! ! ! ! ! !
HALLMARK_MYC_TARGETS_V2 -3.09 -2.54 -2.47 -2.66 -3.07 -3.03
BRD4SH_TOP500_DN -2.88 -2.89 -2.68 -2.21 -2.96 -2.64
MYBSH_DOWN -2.71 -2.63 -2.35 -1.58 -2.49 -2.42
IVANOVA_HEMATOPOIESIS_EARLY_PROGENITOR -2.56 -2.23 -2.00 -1.45 -2.28 -2.23

Metabolic processes ! ! ! ! ! !
REACTOME_GLUCOSE_METABOLISM 0.78 0.61 0.84 -1.38 -0.87 -0.68
REACTOME_GLYCOLYSIS 0.58 0.92 0.62 -1.45 -1.37 -1.21
REACTOME_TRIGLYCERIDE_BIOSYNTHESIS 1.52 0.75 1.11 -1.77 -1.34 -0.98
REACTOME_CHOLESTEROL_BIOSYNTHESIS 2.03 1.65 1.94 -2.36 -2.03 -1.31

Other Processes ! ! ! ! ! !
PLASARI_TGFB1_TARGETS_10HR_UP 1.40 1.58 1.59 -1.57 1.11 -1.16
GROSS_HYPOXIA_VIA_ELK3_DN 1.29 1.66 1.71 -1.81 -1.18 -1.32
SEMENZA_HIF1_TARGETS 1.17 1.63 1.61 -1.42 -0.98 -0.76

Table 2-1 Med8, Med28, and Med30 regulate Brd4 and Myc signatures in addition 

to other processes in RN2 cells

Normalized enrichment scores of the indicated gene sets, as reported by Gene Set 
Enrichment Analysis, for RNA-Seq studies following shMed8, shMed12, shMed23, 
shMed28, shMed30, or 6 h 500 nM JQ1 treatment.
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Figure 2-20 shMed8 produces a gene expression change pattern that is largely dissimilar 

from shMed12 and shMed23

Scatter plots comparing fold change in FPKM values from RNA-Seq data sets of shRen vs. 
shMed8, shMed12, shMed23, or shMed30. 8,122 genes expressed (FPKM>5) in all shRen 
samples were used in this analysis
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Figure 2-21 shMed8, shMed28, and shMed30 gene expression changes cluster away from 

shMed12 and shMed23

Average FPKM values in each shMediator RNA-seq data set for 8,121 expressed genes (FPKM 
> 5 in all four shRen samples) were subjected to unsupervised hierarchical clustering by the 
GENE-E software.
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We next explored the mechanism by which Brd4 and Mediator regulate Pol II activity at their 

co-regulated target genes. Mediator and Brd4 have each been shown to interact with the kinase 

P-TEFb, comprised of Cdk9 and Cyclin T, to promote productive Pol II transcription 

elongation (Donner et al., 2010; Jang et al., 2005; Takahashi et al., 2011; Yang et al., 2005).  

Using ChIP-qPCR, we found that BET inhibition and Med12 knockdown each led to 

displacement of Cdk9 and Pol II from the Myc super-enhancer and gene body (Figures 2-24 and 

2-25). Notably, the loss of Pol II near the TSS was much less severe (3.7-fold for JQ1, 1.3 fold 

for shMed12) relative to the gene body (15.8-fold for JQ1, 5.4-fold for shMed12). This result is 

consistent with Brd4 and Mediator supporting release of paused Pol Ii at their co-regulated 

target genes.  

 

2.3 – Brief Discussion 
 

BRD4 is an essential protein in many myeloid and lymphoid cancers. BRD4 is required for the 

output of hematopoietic TFs and maintains the expression of important proto-oncogenes 

(Chapuy et al., 2013; Dawson et al., 2011; Delmore et al., 2011; Roe et al., 2015; Zuber et al., 

2011c). BET inhibitors, which result in the displacement of BRD4 from chromatin, are an 

emerging class of therapy for hematopoietic malignancies. Through an unclear mechanism, JQ1 

treatment leads to a loss of transcription of a subset of genes in the genome despite global loss of 

BRD4 from chromatin (Loven et al., 2013; Zuber et al., 2011c). The findings presented in this 

study support a model in which Brd4 regulates its downstream target genes by stabilizing the 

Mediator complex occupancy at specific enhancer and promoter regions of the genome of AML 
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Figure 2-22 shMed12 preferentially reduces Brd4 occupancy at JQ1-sensitive Med1 sites

A) Fold change in occupancy of BRD4 at 10,604 MED1-defined peaks in AML following 48 hr 
treatment with doxycycline to induce expression of a MED12 shRNA. The peaks are ranked in 
order of increasing fold change. Colored dots highlight the indicated loci in the genome. 
B) Box plot showing fold change of BRD4 occupancy 48 hr treatment with doxycycline to induce 
a Med12 shRNA at 200 JQ1-sensitive MED1 peaks or at 10,404 remaining peaks in the 
genome. *** represents a p value < 0.0001, the result of a Mann-Whitney test.
C) ChIP-qPCR analysis of BRD4 at the Myc locus following 48 hr treatment with doxycycline to 
induce a Med12 shRNA.
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Figure 2-23 shMed23 preferentially reduces Brd4 occupancy at JQ1-sensitive Med1 sites

A) Fold change in occupancy of BRD4 at 10,604 MED1 peaks in AML following 48 hr treatment 
with doxycycline to induce expression of a MED23 shRNA. The peaks are ranked in order of 
increasing fold change. Colored dots highlight the indicated loci in the genome. 
B) Box plot showing fold change of BRD4 occupancy after 48 hr treatment with doxycycline to 
induce a Med23 shRNA at 200 JQ1-sensitive MED1 peaks or at 10,404 remaining peaks in the 
genome. *** represents a p value < 0.0001, the result of a Mann-Whitney test.
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Figure 2-24 JQ1 evicts Cdk9 at the Myc locus and results in a Pol II pause release defect

A) ChIP-qPCR analysis of CDK9 at the Myc enhancer locus following 2 hr treatment with DMSO 
or with 500 nM JQ1. 
B) ChIP-qPCR analysis of CDK9 across the Myc gene body following 2 hr treatment with DMSO 
or 500 nM JQ1.
C) ChIP-qPCR analysis of PolII at the Myc enhancer locus following 2 hr treatment with DMSO 
or with 500 nM JQ1.
D) ChIP-qPCR analysis of PolII at the Myc gene body following 2 hr treatment with DMSO or 
with 500 nM JQ1. Numbers above +14bp and +3965bp data indicate fold change between 
DMSO and JQ1 ChIPs at these regions.
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Figure 2-25 JQ1 evicts Cdk9 at the Myc locus and results in a Pol II pause release defect

A) ChIP-qPCR analysis of CDK9 at the Myc enhancer locus following 0- or 48-hour induction of 
shMed12 with dox.
B) ChIP-qPCR analysis of CDK9 across the Myc gene body following 0- or 48-hour induction of 
shMed12 with dox.
C) ChIP-qPCR analysis of PolII at the Myc enhancer locus following 0- or 48-hour induction of 
shMed12 with dox.
D) ChIP-qPCR analysis of PolII across the Myc gene body following 0- or 48-hour induction of 
shMed12 with dox. Numbers above +14bp and +3965bp data indicate fold change between 
control and shMed12 ChIPs at these regions.
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cells. We have previously shown that Brd4 recruits the short isoform of Nsd3, which acts as a 

bridge to recruit the Chd8 chromatin remodeler (Shen et al., 2015). In addition, Brd4 is known 

to recruit the P-TEFb complex to promote transcription elongation of its target genes (Jang et 

al., 2005; Yang et al., 2005). Notably, Mediator has also been shown to recruit P-TEFb to 

promote transcription elongation (Donner et al., 2010; Takahashi et al., 2011). Taken together, 

these observations reinforce a model in which Brd4 acts as a scaffold that recruits several 

machineries to cis elements bound by hyper-acetylated TFs and nucleosomes, and acts 

cooperatively and reciprocally with Mediator to promote transcription of genes and to  sustain 

the aberrant self-renewal properties of AML cells.  

A recent study showed that AML cells are sensitive to chemical inhibition of Cdk8/Cdk19 with 

Cortistatin A (Pelish et al., 2015). In this study, it was shown that these kinases act in a 

redundant fashion to restrain super-enhancer activity, thereby antagonizing the activation 

function of Brd4 (Pelish et al., 2015). Importantly, our shRNA screening results suggest that this 

repressive function is likely to be confined to the Cdk8/Cdk19 subunits of Mediator, whereas 

other subunits of Mediator, including the kinase-associated subunit Med12, are involved in 

supporting Brd4- dependent transcriptional activation. This contrast in roles of Med12/13 and 

Cdk8/19 is in agreement with prior studies that identified distinct phenotypic and transcriptional 

consequences after knockdown of kinase module subunits (Gobert et al., 2010; Kuuluvainen et 

al., 2014).  

Mechanistically, our findings suggest that Brd4 and Mediator cooperate to promote recruitment 

of Cdk9, which is the kinase subunit of P-TEFb, to promote transcriptional elongation of Myc 

and other genes that support leukemia pathogenesis. These findings highlight how various 
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perturbations of Mediator can destabilize the leukemia cell state through distinct mechanisms.  

Our study further provides insights into how JQ1 exerts disproportionate effects cancer-relevant 

genes while sparing housekeeping gene expression, a property that underlies the therapeutic 

efficacy of this agent in AML and other malignancies (Shi and Vakoc, 2014). It has previously 

been proposed that the location of super-enhancers harboring exceptional levels of Brd4 and 

Mediator provide the molecular basis for the hypersensitivity of specific genes to JQ1-mediated 

transcriptional suppression (Loven et al., 2013). However, we have shown that less than half of 

all super-enhancers exhibit JQ1-mediated displacement of the Mediator complex, despite Brd4 

being reduced at all super-enhancers by JQ1 (Loven et al., 2013). In other words, the 

hypersensitivity of Mediator to JQ1-mediated displacement can be uncoupled from the 

preexisting levels of Mediator occupancy, which is, in turn, reflected in the heterogeneous 

sensitivity of super-enhancer-linked genes to JQ1-mediated suppression. Importantly, our 

findings suggest that the degree of Mediator eviction can serve as a more accurate biomarker 

than the location of super-enhancers in defining the critical cis elements that are functionally 

suppressed by BET inhibition. Measurements of Med1 eviction following JQ1 exposure could be 

applied more broadly to reveal the critical genes that underlie the therapeutic effects BET 

inhibition in a variety of cancer and non-cancer contexts.  

While Brd4 occupancy genome wide correlates with the occupancy of several hematopoietic TFs 

(Roe et al., 2015), the sensitivity of Mediator occupancy to JQ1-mediated eviction correlates 

with cis elements harboring higher levels of the TFs C/EBPα, C/EBPβ, and Myb. In addition, 

our ontology analysis shows that genes associated with JQ1-sensitive Med1 also are enriched for 

a Myb target gene network. In agreement with a relationship between Myb and Mediator 
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function, a somatic mutation has been described in T-ALL that produces a Myb binding motif 

near the TAL1 gene, which leads to the formation of a Med1-occupied super-enhancer 

(Mansour et al., 2014). In prior studies, we have also noted that the phenotypic consequences of 

BET inhibition closely matches the effects of Myb knockdown, which could be accounted for by 

the biased release of Mediator from cis elements with relatively higher levels of Myb recognition 

motifs (Zuber et al., 2011b; Zuber et al., 2011c). Interestingly, AML cells are known to be more 

sensitive to Myb knockdown than normal myeloblasts (Zuber et al., 2011b). Since Myb can 

physically associate with Brd4 (Roe et al., 2015), our results suggest that Myb function might 

place unique demands on Brd4-Mediator complexes to activate its target genes, which in turn 

contributes to the hypersensitivity of AML cells to BET inhibition.  

In keeping with a model whereby Brd4 recruits Mediator to select cis-elements, individual 

knockdown of each Mediator subunit revealed a number of subunits that recapitulate the 

phenotype in AML that occurs following Brd4 inhibition. While the Mediator complex has a 

general role in cellular transcription, and complete loss of the complex might be expected to be 

incompatible with cell survival, it is well-established that knockdown or knock out of individual 

subunits can result in viable cells with precise transcriptional deficits (Bai et al., 2011; Carrera et 

al., 2008; Ito et al., 2000; Stevens et al., 2002; Wang et al., 2009). Several subunits in the head 

module of Mediator, such as Med8, Med28, and Med30, exhibited more general roles in 

maintaining cellular proliferation, as evidenced by their requirement in MEF cells. Gene 

expression profiling supports a broader role for these subunits in transcriptional regulation 

because, in addition to Brd4 signatures, knockdown of Med8, Med28, and Med30 perturbed a 

number of other pathways that are largely unaffected by JQ1 treatment. Interestingly, Med17 
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was previously identified as a key structural linchpin in the Mediator complex (Holstege et al., 

1998; Lariviere et al., 2012; Soutourina et al., 2011). Furthermore, Med14 has been 

demonstrated to serve as a scaffold in reconstituted Mediator complexes and was absolutely 

required for complex integrity and activation function (Cevher et al., 2014; Plaschka et al., 

2015). However, Med17 and Med14 did not score in our shRNA screen. While this may be a 

result of poor knockdown by all 6 shRNAs targeting each of these subunits, an alternative 

explanation is that the previously identified roles of Med17 and Med14 are contextual. Med17’s 

essentiality may be restricted to yeast and may also be replaced by some of the metazoan-specific 

head subunits, such as Med30. Med14’s role may be relevant in biochemically reconstituted, 

artificial complexes on chromatin templates. In live cells, especially AML cells, this subunit 

appears to have a more limited function. 

 

Some subunits in the tail and kinase modules appeared to be selectively required in AML cells. 

In particular, we found that Med12 and Med23 induce proliferation arrest and differentiation of 

AML blasts by regulating the same genes as Brd4 in AML. Notably, Med12 appears in a 

number of Brd4 IP-MS experiments, and Med23 knockout has been shown to abrogate the 

association of Brd4 with Mediator complexes (Dawson et al., 2011; Jang et al., 2005; Wang et 

al., 2013).  

 

Most Mediator occupied regions in the genome are relatively unaffected by JQ1. Since JQ1 does 

not appear to perturb occupancy of TFs in RN2 cells, this fits with a classical model of direct TF 

recruitment of Mediator (Malik and Roeder, 2010; Roe et al., 2015). However, our data reveal 

that Brd4 recruits Mediator to a subset of elements in the AML genome and that Mediator 
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coactivates transcription of associated Brd4-target genes. This alternative, Brd4-dependent mode 

of Mediator recruitment to the genome provides a potential means by which JQ1 can achieve a 

selective impact on gene expression and a therapeutic window for treatment of hematologic 

cancers. 
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Table 2-2 – List of mm9 genes associated with peak categories of interest 
 

Genes associated 
with 200 most 
JQ1-sensitive 
Med1 peaks 

Genes associated with 
super-enhancers that 

overlap with JQ1-
sensitive Med1 peaks 

Genes associated 
with super-

enhancers that do 
not overlap with 
sensitive Med1 

peaks 

Genes associated 
with 200 most JQ1-

sensitive Brd4 peaks 

Ccr2 Ccr2 Bex6 Myc 
Myc Myc Cd33 F630043A04Rik 

Cldn15 Clec12a Gm14005 Ptpn1 
Il12a Tifab Spata13 Ift57 

Clec12a Cd93 Tbc1d2b Erg 
Cd28 Erg Glipr1 Limd1 
Hao1 Elk3 Mtus1 Tifab 
Tifab A630001G21Rik Rin3 Plcg2 
Cd93 Parp8 Egln3 Myb 
Erg Igf1r Zfp608 Med10 
Gfi1 Hpgd Pstpip1 Parp8 

Ccnd1 Dgkg Gsr Gata2 
Kit Lmo2 Ptpre Igf1r 

BC005764 Cdk6 Adrbk1 Fcho2 
Elk3 Susd1 Baz2b Mrpl33 

Serpinb1a Atp8b4 Fam107b Cd93 
Ift57 Tmed3 Sae1 Sclt1 

A630001G21Rik Zcchc4 Ino80d Cdk6 
Parp8 Gda Hp1bp3 Cd69 
Igf1r Myb Tle3 Eif3d 
Hpgd Zeb2 Ldlrap1 Irf2bp2 
Dgkg Ifngr1 Slc16a6 Clec12a 
Lmo2 Sgms2 Adssl1 Etv6 
Cdk6 Etv6 Sp2 Lta4h 
Susd1 Ctsg Itm2b Ccr2 

B4galnt1 Plac8 Pecr Tmed3 
Atp8b4 Ramp1 Vrk1 Gse1 
Tmed3 Mapkapk3 Cep164 Zcchc4 
Zcchc4 Rev1 Zfp326 Arid1b 
Itga1 Cd69 Ptma Bcl2 
Gda Haao B3gnt2 Hpgd 
Myb Dirc2 N4bp1 Mgat5 
Zeb2 Bcl2 Fam133b Rpn1 
Ifngr1 Dars 1600014c10rik Max 

Sgms2 Rreb1 Runx2 Zfp217 
Plscr3 Prtn3 Rps8 Mis12 
Etv6 Ptpre Plec Zdhhc17 
Plac8 Gata2 Gpi1 Mpdu1 

Mthfd1l B3gnt8 Dhx8 Elk3 
Ramp1 Lta4h Tnrc18 Chsy1 

Mapkapk3 Irf2bp2 Itgb2 Dars 
Agps Klhl5 Hmga1 Irf1 
Rev1 Mrpl33 Ncf4 Slc31a1 

Bckdha Ly6e Cnot10 Dgkg 
Mgat5 Poc1a Rhog Rad18 

79



Oaf Cd47 Cox4i1 Foxp1 
Cd69 Chsy1 Atg12 Cyba 
Hk3 Slpi Rbm38 Tbc1d7 

Mcpt8 Dstn Kif2c Sipa1l1 
Sipa1l1 Tubd1 Fam20c Cd28 
Haao Os9 Nedd1 Atp8b4 
Dirc2 Nfe2l2 Myh9 Ramp1 
Bcl2  Hist1h2ab Anp32e 

Elane  Hist1h2an Eef2k 
Foxp1  Mms19 Sec14l1 
Dars  Clpx Cd47 

Rreb1  Cyth4 Il12a 
Rpn1  Hist1h2ak Oaf 
Kif13a  Ppm1e Lrp8 

Slc35b1  Cotl1 Nup210 
Ptpre  Vps33a Dnajc14 
Gata2  Gnai2 Spry2 
Lta4h  Vps26a Itga1 

Irf2bp2  Psen2 Lmo2 
Klhl5  Ptpn1 Pmaip1 
Max  Zbtb7a Serpinb1a 

Mrpl33  Hoxa9 Slc35b1 
Ly6c2  Actb Poc1a 
Ly6e  Lrrfip1 Echs1 

Poc1a  Pxn Pcdh7 
Cd47  Sec14l1 Pdcd4 
Chsy1  Wdr26 Slc3a2 
Creb1  Celf1 Bckdha 
Slpi  Nfkbia Hao1 

Alas1  Chd2 Ptpre 
Plcl2  Hist1h4i Ptpn2 
Ppif  Dusp6 Atg12 
Dstn  Plekho2 Rpl39 

Arid1b  Midn Tubd1 
Fam133b  Il17ra Atp6v0a1 

Rpl28  Bzrap1 Dirc2 
F630043A04Rik  Brd2 Cldn15 

Psmd11  Zfp36 Arl8b 
Tubd1  Junb Jarid2 
Tfip11  Malat1 Nipbl 
Ube2f  Neat1 Ywhag 

Fbxo21  Hist1h1c Ncor2 
Zdhhc17   Lrmp 
Med10   Arhgap26 
Ptpn1   Rbm17 
Atf5   Nop14 

Malt1   Mpeg1 
Papss1   Tex2 

   3010026O09Rik 
   Creb1 
   BC029214 
   Haao 
   Slpi 
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   Klhl5 
   Mtus1 
   Casz1 
   Polr1b 
   Ifngr1 
   Ctss 
   Zeb2 
   B4galnt1 
   Agps 
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Chapter III  - Tethering Mediator to rescue 
RN2 cells from JQ1 
 

3.1 – Brief Introduction 
 

The results of Chapter II suggest that Mediator complexes might be recruited to some cis 

elements on chromatin by Brd4. Moreover, JQ1-induced release of Mediator from these select 

elements appears to be a key event in transcriptional suppression following treatment with this 

inhibitor. However, the possibility still remains that this is simply a reliable collateral effect of 

JQ1 treatment, and that loss of Mediator from chromatin after BET inhibition is unrelated to 

the transcriptional output of these molecules. While our functional studies of Mediator in AML, 

which demonstrated that some Mediator subunits regulate an overlapping gene expression 

program with Brd4 through an overlapping set of cis elements, indicates that this likelihood is 

minimal, we nevertheless wanted to address this possibility.  

 

To formally test whether Mediator eviction is indeed a contributor to JQ1-mediated 

transcriptional perturbation, we aimed to force Mediator onto chromatin independently of Brd4. 

We hypothesized that artificially tethering Mediator to some of these cis elements would 
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uncouple Mediator from its dependence on Brd4 for recruitment to chromatin and would thus 

“rescue” the associated genes from transcriptional suppression by JQ1. In this model, enforcing 

Mediator occupancy at sites from which the complex is normally released by JQ1 treatment 

would undermine the suppressive effects of JQ1 on transcription of associated genes.  

 

Artificial recruitment of Mediator has been accomplished in yeast systems before. Fusing the 

yeast LexA protein’s DNA-binding domain (DBD) to yeast Med20 or Med15 subunits was 

capable of activating transcription off of a reporter gene (Keaveney and Struhl, 1998). This was 

the first indication that recruiting a single subunit of Mediator could form transcriptionally active 

complexes. A later study of the rules governing Swi/Snf and SAGA complex recruitment to 

chromatin also utilized Mediator tethering (Lemieux and Gaudreau, 2004). By fusing the Gal4 

DBD to yeast Gall11 (Med15), the authors were able to show that Swi/Snf and SAGA 

recruitment to DNA could bypass the TF if Mediator was present (Lemieux and Gaudreau, 

2004). Gal4-Med2 fusions were also shown to drive metabolic target gene transcription in yeast 

(Sakurai and Fukasawa, 2003). Finally, a more recent study, also in yeast, examined transcription 

at the ADH2 locus under glucose-mediated suppression conditions (Young et al., 2008). In the 

presence of glucose, the TF Adr1 is prevented from binding to DNA, but in the absence of 

glucose Adr1 binds in a Swi/Snf-dependent manner (Young et al., 2008). The DBD of Adr1 

alone could not bind to the ADH2 locus even in permissive conditions, suggesting that 

coactivators were required to stabilize Adr1 binding to DNA (Young et al., 2008). Indeed, 

Adr1-Med15 and –Med3 permitted stable binding of the Adr1-DBD at this locus and 

coactivated transcription of Adh2. Moreover, the authors found that Adr1-Med15 could 

integrate into Mediator complexes and rescue a Med15 deletion, suggesting functionality of this 
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Mediator-TF fusion (Young et al., 2008). Thus, there exists precedent for successful Mediator 

tethering in live cells. 

 

The recent advent of targeted genome editing using CRISPR/Cas9 systems has led to a cottage 

industry surrounding the Cas9 protein itself because the ability to direct a protein to precise 

sequences in a genome can be used in innumerable ways. An important advance was the 

development of a version of Cas9 with no nuclease activity. This version has two point mutations 

(D10A and H840A) in its RuvC nuclease and HNH nuclease domains, respectively, that 

eliminate the ability of Cas9 to cleave DNA (Sander and Joung, 2014). However, the RNA-

guided sequence specificity of this catalytically dead Cas9 (dCas9) remains intact, and it can be 

fused directly to different effector domains in order to confer new activities to the CRISPR/Cas9 

system (Sander and Joung, 2014).  As an example, dCas9 fusions with TF activations domains 

has been used to selectively enhance transcription of target genes in the genome, and dCas9-

fused to the demethylase domain of LSD1 can be targeted to cis elements to selectively repress 

transcription at their associated genes (Sander and Joung, 2014).  

 

Our goal in these studies was to direct Mediator complexes to select loci in the genome to 

determine whether uncoupling Mediator recruitment from Brd4 localization could rescue AML 

cells from the effects of BET inhibition. To this end, fusing Mediator subunits to dCas9 could 

represent an ideal way to target specific genes for Mediator recruitment in AML genomes. 

Furthermore, generation of these fusion constructs could open new avenues by which Mediator 

function in live cells can be studied, thus providing deep insights into the in vivo function of this 

coactivator complex as it relates to eukaryotic transcription. 
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3.2 - Results 
 

3.2.1 – Generation of dCas9-Mediator fusions 

To create dCas9-Mediator fusions, we constructed a vector that contains a 3x-Flag-tagged 

dCas9 followed by a 10 amino acid linker (Figure 3-1). The MSCV-Puro retroviral vector was 

chosen as a backbone to allow for puromycin selection of cells containing the dCas9-Mediator 

fusion construct. There are multiple nuclear localization signals on this vector to ensure proper 

compartmentalization of dCas9-Mediator fusions, and the 3x-Flag tag allows us to test whether 

the fusion protein, as would be expected of a dCas9-based chimera, can be localized to specific 

genomic sites by a guide RNA. 

 

The spatial orientation of Mediator complexes could be crucial to correct complex assembly. If a 

head subunit is attached to dCas9, for example, and the head is responsible for making contacts 

with Pol II, then Pol II would necessarily need to be close to the dCas9 molecule. On the other 

hand, if a tail subunit is tethered to dCas9, then the head (and Pol II) may be less constrained in 

their locations. In order to cover as many orientations  as possible, we began by cloning four 

subunits into dCas9-fusion constructs, one each from the head (Med10) and middle (Med21) 

modules of Mediator, and two from the tail module (Med15 and Med25). By anti-Flag 

immunoblotting, we first noted that dCas9-Med15 did not express in AML cells (Figure 3-2A). 

This lack of expression may have been due to infrequent expression in a pooled population of 

AML cells. To address this, we derived single-cell clones from the pool of dCas9-Med15-
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NLS 1491..1511

dCas9 1584..5699

H840A 4101..4103

Med10 5799..6206

Linker 5769..5798

3NLS 5700..5768

MSCV-Puro-dCas9-Med10

11074 bp

3FLAG 1425..1490

D10A 1611..1613

Figure 3-1 Vector designed to tether Mediator subunits to chromatin

This retroviral expression plasmid, based off of the MSCV vector, includes a 3x Flag 
tag, nuclear localization signals, two point mutants that render the Cas9 catalytically 
inactive, a (gly-gly-gly-gly-ser)x2 linker, and the Mediator subunit. Depicted here is a 
dCas9-fusion to Med10.
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Figure 3-2 dCas9-Mediator fusion expression is limited by size constraints

A) Western blot analysis using whole cell extracts of RN2 cells expressing the indicated 
constructs. Blot used anti-Flag antibodies directed at dCas9 fused to Med10, Med15 or 
Med21. The expected size of dCas9 is 168 kDa. Expected Mediator subunit sizes are 
as follows:  Med10 (15.7 kDa), Med15 (86.6 kDa), Med21 (15.6 kDa)
B) Western blot analysis of single-cell RN2 clones of dCas9-Med15 to determine if any 
express dCas9-Med15 fusions.
C) Western blot analysis of RN2 cells expressing the indicated dCas9-Mediator subunit 
fusions. The expected size of Med25 is 78.2 kDa 
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infected, puromycin-selected AML cells. Of 5 clones tested, none expressed any detectable 

dCas9-Med15, even with long exposure of the film (Figure 3-2B). We thus postulated that this 

inability to express Med15 as a dCas9-fusion might be due to its large size, an explanation that 

would also fit with our observed inability to express a subunit of similar size, Med25 (Figure 3-

2C).  

 

Because the smaller subunits Med10 and Med21 were successfully expressed in AML cells, we 

next cloned the Mediator subunits whose predicted molecular weights were below 80kDa, 

reasoning that these had the best chance of being successfully expressed via a retroviral vector in 

AML cells. We successfully cloned 11 small Mediator subunits as dCas9 fusions and transduced 

them into AML cells. Of these subunits, Med4, Med6, Med7, Med9, Med10, Med11, Med27, 

Med28, Med29, and Med30 are classified as head or middle subunits. In order to be able to 

include a subunit from the tail, which tend to be too large for this purpose, we cloned the Von 

Willebrand Factor Type A domain (VWA) of Med25. This 230 amino acid sequence from the 

amino-terminal end of Med25 has been shown to interact with other Mediator complex subunits 

and has been used to purify whole, intact Mediator complexes from cell extracts (Sela et al., 

2013). Thus, we reasoned that this would be a good candidate fragment from a tail subunit that 

might still recruit Mediator complexes in our system. With the exception of dCas9-Med17, 

which was not tested, these subunits all expressed well as determined by Flag western blotting 

(Figure 3-3), supporting our hypothesis that their large size may have precluded expression of 

Med15 and Med25 dCas9-fusion constructs. 
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Figure 3-3 Expression of dCas9-Mediator fusion constructs in RN2 cells
Western blot analysis of RN2 cells infected with the indicated dCas9 constructs. Expect-
ed sizes are as follows: dCas9 alone (168 kDa), Med4 (29.8 kDa), Med6 (28.4 kDa), 
Med7 (27.2 kDa), Med9 (15.7 kDa), Med10 (15.7 kDa), Med11 (13.1 kDa), Med25vwa 
(24.8 kDa), Med27 (35.3 kDA), Med28 (19.5 kDa), Med29 (21.0 kDA), Med30 (20.4 
kDa).
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3.2.2 – Tethering dCas9-Mediator fusions to the genome 

The goal of this line of experimentation was to direct formation of Mediator complexes at 

precise loci in the AML genome. To test the feasibility of this aim, we introduced guides 

targeting a region of the genome that we had previously identified as harboring no Mediator 

occupancy in AML cells (e.g., Figure 2-3, “negative region”). We chose this as the test site 

because of the simplicity of identifying whether de novo Mediator complex formation occurs at 

this region; at a more biologically relevant site, such as a Myc enhancer or promoter, the presence 

of wild-type Mediator complexes would confound our interpretation of whether complexes were 

formed around dCas9 fusions.  

 

After introduction of the “negative region” guide, we assessed the proper localization of dCas9 

fusions by Flag-ChIP. We noted that all dCas9 fusions, including dCas9 alone, exhibited strong 

ChIP signal at the target locus but not at other regions tested, including the Myc Enhancer 

element 1 (ME1) (Figure 3-4). This indicated that dCas9’s recognition of guide RNAs and its 

ability to bind complementary DNA was not perturbed by its fusion to Mediator subunit 

proteins.  

 

We next asked if dCas9-Mediator fusions could recruit or assemble Mediator complexes. We 

performed ChIP-qPCR analysis of Med1 occupancy at the dCas9 landing pad (“negative”) 

region, and at ME1 as a positive control. As mentioned above and as shown in Figure 2-3 and 

Figure 2-5, Med1 does not normally show any signal at this region in RN2 cells, so any signal 

detected here would likely be due to the presence of the dCas9-Mediator fusion proteins. In 

none of the constructs tested was any Med1 detected at the negative region, despite strong 
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Figure 3-4 Flag ChIP-qPCR results of tethering of dCas9-Mediator fusions
RN2 cells expressing a guide RNA directed to the “Negative Region” were infected with 
the indicated dCas9-Mediator fusion constructs and selected with puromycin. After at 
least 5 days on puromycin, cells were crosslinked and ChIP-qPCR analysis was 
performed with a Flag antibody to determine whether functional dCas9 direction to a 
specific chromatin locus was achieved with each construct.
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localization of Med1 at the Myc enhancer (Figure 3-5). This indicates that dCas9-Mediator 

fusions are incapable of redirecting Mediator complex formation in AML cells. It was interesting 

to note that none of the dCas9 fusions could be detected at the ME1 element either, despite 

strong Med1 signal there. This result suggests that dCas9-Mediator fusions could not serve as a 

beacon for other Mediator subunits, and that normal Mediator complexes, which form in 

abundance at ME1, did not incorporate dCas9-Mediator fusion proteins. 

 

3.3 – Brief Discussion 
 

While we successfully expressed dCas9-Mediator fusion proteins in AML and directed them to 

a chromatin locus, these fusions were unable to redirect assembly of Mediator complexes in the 

cell. A number of explanations for this are possible. For example, the chromatin landscape has an  

unclear role in Mediator complex recruitment and assembly. The classical model of TF 

recruitment of Mediator is unable to uncouple the effects of TFs on histone acetyltransferase 

recruitment and histone acetylation from the mere presence of a TF serving to recruit Mediator. 

Furthermore, artificial recruitments of Mediator, which notably have thus far all been performed 

in the yeast system, used genes, real or constructed, as landing pads for de novo Mediator 

complexes. It is conceivable that the chromatin structure at such elements is more facilitative for 

Mediator recruitment. Future work on this strategy should attempt targeting to different loci, 

including promoter and enhancer elements that are capable of hosting Mediator complexes. This 

may necessitate the use of JQ1 to remove pre-existing Mediator complexes from the chosen 

locus. 
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Figure 3-5 Med1 ChIP-qPCR results of tethering of dCas9-Mediator fusions
RN2 cells expressing a guide RNA directed to the “Negative Region” were infected with 
the indicated dCas9-Mediator fusion constructs and selected with puromycin. After at 
least 5 days on puromycin, cells were crosslinked and ChIP-qPCR analysis was 
performed with a Med1 antibody to determine whether Mediator complexes formed at 
the Negative Region.
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Another possibility is that dCas9 simply represents too large a “tag” for Mediator complex 

formation, perhaps by sterically interfering with the assembly process. Furthermore, it is now 

well appreciated that different Mediator-cofactor interactions can dramatically reshape the 

complex conformation. Thus, dCas9-fusions may be incompatible with a stable Mediator 

assembly. A (G-G-G-G-S)x2 linker was used here to connect dCas9 to Mediator subunits, but 

it may be that a different linker sequence could have yielded better results.  

 

The potent nuclear localization signals on the dCas9-fusion constructs may also have hindered 

Mediator complex formation. It is at this point unclear whether Mediator complexes form in the 

cytoplasm and are imported into the nucleus together or whether they assemble on chromatin. 

This could be addressed by removing the nuclear localization signals to see if this results in 

complex formation. In this scenario, free-floating dCas9-Mediator fusions would form Mediator 

complexes in the cytoplasm, and the addition of the guide RNA would direct these pre-formed 

complexes to the prescribed chromatin locus in the genome. Another test without guide RNAs 

present could be a Flag-immunoprecipitation followed by Mediator subunit western blotting to 

determine whether the dCas9-fusion proteins can ever be incorporated into Mediator complexes 

independent of chromatin localization.  

 

An alternative strategy to dCas9 tethering is based on the yeast experiments and would utilize a 

TF DBD-fusion strategy to recruit and assemble Mediator complexes. This strategy would have 

several advantages, perhaps none more significant than the utilization of a smaller anchor than 

the large dCas9 protein, permitting the use of larger (and typically TF-binding) tail subunits. 

Furthermore, TF DBDs will naturally occupy more than one chromatin locus, allowing for a 
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greater likelihood of true phenotypic rescue of AML from JQ1 treatment rather than a mere 

gene-specific rescue. Our studies in Chapter II would appear to nominate the DBD of Myb as 

preferentially enriched at JQ1-sensitive Med1 loci. Thus the Myb DBD is a strong candidate 

that could be used as an anchor by which Mediator complexes could be tethered to these regions. 

 

Finally, Mediator was first discovered as a limiting reagent in cellular transcription. Thus, simply 

adding a single subunit to a locus on chromatin may prove futile because all other Mediator 

subunits may be fully allocated to other sites in the genome. One option would be to knock 

down the existing, wild-type Mediator subunit that is being used as bait (i.e. shMed10 for 

dCas9-Med10 fusion cells) in an attempt to force Mediator to incorporate fused Med10 into its 

complexes. Another option would be to dissociate Mediator from chromatin. It is presently 

unknown whether BET inhibition, which can evict some Mediator complexes from the genome, 

do so by breaking apart complexes or by lifting intact Mediator off of chromatin. If the former is 

the case, then this would allow newly released Mediator subunits to form around a sgRNA-

anchored dCas9-Mediator fusion. 
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Chapter IV - Targeting Mediator Kinases in 
AML 
 

4.1 – Brief Introduction 
 

The results described in Chapter II provide strong rationale to develop a means to target 

Mediator for therapeutic purposes in AML. While BET inhibitors are showing promise in early 

Phase I trials, clinical response has been noted in only 5 out of 28 evaluated patients (Dombret et 

al., 2014). A number of practical factors could contribute to this level of clinical performance, 

including the testing of BET inhibitors only in advanced disease and after failure of all other 

chemotherapies. The ability to orthogonally target the Brd4 pathway by direct inhibition of 

Mediator subunits is nonetheless compelling. 

 

Design of small molecule inhibitors of protein function has for a variety of practical reasons 

largely focused on easily tractable enzymatic domains, however the only enzymatic activity 

contained in the Mediator complex resides the kinase domains of either Cdk8 or Cdk19 (Allen 

and Taatjes, 2015). Conveniently, this kinase function has been demonstrated to be relevant to 

transformation and cancer progression (Dale et al., 2015; Firestein et al., 2008). Accordingly a 
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number of chemical probes have been developed to inhibit Mediator kinase activity (Cee et al., 

2009; Dale et al., 2015; Porter et al., 2012; Poss et al., 2013).  

 

Cortistatin A, a chemical isolated from sea squirts, has been demonstrated to be a potent 

inhibitor of Cdk8 and Cdk19, as well as an inhibitor of the ROCK kinases (Cee et al., 2009). 

Recently, this molecule was shown to inhibit the growth of AML cells by de-repressing the 

transcriptional activity of super-enhancer associated genes, fitting with the early, “repressive” 

concept surrounding the kinase module (Pelish et al., 2015). Interestingly, however, Cortistatin 

A did not inhibit the growth of HCT116, a colon cancer cell line shown to overexpress Cdk8, to 

be sensitive to Cdk8 knockdown by shRNAs, and to specifically require a functional kinase 

domain of Cdk8, raising questions about its mechanism of action (Firestein et al., 2008; Pelish et 

al., 2015). 

 

Another inhibitor, CCT251545 was discovered in a cell-based screen for WNT pathway 

inhibitors (Mallinger et al., 2015). Through a competition-based mass spectrometry approach, 

the targets of this inhibitor were identified as Cdk8 and Cdk19 (Dale et al., 2015). Structures of 

the inhibitor crystallized with Cdk8 and Cyclin C revealed a type I binding mode (i.e., binding 

selectively to the active, DMG-in conformation of the kinase), which may explain why this 

inhibitor, unlike Cortistatin A, showed growth inhibition phenotypes in Cdk8- and β-catenin-

dependent cancer cell lines and xenograft models (Dale et al., 2015). It remains to be seen 

whether this molecule can reproduce the super-enhancer derepression and anti-leukemia effects 

of Cortistatin A.   
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Finally, Senexin A was identified in a cell-based screen of molecules that suppressed p21-

dependent transcription (Porter et al., 2012). A KinomeScan revealed that the Senexin molecule 

selectively inhibited Cdk8 and Cdk19 activity (Porter et al., 2012). Optimization of this 

compound led to the development of Senexin B, a probe that displays improved potency in 

cellular assays and has been used in combination with chemotherapy to prevent metastasis in a 

spleen-to-liver colon cancer metastasis model (Porter et al., 2015). 

 

In our shRNA screen performed in MLL-AF9/NrasG12D murine leukemia cells, the kinase 

subunits Cdk8 and Cdk19 did not reach the three-fold threshold we used to call hits. However, 

Cortistatin A was recently found to have therapeutic impact in AML by inhibiting Cdk8 and 

Cdk19, thereby further activating transcription at super-enhancer associated genes. We 

hypothesized that there may be a redundant function of Cdk8 and Cdk19 in AML cells so that 

individual knockdown of one or the other kinase would not elicit a phenotype. Thus, we sought 

to determine whether targeting the Mediator kinases could be a viable therapeutic strategy in 

AML. 

 

4.2 - Results 
 

4.2.1 – Cdk8 and Cdk19 are functionally redundant in AML cells 

We first confirmed the results of our Mediator screen (Chapter II) that shRNA-based targeting 

of Cdk8 and Cdk19 failed to elicit severe proliferation arrest of RN2 cells. Using the same 
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shRNAs from the screen, we confirmed that individually, these kinases are not dependencies in 

RN2 cells (Figure 4-1A). This lack of a phenotype occurred despite potent knockdown with 

some of these shRNAs, suggesting that individual on-target knockdown of Mediator kinases 

cannot inhibit AML cell growth (Figure 4-1B). 

 

One potential caveat with RNAi for kinases is that the knockdown is seldom complete, and 

residual kinase activity could be sufficient to mask any potential growth-inhibitory phenotype 

(Weiss et al., 2007).  Indeed, RT-qPCR results showed that, while potent knockdown of both 

Cdk8 and Cdk19 was being achieved, residual transcript was still being expressed. Thus, to 

obtain complete functional knockout of these subunits, we utilized a domain-focused approach 

(Shi et al., 2015) to CRISPR/Cas9 target the kinase domains of Cdk8 alone, of Cdk19 alone, or 

of both Mediator kinases simultaneously. Individually, guides targeting the kinase domains of 

Cdk8 or Cdk19 did not affect proliferation of AML cells, consistent with the phenotypes 

obtained by knocking down these proteins (Figure 4-2, top). In contrast, guides targeting Cdk7, 

the TFIIH kinase important for Pol II serine 5 phosphorylation and promoter clearance, were 

negatively selected in AML cells (Adelman and Lis, 2012) (Figure 4-2, bottom).  

 

We then tested the hypothesis that individual targeting of Cdk8 and Cdk19 cannot produce a 

growth inhibitory phenotype in RN2 cells because the kinases are functionally redundant. To test 

this, We cloned Cdk8 shRNAs into a vector in which the GFP gene has been replaced with the 

mCherry gene (LMN-Cherry), allowing for two-color, dual knockdown of Cdk8 and Cdk19. 

We found that simultaneous shRNA knockdown of both Cdk8 and Cdk19 did indeed lead to a 

mild negative selection in RN2 cells over 12 days in culture (Figure 4-3A). Similarly, 
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Figure 4-1 shRNAs targeting Cdk8 and Cdk19 do not produce a phenotype in RN2 

cells

A) Negative selection experiment performed using RN2 cells that stably express Cas9 
and guide RNAs directed against the kinase  domains of Cdk8 and Cdk19 (LRG vector). 
GFP+/gRNA+ cells were measured on the indicated days on a Guava instrument and 
GFP+% cells were normalized to day 2 post-infection.
B) Relative mRNA levels of the indicated Mediator kinase following knockdown of Cdk8 
or Cdk19 with the indicated shRNA (LMN vector) in RN2 cells. Data are presented as 
mean ± SEM; n=2-3.
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Figure 4-2 CRISPR targeting of Cdk8 or Cdk19 kinase domains does not lead to 

negative selection in RN2 cells

Negative selection experiment performed using RN2 cells that stably express Cas9 and 
guide RNAs directed against the kinase  domains of Cdk8 and Cdk19 (LRG vector). 
GFP+/gRNA+ cells were measured on the indicated days on a Guava instrument and 
GFP+% cells were normalized to day 2 post-infection. On the blue graph, guides target-
ing the Cdk7 kinase domain or Rpa3 served as positive controls, while a guide targeting 
the Rosa locus served as a negative control. Data are represented as mean + SEM and 
n=2.
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Figure 4-3 Dual targeting of Cdk8 and Cdk19 with shRNA or sgRNA produces a 

proliferation arrest in RN2 cells

A) Negative-selection competition assay of double shRNA targeting of Cdk8 and Cdk19. 
Plotted is the percentage of GFP+/mCherry+ cells over time following transduction of 
RN2 cells with the indicated pair of shRNAs. mCherry-containing constructs (LMN-Cher-
ry) were introduced first, followed by the GFP-containing constructs (LMN vector). Data 
are presented as mean ± SEM; n=3.
B) Negative-selection competition assay of double CRISPR targeting of Cdk8 and 
Cdk19 plotting the percentage of GFP+/mCherry+ cells over time following transduction 
of Cas9-expressing RN2 cells with the indicated sgRNAs (LRG and LR-Cherry vectors). 
GFP-containing constructs were introduced first, followed by the mCherry-containing 
constructs, with n=2 for GFP/sgRosa and n=3 for GFP/sgCdk8.
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simultaneous CRISPR targeting of Cdk8 and Cdk19 kinase domains resulted in a modestly 

reduced proliferative capacity relative to control guides (Figure 4-3B). 

 

4.2.2 – Senexin B causes apoptosis of AML cells in cell culture 

The results of our dual shRNA- and CRISPR-targeting of the Mediator kinases suggest a 

redundant function of these two kinase subunits, consistent with a recent study showing that 

dual Cdk8/Cdk19 inhibition with Cortistatin A suppressed AML cell growth (Pelish et al., 

2015). Motivated by these genetic results, we were interested in pursuing a small-molecule-based 

approach to Mediator kinase inhibition. For this purpose, we were able to obtain Senexin A and 

Senexin B from Senex, the company that manufactures these molecules (Figure 4-4). We first 

aimed to test whether or not Senexins could reduce the proliferation of a panel of AML cell 

lines. After 72 hours of exposure to Senexin A or Senexin B, we observed a strong, dose-

dependent reduction in cell accumulation in our murine AML cell line (Figure 4-5). 

Encouragingly, the more potent Senexin B molecule had a stronger effect than its precursor 

Senexin A (Figure 4-5). These effects did not appear constricted to any genetically defined 

subtype of leukemia, as the proliferation of a number of human leukemia cell lines with diverse 

genetic backgrounds was also affected by Senexin treatment (Figure 4-5). We next took a more 

detailed measurement of proliferation deficits caused by Senexin B over 5 days (for murine AML 

cells) or 7 days (for human leukemia cell lines), and again observed a dose-dependent reduction 

in cell accumulation for each cell line tested (Figure 4-6). While MLL-driven leukemias did 

appear to be slightly more sensitive to Senexin B, proliferation of all leukemia cell lines tested, 
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Figure 4-4 Senexin Molecules

Chemical structures of Senexin A and Senexin B, the reported Cdk8/Cdk19 inhibitors 
used in this study.

Senexin A Senexin B
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Figure 4-5 Senexins inhibit growth of AML cell lines

10,000 cells were seeded in a dish and treated with either DMSO vehicle control or the 
inidcated Senexin molecule (A or B) at the indicated concentration. Cells were counted 
at 72h after seeding and normalized to the DMSO condition. Error bars represent 
S.E.M. and n=2.
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Figure 4-6 Senexin B slows the accu-

mulation of Leukemia cells

Cells were seeded in a dish and treated 
with the indicated compounds. At each 
time point displayed, cells were counted 
on a Guava EasyCyte. Counts were 
corrected for the degree of passaging. 
Error bars reprsent SEM and n=3.
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including the T-ALL Jurkat and CML blast crisis K562 cell lines, was ultimately inhibited by 

Senexin B (Figure 4-6). 

 

Knockdown of Mediator complex subunits, including the kinase module subunits Med12 and 

Med13, led to proliferative inhibition of AML cells by inducing differentiation of leukemic 

blasts. Thus, we hypothesized that the kinase inhibitor Senexin B would also result in 

differentiation as measured by cell surface loss of ckit and gain of Mac1 expression. However, 

flow cytometric analysis of these markers in murine AML cells showed that 1µM Senexin B, 

despite greater than 50% reduction in cell accumulation, had no effect on differentiation. 5µM 

Senexin B showed only a very modest change in these markers, despite loss of up to 90% of cell 

accumulation (Figure 4-7). We then examined whether the loss of cell proliferation instead 

reflected a greater induction of apoptosis and cell death. Using Annexin V/DAPI staining, we 

observed that Senexin B induced apoptosis in a concentration-dependent manner in mouse 

AML cells (Figure 4-7). This result prompted us to measure cell death in the human leukemia 

cell lines by propidium iodide (PI) staining after 7 days of treatment. Senexin B potently and 

dose-dependently induced cell death relative to DMSO control in all cell lines tested, as 

measured by the percent of PI-positive cells in culture (Figure 4-8).  

 

After establishing that Senexin B causes cell death in leukemia cells, we next asked whether these 

effects would lead to an extension of survival in an animal model of AML. We initiated leukemia 

in mice by injecting 50,000 murine MLL-AF9/NrasG12D AML cells into the tail vein of 10 

sublethally irradiated C57Bl/6 mice. Beginning 24 hours after leukemia initiation, 5 of these 

mice were treated daily with intraperitoneal injection of 40mg/kg Senexin B, while the other 5 
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Figure 4-7 Senexin B induces apoptosis in RN2 cells

A) Flow cytometry analysis of cell surface cKit and Mac1 after treatment with Senexin B 
or DMSO control. RN2 cells were cultured for four days in the indicated concentration of 
Senexin B or in DMSO (black line). Cells were stained with APC-Ckit or APC-Mac1 
antibodies and analyzed on a flow cytometer. 
B) Flow cytometry analysis of DAPI staining and Annexin V binding to RN2 cell surface 
after Senexin B treatment. No gating on live cells was performed for this analysis. RN2 
cells were cultured in Senexin B or DMSO and stained with DAPI and APC-Annexin V. 
Numbers in boxes indicate percentages of the population falling within each gate. The 
box in the lower right corresponds to apoptotic cells, while the box on the top half of the 
scatter plot represents dead cells.
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Figure 4-8 Senexin B induces cell death in Human AML cell lines

Cells were cultured in Senexin B for 7 days and stained with propidium iodide (PI). 
Percent PI+ cells were normalized to DMSO treated cells. Error bars represent SEM 
and n=3. 
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mice received daily citrate buffer as a vehicle control. Mice were monitored by bioluminescence 

and for signs of distress. Ultimately, Senexin B treatment did not reduce disease burden or 

extend survival of leukemic mice (Figure 4-9A and B). 

 

4.3 – Brief Discussion 
 

A recent study using Cortistatin A found that Cdk8 and Cdk19 inhibition hyperactivated 

transcription of super-enhancer associated genes, antagonistic to the Brd4-like function we 

identified in other Mediator subunits (Pelish et al., 2015). Whether this result can be validated is 

unclear, but the lack of differentiation induced by Senexin B (Cortistatin A was also not reported 

to induce myeloid differentiation), which is in contrast to the phenotype that follows knockdown 

of Med12 and Med13 (Chapter II) supports a uniquely repressive function of the kinase activity 

in the Mediator complex (Pelish et al., 2015). It would be interesting to know if, in the in vivo 

setting, doses of Cortistatin A demonstrated to have efficacy in extending survival of leukemic 

mice remain limited to their Cdk8/Cdk19 targets or whether they begin to inhibit the ROCK 

kinases, which have already been demonstrated to be therapeutic vulnerabilities in AML (Mali et 

al., 2011).  To this end, leukemia cells bearing one of the Cdk8/Cdk19 tryptophan mutants that 

are resistant to Cortistatin A could be used to establish the relevant target of this drug (Pelish et 

al., 2015).  

 

Several alternative factors could explain the lack of Senexin B in vivo efficacy. For example, poor 

bioavailability or a short serum half-life would preclude the drug from having any impact on 

disease progression. To monitor this, a good biomarker of response is required. Cdk8 and Cdk19 
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Figure 4-9 Senexin B does not affect the survival of mice with MLL-AF9-driven 

AML

 A) Bioluminescent imaging of MLL-AF9/NrasG12D leukaemia recipient mice at the indi-
cated day after initiation of treatment with Senexin B (40 mg/kg) or citrate buffer vehicle 
ontrol. 
B) Kaplan–Meier survival curves of control and Senexin B-treated mice. In (A) and (B), 
Senexin B treatment was initiated on day 1 after transplant of 50,000 leukaemia cells.
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have been shown to phosphorylate a number of nuclear factors, including TFs, but which 

substrates are relevant in AML is unclear (Dale et al., 2015; Pelish et al., 2015). One study 

suggested that pSTAT1S727 levels tracked with Cdk8 activity in a number of cell types (Dale et 

al., 2015), which would support this as a useful correlate of Senexin B on target effects. 

Whatever the ultimate explanation for the poor outcome of the in vivo experiment, the lack of 

sufficiently available alternatives to Senexin B precluded us from testing Cdk8/19 inhibitors with 

better pharmacodynamics properties. 
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Chapter V - Targeting other Mediator subunits 
 

5.1 – Brief Introduction 
 

One of the great promises and challenges of validating Mediator as a viable therapeutic target is 

the complex’s vast surface area for protein interaction. This represents an opportunity to identify 

a surface that is selectively required in leukemia, but it also represents a daunting task to find 

these particular surfaces from the many that are present in the highly amorphous Mediator 

complex. While each subunit in the Mediator complex may have myriad functions, including 

simply maintaining the structural integrity of the Mediator complex, smaller regions and 

domains of these subunits may have more specified functions. Mediator subunits interact with 

basal transcription machinery, activators, and other mediator proteins. In order to have the 

greatest potential for selective function in leukemia cells, the minimal portion of the Mediator 

subunit that interacts with a leukemia-driving TF should be identified.  

 

Mediator interaction with TFs can alter the complex’s structure and drive its function in cells 

(Poss et al., 2013). Despite a general lack of available structures to aid identification of likely 

binding domains, several TF-Mediator interactions have been mapped to discrete regions on the 
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Mediator complex. For example, LxxLL motifs on Med1 have been shown to facilitate 

interaction with nuclear hormone receptors, such as the thyroid receptor and estrogen receptor α 

(Malik and Roeder, 2010). A Med1 LxxLL-mutant mouse was recently generated, and while 

viable and fertile mice were produced, severe defects in estrogen response gene transcription were 

observed and were accompanied by impaired pubertal mammary gland development (Jiang et al., 

2010). 

 

Two additional TF-binding regions of Mediator that have been characterized by NMR structure 

are the VP16-binding ACID domain on Med25, and the KIX domain of Med15, which binds 

the activation domain of the master lipid homeostasis regulating TF SREBP-1a (Malik and 

Roeder, 2010; Vojnic et al., 2011; Yang et al., 2006). The latter example is particularly exciting 

because the structural knowledge of Med15’s interaction with SREBP-1a has been exploited to 

develop small molecule inhibitors of this interaction that can restore lipid homeostasis in mouse 

models (Zhao et al., 2014). Finally, the PQL domain of Med12 interacts with a number of 

transcription factors, coactivators, and corepressors, including the important oncogene β-catenin 

(Ding et al., 2008; Kim et al., 2006).  

 

Based on these examples, we hypothesized that the function of Mediator subunits in maintaining 

AML could be distilled down to specific domains of these subunits that mediate interaction with 

oncogenic TFs. By binding to and coactivating transcription for these TFs, Mediator could assist 

in the direction of leukemogenic transcription programs. However, mass-spec-based 

identification of Mediator associated proteins can yield little actionable information, in part 
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because the heterogeneity and specificity of Mediator interaction partners across the genome 

necessarily involves a large number of low-affinity interactions (Herbig et al., 2010). Moreover, 

Mediator subunits almost always interact with one another and with other components of the 

PIC, and these more abundant, multi-subunit interacting protein complexes could obscure 

individual, low-frequency TF interactors. Thus, traditional biochemistry approaches, such as 

immunoprecipitation coupled with mass spectrometry may not prove fruitful in the search for 

AML-driving Mediator ligands, and development of a new assay for this purpose is required.  

 

5.2 - Results 
 

5.2.1 – GFP-fused Mediator fragments limit proliferation of RN2 cells 

To overcome   biochemical difficulties involved with Mediator complexes, we developed an assay 

that enabled rapid screening of multiple fragments of Mediator for their contribution to AML 

proliferation. These fragments could then be immunoprecipitated in isolation to identify their 

putative binding partners in AML cells. We used a GFP-tag directly attached to the fragments 

by a glycine and alanine linker, in order to be able to track the viability of fragment-expressing 

cells by the GFP-depletion screening assay used in our shRNA screens. The advantage of a 

GFP-fused fragment over a bicistronic vector (using IRES-GFP, for example) is that we can 

attempt to monitor fragment expression; if the GFP-tagged construct fluoresces, it suggests that 

the GFP-fragment is expressed in cells. The GFP-tag also provides a large, potentially 

stabilizing fluorescent tag that may permit expression of otherwise unstable peptide fragments of 
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Mediator proteins. Finally, the unique GFP moiety in the cell could be used to directly 

immunoprecipitate the fragment of interest and assess binding partners.  

 

We began by arbitrarily dividing Med12 and Med23 into fragments and cloning them into a 

constitutive vector expressing the GFP-Mediator fusion constructs off of a retroviral promoter. 

Expression, as determined by GFP intensity, was very low (Figure 5-1A). Despite this, some 

fragments were expressed and resulted in some level of GFP depletion (Figure 5-1B).  

 

The PQL domain of Med12 has previously been shown to be expressible as an autonomous 

domain in cells (Kim et al., 2006). However, as a GFP-fusion construct, this domain did not 

express in AML cells, possibly because the overall vector size was too large for efficient retroviral 

packaging. We thus instead expressed the PQL domain in AML cells from a bicistronic MIGR1 

vector in which GFP is downstream of an IRES element. This construct underwent negative 

selection in RN2 cells, raising the possibility that the PQL domain has an important role in 

AML cells (Figure 5-1C).  

 

5.2.2 – Doxycycline-induced expression of the PQL domain results in rapid death of RN2 cells 

Encouraged by this result, we aimed to increase the expression of the PQL domain by using a 

stronger promoter. Because the expressed fragments would have to compete with endogenous 

Mediator subunits for binding to oncogenic ligands, we hypothesized that sufficiently high 

fragment expression would be required to observe dominant negative effects. In order to induce 

higher expression of Mediator fragments, we expressed the PQL domain from the TtIGP vector, 
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Figure 5-1 Retroviral expression of Mediator fragments results in mild pheno-

types in AML cells

A) Expression of fragments, as measured by the GFP fluorescence intensity by Guava 
EasyCyte machines. Fragments were expressed as fusions to eGFP. Empty vector is an 
unfused eGFP.
B) Negative selection assay in RN2 cells after 12 days of expression of GFP-fused 
Mediator fragments from a retroviral vector. Taller bars indicate greater negative selec-
tion of the expressed fragment. Depletion value was normalized to empty vector.
C) Expression of the PQL domain from the MIGR1 vector in RN2  cells (blue line) 
results in negative selection. GFP percentages are normalized to Day 2 and tracked for 
10 days. Error bars represent SEM and n=2.
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in which it is under the control of a doxycycline-inducible Tetracycline response element. This 

led to rapid loss of GFP-and PQL domain-expressing cells within 48 hours of doxycycline 

induction of expression (Figure 5-2A). We hypothesized that Med12 interruption with 

overexpression of a dominant negative PQL domain would lead to similar phenotypic 

consequences as Med12 knockdown. In particular, we expected PQL expression to be neutral in 

MEF cells and to induce cellular differentiation in AML cells. Expression of the PQL domain 

led to comparable accumulation of GFP- and PQL domain-expressing MEF cells over 6 days, 

consistent with a non-essential role for Med12 in MEF proliferation (Figure 5-2B). Because of 

the nature of this dominant negative expression assay, a trivial explanation for this lack of a MEF 

phenotype would be that the fragment is not expressed in the nucleus where it could interfere 

with Med12 transcriptional function. To address this, we performed western blot analysis to 

confirm that the Flag-tagged PQL domain was expressed in the nuclei of both MEF and RN2 

cells upon doxycycline treatment (Figure 5-2C).  

 

We next assessed the impact of PQL domain expression on RN2 cell differentiation status. Both 

48-hour treatment with 1 µg/mL doxycycline to induce PQL domain expression led to only a 

mild loss of cell-surface cKit expression and no gain of Mac1 expression despite an observed loss 

of GFP-expressing cells from the culture (Figure 5-3A). Because this mild induction of 

differentiation may have been due to expression of an amount of PQL domain that was not 

tolerated by the cells, we also used lower doses of doxycycline to induce expression. Using 0.1 

µg/mL of doxycycline, we could express lower amounts of the PQL domain (Figure 5-2C). We 

then noted that 0.1µg/mL of doxycycline, one tenth of our standard dose, did modestly decrease 
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Figure 5-2 TtGIP expression of the Med12 PQL domain is toxic to AML cells but 

not to MEFs

A) Short-term negative selection experiment in RN2 cells with 48 hr of doxycycline 
induced expression of the PQL domain. GFP+/PQL+%  was measured at 24- and 48-hr 
time points and normalized to the 24 hr time point.
B) Cell accumulation experiment in which GFP+/PQL+ MEF cells were counted over 6 
days of doxycycline treatment and compared to GFP+ MEF cell accumulation rate in 
cells transduced with TtIGP-empty vector.
C) Flag-Western blot showing PQL expression after 24 hr of doxycyline treatment in 
MEF cells or RN2 cells. Cells were fractionated and equal amounts of nuclear and 
cellular extracts were run on a gel and blotted with anti-Flag antibody. Nuclear extract of 
RN2 cells treated with 1/10th of the normal concentration of doxycycline, or 0.1ng/uL, 
was also run.
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Figure 5-3 Med12 PQL domain expression causes apoptosis in RN2 cells

A-B) Flow cytometric analysis of cell-surface cKit and Mac1 following 48 h of doxycy-
cline-induced expression of TtIGP-PQL versus TtIGP-Empty (black trace) at two doses 
of doxycycline/PQL expression. Gating was performed on GFP+ populations.
C) Flow cytometric analysis of Annexin V binding and DAPI staining following 48 h of 
doxycycline-induced expression of TtIGP-PQL or TtIGP-Empty. No gating on live cells or 
GFP+ cells was performed. Because no gating is done in this experiment, a clonal RN2 
cell line containing the inducible PQL construct was used for this analysis to avoid con-
tamination with non-expressing cells. Numbers in boxes indicate percentages of the 
population falling within each gate. The box in the lower right corresponds to apoptotic 
cells, while the box on the top half of the scatter plot represents dead cells.
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cKit and modestly increase Mac1 cell surface expression on RN2 cells after 48 hours of 

doxycycline induction of expression (Figure 5-3B).  

 

Because of the rapid loss of GFP-positive, PQL domain expressing cells from culture but only 

mild induction of differentiation, we considered whether expression of this domain could induce 

apoptosis in AML cells. To determine this, we used Annexin V and DAPI staining of cells after 

24 hours of doxycycline treatment and PQL induction. We also noted that, despite constant 

exposure to puromcyin, only approximately 50% of cells expressed the PQL domain as measured 

by GFP fluorescence. Because gating on live or GFP/PQL-expressing cells cannot be performed 

for detection of apoptotic and dead cells in this assay, and because PQL-negative cells would 

dilute the impact of PQL expression in the pooled population, we derived a clone of RN2 cells 

harboring and inducibly expressing the TtIGP-PQL construct. In this clone, apoptosis was 

potently induced in a doxycycline dose-dependent manner, as measured by binding of Annexin 

V and staining with DAPI (Figure 5-3C). In summary, very high levels of expression of the 

PQL domain induced rapid apoptosis, while slightly lower expression of the PQL domain 

induced both apoptosis and cellular differentiation. 

 

Motivated by these encouraging results, we attempted to expand this doxycycline-inducible 

fragment expression assay to include more fragments and more Mediator subunits. We focused 

on the four subunits we found to be neutral in MEF cells by shRNA knockdown, Med12, 

Med13, Med23, and Med24. Because within these proteins only the PQL domain of Med12 has 

been shown to be a standalone, stably expressed domain (Kim et al., 2006), we returned to the 

method of using GFP-fused constructs in order to monitor expression of fragments by GFP 
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fluorescence. Mindful of size constraints on expression, we cloned fragments that were 300-400 

amino acids in size into the doxycycline-inducible GFP-fusion vector called TtGNP (Figure 5-

4). Additionally, we cloned fragments covering halves of the PQL domain in order to obtain a 

more precise definition of the functionally important region of this domain of Med12 (Figure 5-

4).  

 

After 24 hours of doxycycline induction, many of these fragments did not express (as determined 

by the GFP fluorescence), including the N-terminal 700 amino acids of Med12 and most of 

Med23 and Med13 (Figure 5-4 and 5-5). However, all of Med24 expressed as GFP-fusion 

fragments. We next determined which of the fragments, when doxycycline-induced, negatively 

selected in AML cells. After 5 days on doxycycline, we identified only three fragments in 

addition to the full-length PQL domain that had a growth inhibitory effect on AML. This 

included amino acids 1001-1300 of Med12, a region known to be mutated in prostate cancer, 

the C-terminal 190 amino acids of Med24, and the first half of the PQL domain (amino acids 

1616-1817, PQLS) (Figure 5-4 and 5-6). We further dissected Med12 PQLS into three 100 

amino acid fragments and found that Med121616-1717 (PQLT) also negatively selected, while 

Med121666-1766 and Med121717-1817 did not (Figure 5-4 and 5-6).  

 

As mentioned above, Med12 shRNAs have a potent phenotype in AML cells but are neutral in 

MEF cells. We thus reasoned that expression of the Med12 PQL domain fragments should 

recapitulate this pattern of sensitivity. We also induced expression of the PQLS and PQLT 

fragments in MEF cells and also observed little impact on MEF proliferation, similar to what 
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Figure 5-4 Summary of TtNGP Mediator fragment negative-selection studies.

Indicated fragments were cloned into the TtNGP vector and retrovirally introduced into 
RN2 cells. Fragments shaded in gray did not express in RN2 cells as measured on a 
Guava Easycyte by the GFP fluorescence. Fragements shaded in white expressed but 
did not negatively select in RN2 cells, and fragments shaded in green expressed and 
negatively seleced either mildly (light green) or potently (bold green).
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Figure 5-5 Lack of expression of most Med13 fragments from the TtGFP vector

The indicated fragments were retrovirally introduced into RN2cells and induced with 
doxycycline. GFP intensity was measured on a flow cytometer. Red traces represent 
baseline measurement of GFP fluorescence intensity (24 hr post-doxycycline). Blue 
traces represent GFP fluorescence intensity after 5 days of doxycycline treatment (RN2 
cells). 
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Figure 5-6 Expression of select fragments of Med12 and Med24 are negatively 

selected in RN2 cells

The indicated fragments were retrovirally introduced into RN2 cells and induced with 
doxycycline. GFP intensity was measured on a flow cytometer. Red traces represent 
baseline measurement of GFP fluorescence intensity (24 hr post-doxycycline). Blue 
traces represent GFP fluorescence intensity after 5 days of doxycycline treatment (RN2 
cells). 
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was observed following TtIGP-PQL expression in MEFs (Figure 5-2B), suggesting that these 

fragments conform to the AML-selectivity observed after knockdown of Med12 (Figure 5-7). 

 

Our ultimate aim was to identify Mediator interaction partners that function to maintain the 

leukemia cell state. To this end, we attempted to isolate proteins that interact with the Med12 

PQL domain in AML cells. We prepared GST-PQLS proteins and used them as bait to 

precipitate potential partners from AML cell nuclear lysates. In an initial pilot attempt, silver 

staining showed several bands that appeared to be unique to the GST-PQLS pulldown (Figure 

5-8).  

 

5.3 – Brief Discussion 
 

The pursuit of a means through which Mediator function could be inhibited is hindered by a 

lack of suitable domains against which small-molecules can be designed. Thus, protein-protein 

interactions, of which the Mediator complex participates in many, may be the key to inhibiting 

the leukemia-supporting function of the subunits we identified in our shRNA screen. However, 

we must first identify specific protein-interaction surfaces on these subunits in order to proceed 

towards development of inhibitors of these interactions.  

 

Because Mediator is a highly amorphous complex with dynamic, context-dependent structure 

and many subunits, biochemical approaches to elucidate interaction partners have been difficult. 

Some studies have identified TFs that bind Mediator, but given the centrality of Mediator in 

activator-dependent transcription from yeast to man, this number is surprisingly small (Poss et 
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Figure 5-7 Expression of some Med12 PQL fragments negatively select in RN2 

cells but not in iMEFs

The indicated fragments were retrovirally introduced into RN2 or iMEF cells and induced 
with doxycycline. GFP fluorescence was measured on a flow cytometer. Red traces 
represent baseline measurement of GFP fluorescence intensity (24 hr post-doxycy-
cline). Blue traces represent GFP fluorescence intensity after 5 days of doxycycline 
treatment (RN2 cells) or 8 days of doxycycline treatment (iMEF). 
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Figure 5-8 GST-PQLS pulldown with RN2 nuclear extract

10µg of bacterially expressed and purified GST-PQLS or 1µg of GST protein alone was 
incubated with agarose beads followed by 1µg of RN2 nuclear extract. Beads were 
washed with wash buffer containing 150 mM NaCl and 0.5% NP-40. Pulldown was 
visualized using silver staining.

GST-PQLS
 

GST-alone
 

Nuclear Extract
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al., 2013). As well, they often are identified by studying a TF of interest and finding, via mass 

spectrometry approaches, Mediator subunits as interaction partners of TF (Malik and Roeder, 

2010). Here, we have developed an assay to rapidly screen individual proteins for their 

functionally important domains. By utilizing a dominant negative expression approach, we can 

pinpoint key regions of Mediator subunits and utilize these fragments to pinpoint the specific 

interaction that is being perturbed in cells. 

 

In this chapter, we have used this approach to identify several regions of Med12 that are crucial 

to its function in AML cells. Med12aa1001-1300 has been described as a region that, when 

mutated, disrupts the binding of Med12 to Med13 and the core Mediator complex (Kampjarvi 

et al., 2015b). Thus, this fragment likely displaces Med12 from Mediator complexes rather than 

blocking TFs from Mediator interactions. While the ultimate outcome for AML cells would be 

similar, intra-complex-interaction-blocking fragments that disrupt a Med12-Med13 interaction 

in all cell types might result in less selective growth-inhibitory effects than fragments that block, 

for example, lineage-specific TFs from binding to Mediator subunits. 

 

Thus, we focused on another region of Med12 that our approach highlighted as essential in 

AML: the PQL domain. We managed to narrow down the functional unit of the PQL domain 

in AML cells to its first 100 amino acids. This PQLT region is interestingly the only section of 

the PQL domain that is not intrinsically disordered, as predicted by GlobPlot (Figure 5-9). This 

PQLT region, according to JPred contains some predicted helices and sheets that may contribute 

to TF interaction and that could be used as potential designs for peptide inhibitors (Figure 5-9). 
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Figure 5-9 Predictions of order and secondary structure within the Med12 PQL 

domain

A) GlobPlot analysis of disorder within the Med12 PQL domain. The black trace 
represents a continuous representation of a score of predicted disorder within this amino 
acid sequence, with higher values indicating greater likelihood of disorder.
B) JPred analysis of PQLT. Red ‘H’s indicated predicted helices, while yellow ‘E’s indi-
cate predicted sheet secondary structures.
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We were not able to identify any important fragments in Med23 or Med13, which may reflect 

improper selection of fragment boundaries. Due to a lack of available structural information, we 

arbitrarily divided up the proteins. However, this may only result in partial domains or even 

unstructured peptides attached to a GFP molecule. Thus, attempted fragmentation of Med13 

and Med23 may benefit from a different set of criteria when choosing fragment boundaries. 

Respecting boundaries of helical domains or other predicted structural cues might provide better 

results. Alternatively, the large GFP moiety may interfere with the normal function of these 

fragments. To solve this problem, we could return to a bicistronic vector system and utilize a 

smaller tag, such as Flag, to detect expression of Mediator subunit fragments. While 

measurement of GFP fluorescence would then be uncoupled from expression level of the 

fragment of interest, this could nevertheless provide valuable information about the roles of 

pieces of these subunits in AML cells. An alternative approach to this fragmentation study, and 

one that has become increasingly feasible since the outset of this line of experimentation, is 

CRISPR scanning with Cas9 and guide RNAs that carpet the protein of interest. This would 

generate a series of insertions and deletions across the protein that could then be screened in a 

negative selection manner to determine which regions of these Mediator subunits cannot be 

altered in AML cells. A preliminary pilot study of Med12 in this manner, using low guide RNA 

coverage of early exons and the PQL domain only, did indeed pick up the PQL domain as a 

requirement in RN2 cells. Further density of guide RNA coverage could highlight the exact parts 

of this domain that facilitate necessary protein-protein interactions in this cell type. 

 

Finally, important interaction surfaces on Mediator subunits may not consist of consecutive 

sequences of amino acids. Instead, they may involve complex structural conformations that 
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require fragments of proteins from different regions of the subunit. In this case, our approach 

would not be successful. As an alternative strategy, we could exploit known or novel interaction 

partners of Mediator subunits to determine whether they 1) are functionally required in AML 

cells and 2) whether this requirement results from an interaction with Mediator complexes. For 

example, TF activation domains are often discrete elements within the protein that could be 

overexpressed to determine if dominant negative effects—such as squelching—occur. A good 

candidate to attempt this approach with is Brd4, whose bromodomains, ET domain, and C-

terminal domain could all be over-expressed in AML cells to determine if they disrupt crucial 

interactions. Pulldowns of any critical domains could then be used to identify the specific 

interaction partner in AML cells that results in negative selection. 

 

Further work on the PQL, PQLS and PQLT domains should be aimed at identifying relevant 

interaction partners in AML. Mass spectrometry of any unique bands in the pulldowns, or of 

GST-PQLS-coated beads incubated in AML cell nuclear extracts, could be used identify 

interaction partners of PQLS. An important control for this would be a parallel pulldown in 

MEF cells, which display little sensitivity to PQLS expression. In this way, unique protein 

requirements in AML that operate to maintain leukemogenesis through interaction with this 

segment of the Mediator complex can be identified. A deep understanding of the binding 

mechanics between the PQLS, PQLT or whole PQL domain and the identified protein partner 

could suggest methods to disrupt this interaction for therapeutic purposes in AML. 

 

Finally, it will be important to determine that PQL, PQLS, and PQLT overexpression 

overlapping gene expression changes as does knockdown of Med12. A number of factors could 
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contribute to an imperfect overlap, including limited knockdown of Med12 by shRNAs but 

aggressive overexpression of the PQL domains and the fact that the PQL domain is likely 

required for only a fraction of the overall function of Med12. Nevertheless, PQL domain 

overexpression results in myeloid differentiation of AML cells when the level of overexpression is 

not too high, and this observed phenotypic overlap should be confirmed with RNA-seq 

experiments. 
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Chapter VI  - Future Directions & Perspectives 
 

The work presented here represents a detailed examination of the role of the Mediator complex 

in AML. Mediator is a conserved 30-subunit complex that arose in yeast and is required for 

activator-induced transcription—as well as some basal transcription—in all higher organisms 

(Poss et al., 2013). Mediator is thought to serve as a molecular bridge that connects sequence-

specific TFs with general transcription machinery, including Pol II (Malik and Roeder, 2010). 

TFs are thought to bind to DNA and then recruit Mediator through interactions with their 

preferred Mediator complex subunits (Malik and Roeder, 2010). Mediator has been proposed to 

have key roles at every subsequent step of transcription, including enhancer-promoter looping, 

assembly of the pre-initiation complex, including recruitment of Pol II, and regulation of Pol II 

pausing (Allen and Taatjes, 2015). 

 

Given that AML frequently harbors transcription that is perturbed at various levels, including via 

mutant transcription factors, aberrant DNA methylation patterns, and deregulated chromatin 

architecture, we reasoned that this disease would depend on the function of this crucial mediator 

of RNA Polymerase II-dependent transcription (Dohner et al., 2015; Figueroa et al., 2010b). 

Moreover, alterations in transcription programs that contribute to the divergence of normal and 

134



leukemic blood development could be exploited by a differential dependence on certain Mediator 

subunits. Thus, we had strong rationale to obtain a better understanding the role of Mediator in 

AML. In particular, we were interested in determining whether the modular nature of 

Mediator—that is, the fact that individual subunits can be knocked out with only very precise 

transcriptional deficits—might provide a means to harness the aberrant transcriptional processes 

in AML for therapeutic purposes. In addition, because Mediator’s first mammalian isolation 

included Brd4, we asked whether, in AML, Mediator cooperates with Brd4 to maintain 

leukemogenic gene expression programs (Jiang et al., 1998).  

 

6.1 – BET inhibition and super-enhancers in AML 
 

We previously showed that AML is hypersensitive to Brd4 inhibition, and that the BET 

inhibitor JQ1 selectively suppresses some transcripts in AML cells while leaving many unaffected 

(Zuber et al., 2011c). Ever since a therapeutic window for BET inhibition in hematologic 

malignancies was demonstrated, the mechanism by which these molecules achieve transcriptional 

selectivity has been an area of immense interest (Loven et al., 2013). The prevailing model 

proposes that sites of extraordinary Brd4, histone acetylation, and Mediator occupancy, termed 

super-enhancers, are preferentially perturbed by JQ1 treatment and can thus explain its selectivity 

(Loven et al., 2013). This is in part because it was noted that, on average, Brd4 occupancy is 

more sensitive to JQ1 treatment at super-enhancer elements than at other elements in the 

genome (Loven et al., 2013). Super-enhancers are often located near cell state-defining genes, 

and are disproportionately affected by disease-associated polymporphisms (Hnisz et al., 2013). 
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These properties are attractive features of elements that can explain the cell type-specific and 

selective transcriptional output of BET inhibition.  

 

There are a number of possible explanations for the observation that super-enhancers are 

sensitive to JQ1 treatment, none of which have yet been verified. Firstly, the biophysical 

properties of these elements and their associated genes may be inherently different. For example, 

a more rapid turnover of super-enhancer-associated proteins may lead to an apparently quicker 

effect of BET inhibitors, which block Brd4 from re-binding to acetylated proteins it has 

disengaged. This may be supported by studies of chromatin localization of JQ1 that found a 

greater localization of the drug to super-enhancer elements, suggesting that Brd4 proteins at 

these elements is more accessible to the drug, perhaps through a great on/off rate (Anders et al., 

2014). 

 

The half-life of super-enhancer-associated gene transcripts may also be inherently shorter. 

Transcript measurements such as RNA-seq and RT-qPCR assess the steady-state pool of RNA 

in a cell at a given time point after perturbation. Even if all transcription were affected equally by 

JQ1, shorter half-life transcripts would appear to be more severely affected by these types of 

assays. Measurements of nascent transcription, such as GRO-seq or similar methods, could help 

address whether super-enhancer-associated genes are indeed preferentially affected by BET 

inhibition. Measurement of typical- and super-enhancer-associated transcript half-lives, such as 

with actinomycin treatment, could also shed light on this aspect of super-enhancers. It should be 

noted, however, that an inherent instability of, for example, the Myc mRNA, would not explain 

why Myc transcription is selectively sensitive to JQ1 treatment in AML but not MEF cells, for 
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example. Nevertheless, a recent study found that translation of some transcripts, including a 

familiar list of Myc, Myb, Cdk6, and a number of ETS TFs, is preferentially affected in T-ALL 

by a natural drug product—silvestrol, which is believed to inhibit eIF4a—because of the presence 

of G-quadruplexes in the 5’-UTRs of their mRNAs that render them dependent on this 

particular RNA helicase for their efficient translation (Wolfe et al., 2014). Thus, precedent exists 

for context-dependent alterations in biophysical properties of nucleotides. 

 

Teleological explanations for these hypothetical properties of super-enhancers and their 

associated genes’ transcripts could center on the finding that super-enhancers are often cell type-

specific and disease relevant (Hnisz et al., 2013). These types of genes, in contrast to 

housekeeping genes, may be under much tighter regulation and may thus be more sensitive to 

external stimuli.  

 

An alternative hypothesis regarding the hypersensitivity of Brd4 to JQ1 at super-enhancers arises 

from the observation that many different TFs can be found at these elements (Hnisz et al., 2013; 

Roe et al., 2015). This accumulation of a diverse complement of TFs occupying one element 

could result in a large number of low-affinity interactions for Brd4. With many opposing TFs 

vying for Brd4’s attention, their interactions may be more transient in nature and this could be 

reflected in a greater impact of JQ1 on these elements. Additionally, the fact that so many 

different proteins occupy the same regions, as determined by ChIP studies, may indeed be a 

reflection of a dynamic type of locus with a high rate of exchange of factors, since not all proteins 

can occupy the same DNA sequences at a single time. 
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A more trivial explanation for the super-enhancer bias could be the “further to fall” idea. Super-

enhancers are simply defined as the most heavily occupied regions of the genome. Thus, any 

perceived increase in sensitivity may simply be due to a greater ease of detecting changes in 

occupancy at this larger scale. 

 

While we do find super-enhancer associated genes to be transcriptionally suppressed slightly 

more than the average gene in response to JQ1 treatment in AML cells, we also observed that 

many super-enhancer associated genes, including Hoxa9, are wholly unaffected by BET 

inhibition (Eaton et al., 2015; Zuber et al., 2011c). Thus the super-enhancer concept, though 

compelling, leaves much to be explained about how BET inhibition works. 

 

6.1.1 – JQ1 evicts Mediator from a subset of cis elements in AML 

In our studies in Chapter II, we found that JQ1 rapidly evicts Mediator complexes at only at a 

small number of genomic elements in AML cells. When overlapped with Med1-defined super-

enhancers, over a third of these JQ1-sensitive Mediator elements are not super-enhancers, and 

less than half of super-enhancers experience a severe loss of Mediator in response to JQ1 

treatment. Importantly, JQ1-sensitive Mediator elements are associated with genes that are 

suppressed to a significantly greater degree than simply super-enhancer-associated genes. 

Moreover, those super-enhancers at which Mediator is lost following JQ1 treatment appear to be 

the only super-enhancers associated with JQ1-suppressed transcripts. Put another way, loss of 

Mediator occupancy in the genome appears to be a defining feature of JQ1-mediated 

transcriptional suppression in AML. 
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Mediator has frequently been described as a molecular bridge that is recruited to chromatin by 

direct interaction with TFs and that then aids in assembly of the pre-initiation complex (Allen 

and Taatjes, 2015; Malik and Roeder, 2010; Poss et al., 2013). Its discovery was prompted by the 

observation that exogenous expression of a TF could siphon Mediator complexes away from 

other TFs, suggesting that TFs are an attractive force for Mediator (Gill and Ptashne, 1988). 

Thus, our results are surprising because it appears that at a subset of elements in the AML 

genome, BET-inhibitor-induced loss of Brd4 is sufficient to displace Mediator. At this subset of 

elements, we have previously shown that TF occupancy is unperturbed by JQ1 treatment, 

suggesting the observed loss of Mediator occupancy is not an indirect consequence of a JQ1 

effect on TF occupancy. This implies that Brd4 can support or replace the function of TFs to 

recruit Mediator. Importantly, the vast majority of Mediator occupancy seems to be stable in the 

face of BET inhibition, suggesting that the existing paradigm of TF recruitment of Mediator is 

not irrelevant in the AML context. Nevertheless, the subset of loci at which JQ1 treatment leads 

to Mediator displacement, and therefore the subset at which Mediator depends on Brd4 for 

chromatin occupancy, is related to genes with known importance in leukemia disease 

pathogenesis. 

 

This finding raised the possibility that Mediator undergoes alternative, Brd4-dependent 

recruitment to some locations in the genome. To better understand the properties of the 

elements at which this happens, we analyzed the JQ1-sensitive Med1 regions for the TFs that 

occupy them. By utilizing TF DNA-sequence motif searching, we found that JQ1-sensitive 

Med1 sites harbor a greater density of motifs recognized by C/EBP and Myb TFs. This also 

corresponded with a greater occupancy of these TFs in AML cells by ChIP-sequencing. 
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Notably, we previously identified a direct interaction between C/EBP, Myb and Brd4 (Roe et 

al., 2015), raising the possibility that in certain contexts, this direct TF-Brd4 interaction 

intercepts any potential affinity between the TF and Mediator and leads to Brd4-dependent 

recruitment of the complex. Because this Brd4-dependent recruitment of Mediator also does not 

occur at all TF sites in the genome, biochemical validation of this TF preference for Brd4 

binding could be used to shed light onto the nature of this interaction. For example, an in vitro 

competition assay may reveal that acetylated Myb or C/EBP TFs have a higher affinity for Brd4 

than for Mediator. In this case, the coactivators at these sites, particularly the activity of lysine 

acetyltransferases, could have a profound impact on the occupancy of Mediator. Given that 

higher levels of Myb and C/EBPα and β were found at JQ1-sensitive Mediator sites, a simple 

explanation of the JQ1-eviction result may be that basal levels of TFs still directly recruit 

Mediator, but excess levels of these TFs instead attract Brd4, which is then somehow required to 

stabilize Mediator occupancy. 

 

Notably, our genomewide analysis of Brd4 occupancy after Med12 or Med23 knockdown also 

highlighted the same regions as preferentially sensitive to Mediator perturbation. This suggests 

that an inherent property of these elements, such as a higher degree of lability, results in their 

sensitivity to various perturbations. Whatever the reason, it is clear that both Brd4 and Mediator 

closely regulate this shared set of cis elements and their associated genes. 
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6.2.2 – The function of select Mediator subunits is required in AML 

Our analysis of Mediator occupancy and the transcriptional response to JQ1 suggested that 

Mediator might be required for the maintenance of the AML state in a manner analogous to 

Brd4. Since we determined that Brd4 is required for Mediator occupancy at key elements in the 

AML genome, that loss of Mediator from these elements led to loss of transcription at the 

associated genes, and that knockdown of Med12 and Med23 preferentially evicted Brd4 from 

these elements, we reasoned that directly perturbing Mediator would result in similar phenotypic 

consequences as JQ1 inhibition of Brd4 in AML.  

 

To this end, we designed an shRNA library targeting each of the 33 subunits of Mediator. This 

study identified a number of Mediator subunits that are required for the proliferation of AML 

cells. Crucially, shRNAs targeting four of these subunits—Med12, Med13, Med23, and 

Med24—did not affect the proliferation of untransformed iMEFs despite equivalent knockdown 

in AML and MEF cells. This result supported a selective requirement of these subunits in AML 

maintenance. Our MEF counter-screen also suggested a general role for some Mediator 

subunits, such as Med8, Med28, and Med30, in supporting cell proliferation.  

 

An important consequence of BET inhibition in AML cells is the release of a differentiation 

blockade and subsequent myeloid maturation of AML blasts (Zuber et al., 2011c). Supporting 

an overlapping function of Brd4 and Mediator, we found that knockdown of Mediator subunits, 

similarly induced myeloid differentiation of RN2 cells. In contrast, some subunits, such as Med8 

and Med26, did not result in similar differentiation of AML cells. Interestingly, Med26 has been 

described to preferentially occur in Mediator complexes that lack a kinase module, raising the 
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possibility that kinase module-containing Mediator complexes functionally overlap with Brd4 

while kinase-independent Mediator does not (Malik and Roeder, 2010). Finally, we also found 

via RNA-seq analysis that the phenotypic overlap of Brd4 and Med12 or Med23 knockdown 

occurs as a result of perturbation of the same genes. This suggests that these coactivator proteins 

are responsible for maintaining the same leukemogenic transcription programs in AML. 

 

The three head subunits we identified as general requirements for cell proliferation subunits have 

not before been described to have general roles in transcription. Med8 has previously been found 

to bind the Rpb4 subunit of Pol II and the TATA Binding Protein of TFIID (Lariviere et al., 

2006; Sharma et al., 2006). Interestingly, Med28 and Med30 are metazoan-specific subunits. 

Thus, while our screen did not highlight some Mediator subunits that had been previously 

described as essential, such as Med17 (Holstege et al., 1998), it raises the possibility that the 

function of such subunits has been replaced from yeast to mammals. Med28 was initially 

discovered as Magicin, a cytoskeletal-associated protein that interacts with Merlin and Grb2, 

although it is now a well-appreciated member of the Mediator complex (Wiederhold et al., 

2004). Interestingly, Med28 knockdown was found to result in a loss of Med8 expression in 

NIH3T3 cells (Beyer et al., 2007). It was also found to associate preferentially with kinase-

module-containing Mediator complexes (Paoletti et al., 2006). Our RNA-seq analysis indicated 

that knockdown of Med28 resulted in gene expression changes that overlapped with Brd4 and 

Med12/Med23 in RN2 cells, and unlike the other head subunits we identified as essential in 

RN2 cells, Med28 knockdown induced myeloid differentiation of this cell type. It would 

therefore be interesting to determine whether this is a result of an increased association with 

Brd4-interacting Mediator complexes. Interestingly, Med28 knockdown also led to smooth-
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muscle differentiation in NIH3T3 cells and Med28 deletion leads to embryonic lethality that 

results in part from a reduced pluripotency (Beyer et al., 2007; Li et al., 2015). This raises the 

possibility that Med28 plays a more general role in maintaining undifferentiated states, a model 

supported by studies that identified an enhanced capacity for reprogramming in MEF cells 

overexpressing Med28 (Li et al., 2015). Further, it is important to understand whether our 

observed effects of Med28 knockdown in iMEFs are due to loss of nuclear or cytoskeletal 

Med28. To determine this, Med28 knockdown could be rescued with a Med28 transgene that is 

modified to contain a nuclear localization or a nuclear export signal. If the nuclear export signal-

Med28 rescues knockdown of Med28 in MEF cells, it would suggest that cytoskeletal Med28, 

and not Mediator complex-associated Med28, is essential for iMEF proliferation. 

 

6.2 – Artificial localization of Mediator to study Mediator function in live cells 
 

We next attempted to validate the role of Mediator as a partner of Brd4 in AML. We 

hypothesized that forcing Mediator complex localization to a site where it is normally released 

after JQ1 treatment would subvert the suppressive effects of JQ1 on the transcription of 

associated genes. We attempted to tether Mediator complexes the genome using dCas9, but 

were unsuccessful in forming intact complexes on chromatin. While our efforts did not result in 

the tethering of Mediator complexes to discrete loci in the genome, this remains a worthwhile 

pursuit. As discussed in Chapter III, there are a number of strategies that could be attempted in 

order to achieve Mediator tethering in vivo. For example, changing the length of the linker that 

connects dCas9 and the Mediator subunit could result in a greater degree of freedom for the 

“bait” subunit to assume the necessary conformation to recruit Mediator complexes. A different 
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chromatin context than the nucleosome-, TF-, and coactivator-free region that we chose as the 

landing pad may also improve the chances of complex formation. Additionally, an alternate 

“anchor” to dCas9, such as a TF DBD, may better recapitulate necessary features to tether 

Mediator on chromatin. This last option is most compelling because it also would provide the 

opportunity to simultaneously rescue many genes from the transcriptional effects of JQ1. These 

efforts would help establish the role of Mediator as an effector of Brd4 in AML. 

 

However even beyond this system’s ability to define Mediator’s role in Brd4 target gene 

transcription, Mediator tethering has a lot of utility in a number of other systems. Despite its 

discovery necessitating heroic feats of biochemistry, Mediator is most often studied in the in 

vitro system (Conaway et al., 2005; Malik and Roeder, 2010). Even recently, a Mediator 

complex was reconstituted from purified proteins to define the minimal composition of Mediator 

in a test tube, and this was used to suggest that Med14 is an absolutely essential scaffold subunit 

for any Mediator activity in solutions (Cevher et al., 2014). Yet much of what we know about 

Mediator underscores the highly context-dependent nature of this complex’s function in actual 

cells, including its subunit composition, structure, and positive or negative effects on 

transcription (Poss et al., 2013). Thus, studying Mediator biology on chromatin templates in 

solutions may limit our ability to truly understand its contributions to transcription. The ability 

to direct formation of Mediator complexes could provide powerful insights into Mediator 

biology in vivo. For example, tethering Mediator with various tagged TF DBDs could shed light 

onto the long-standing question of whether each Mediator complex necessarily contains the full 

complement of non-kinase-module subunits. Furthermore, while Mediator has been 

demonstrated to assist in PIC formation, this is difficult to uncouple from the contribution of 
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the recruiting TF and the TFs other interacting partners, including acetyltransferases and 

chromatin remodelers. Indeed, some studies find that Mediator requires chromatin remodelers 

to be recruited to chromatin, while others find the inverse relationship (Bhoite et al., 2001; 

Lemieux and Gaudreau, 2004). By tethering Mediator to an “off” gene in a cell, we could begin 

to understand the actual contribution of Mediator alone to PIC formation, or the proper 

coactivator- and chromatin-context required for this fundamental function of the Mediator 

complex.  

 

Using tethering, we can also attempt to understand the actual role of Mediator in enhancer-

promoter looping. While knockdown of Mediator subunits was shown to abrogate such loops in 

ES cells, this effect was observed after a number of days, long after transcription of associated 

genes was lost (Kagey et al., 2010). Thus, it was unclear whether the looping effect was direct or 

an indirect consequence of transcriptional shutdown. Notably, short-term treatment of JQ1 only 

modestly perturbs looping at the Myc locus despite dramatic loss of Mediator from Myc 

enhancer and promoter elements (Shi et al., 2013). This raises the possibility that Mediator is 

involved in formation but not maintenance of loops, if it is involved in looping at all. By 

tethering Mediator to enhancer and promoter elements in cells, we can observe the contribution 

of Mediator to relevant enhancer-promoter loops in an inducible manner.  

 

Furthermore, in combination with knockdown of select subunits, we may be able to use 

Mediator tethering to define precise contributions of these individual subunits to the various 

described Mediator functions. For example, we know that certain TFs recruit Mediator through 

interactions with preferred subunits. However once Mediator is recruited, it is unclear whether 
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the partner subunit plays any further role beyond its requirement for the recruitment event itself. 

By tethering Mediator in, for example, Med23 knockdown conditions, we may be able to 

understand whether Elk1 uses Med23 for steps subsequent to Mediator recruitment. We may 

also begin to understand, in a similar manner, how the various observed shapes of Mediator 

affect its functional output. By tethering Mediator in different conformations at a gene (perhaps 

via different anchors), we may observe different transcriptional outputs that shed light on the 

impact of structure on function in this amorphous complex. 

 

Mediator tethering could also be used to dissect enhancer and promoter properties. Tethering 

Mediator in between two genes could result in the establishment of an active enhancer-like 

element that, given Mediator’s purported role in enhancer-promoter contacts, could attempt to 

loop to one of the two neighboring genes. This choice of which gene is chosen for the loop with 

a de novo Mediator enhancer could be studied to understand this process. 

 

Finally, tethered Mediator complexes could add to our understanding of the properties of 

eRNAs. These noncoding, enhancer-derived transcripts have been reported to be essential for 

the recruitment of Mediator complexes to some enhancer elements, and knockdown of select 

eRNAs resulted in loss of Mediator at its associated enhancer and loss of looping between that 

enhancer and its chosen promoter (Lai et al., 2013). However, consistent with its crucial role in 

Pol II-dependent transcription, Mediator was also shown in the same study to be essential for 

the production of eRNAs (Lai et al., 2013). By tethering Mediator to an enhancer element, we 

can determine whether Mediator is indeed required for the production of eRNAs. Furthermore, 

by knocking down the eRNA transcript, we can determine whether the eRNAs are functional for 
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anything beyond Mediator recruitment and attempt to understand the roles of eRNAs and 

Mediator in loop formation and maintenance. Deleting a TSS or TATA box at an enhancer, and 

thus deleting the eRNA, but tethering Mediator to this enhancer could also parse out the 

recruitment of Mediator from the production of the eRNA and from the rest of eRNA and 

Mediator functions at enhancers. 

 

 

6.3 - Identifying crucial domains of Mediator in AML 
 

Given the described roles of Mediator in transcription regulation and our results that suggest a 

hypersensitivity of AML cells to Mediator perturbation, we attempted to understand what gives 

rise to the differential sensitivity to some subunits between untransformed cells and AML cells 

and whether this could be exploited for therapeutic purposes. In Chapter V, we identified a small 

region of Med12 whose overexpression appears to be selectively toxic to AML cells relative to 

iMEFs. This region, termed PQLT, comprises the first 100 amino acids of the PQL domain, 

the region of Med12 that has been demonstrated to interface with transcription coactivators, 

corepressors, and TFs (Ding et al., 2008; Kim et al., 2006; Zhou et al., 2012).  Notably, the 

overexpression of the Med12 fragment has a much faster phenotype than knockdown of Med12, 

possibly because there is no lag before protein turnover can occur after knockdown. This raises 

the intriguing possibility of leveraging this fragment of Med12 as a novel peptide therapeutic. 

One possible way to convert this genetic tool into a therapy is to use an 11-R methodology, 

adapted from the HIV TAT protein, to create a cell-permeable peptide (Matsui et al., 2003). 

Similar techniques have been used to create a peptide inhibitor of SALL4 TF function in AML 
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and hepatocellular carcinomas (Gao et al., 2013; Yong et al., 2013). The peptide fragment 

screening method developed here could also be widely applied to other intrinsically disordered 

proteins.  

 

Using a first-pass set of fragments, we were able to define key regions of both Med12 and 

Med24. While similar analysis of Med13 and Med23 did not reveal dominant negative 

fragments, proper delineation of fragment boundaries could improve this success rate. Moreover, 

further application of this methodology could help to define heuristics that would aid in 

fragment boundary choice. Furthermore, this approach could be complemented with site-specific 

genetic disruption by CRISPR/Cas9 to insure that the effects observed with fragment 

overexpression are not simply due to unintended toxic consequences, such as unfolded protein 

responses. Similarly, initial CRISPR scanning of targets of interest could identify hotspot regions 

that do not tolerate small insertions and deletions. Fragment design, which has the advantage 

over CRISPR of generating potentially therapeutic peptides, could then focus on the area 

encompassing these identified regions rather than spanning whole genes at low coverage. 

 

A key basic question that arises from this work is how the interaction between Mediator and 

Brd4 occurs in AML. We have identified numerous Mediator subunits that appear to regulate 

similar pathways as Brd4 in AML, thus nominating potential candidate subunits as Brd4 

interaction partners. Given the amorphous and dynamic nature of Mediator’s structure and 

composition, it is possible that in AML a number of different subunits can interact with Brd4 

either separately or in concert. Previous studies have identified interactions of Brd4 with Med12 

(Dawson et al., 2011; Jang et al., 2005) and demonstrated a key role for Med23 in mediating this 
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interaction (Wang et al., 2013). Our transcriptomic data support critical Brd4-supporting 

functions of these subunits in AML, as shRNA perturbation of Med12 and Med23 regulated an 

identical set of genes as Brd4 in RN2 cells and both of these subunits were rapidly removed from 

chromatin following JQ1 treatment. A recent study supports an interaction between Brd4 and 

Med1, a subunit that did not score in our shRNA screen (Shu et al., 2016). This appears to be 

bromodomain-dependent, as JQ1 perturbs the interaction (Shu et al., 2016), although 

hyperphosphorylation of Brd4 changes the nature of the Med1 interaction to make it 

bromodomain-independent (Shu et al., 2016). 

 

Understanding the interaction between Brd4 and Mediator would allow us to understand the 

unexpected mode of Mediator recruitment to chromatin that we found in our study. Numerous 

IP-MS studies of Mediator and Brd4 have been conducted with variable results that may be due 

to a weak or dynamic interaction between Mediator and Brd4. Thus, a functional genetic 

approach may be useful to understand the nature of the Brd4-Mediator interaction. While the 

approach we developed to identify the PQL domain as an important fragment of Med12 could 

be useful here, in order to more rapidly identify key Brd4-interacting Mediator surfaces across 

the entire complex, a more high-throughput approach would be useful. To this end, CRISPR 

scanning of the Mediator complex could be employed. In this endeavor, guide RNAs that cover 

the coding sequence of all Mediator subunits could be introduced into RN2 cells that stably 

express Cas9. Guide RNAs that lead to erroneous editing of crucial regions of Mediator, thereby 

creating insertions, deletions, and mutations in these regions, would be negatively selected from 

the pool of guide RNAs. 
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Scanning Mediator subunits with a high density of guide RNAs should accomplish a number of 

things. As confirmation of proper assay function, subunits that scored in our shRNA screen 

should be confirmed by this alternative screening approach. More importantly, many aspects of 

Mediator biology may be highlighted by this approach. For example, essential Mediator 

interactions will be defined by this CRISPR scan, including the interaction with Brd4. In 

addition, hotspot regions on Mediator subunits may also represent regions that interact with 

TFs, with GTFs, or with other Mediator subunits. All of these possibilities warrant follow-up. 

Because of the vast number of potentially critical interactions that Mediator may participate in, 

this approach could be coupled with scanning of specific genes of interest, such as Brd4, the Myb 

TF, or any transcriptional machinery, to identify regions on these proteins that, when 

mutagenized, disrupt interactions with purified Mediator complexes. As stated in Chapter V, an 

important pursuit prompted by our studies is to understand the Mediator-interacting TFs that 

hijack the complex to drive leukemia. A CRISPR-created mutation in a Mediator subunit that 

disrupts interaction with a key leukemogenic TF, such as Myb, would provide valuable 

information not only regarding the identity of the Mediator subunit interaction partner, but also 

of the specific region on the Mediator subunit involved in that interaction.  

 

Further interesting information that could arise from CRISPR scanning of Mediator involves 

the subunits that interact with general transcription machinery, including GTFs. Earlier studies 

identified subunits such as Med17 and Med11 as participating in key interactions with Rbp3 and 

TFIIH, respectively (Esnault et al., 2008; Soutourina et al., 2011). However, neither Med17 nor 

Med11 scored in our screen, suggesting that either these subunits do not participate in these 

interactions in mammalian AML cells or that these interactions might not be critical for 
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transcriptional output in AML. Alternatively, as discussed earlier, shRNA knockdown of these 

subunits may have been insufficient to identify these subunits as essential for AML proliferation. 

CRISPR mutagenesis of these subunits may generate alleles that negatively select in AML cells 

to address this possibility, and may further highlight crucial regions of these subunits that 

mediate interaction with transcription machinery components. Alternatively, since the Mediator 

head subunits Med8, Med28, and Med30 scored in our screen, these subunits may participate in 

previously undescribed interactions with general transcription machinery, including RNA Pol II 

and GTFs. Scanning these subunits with CRISPR can highlight regions important for the 

interaction of these subunits with any transcriptional partners. 

 

This approach also has the potential to map the architecture of the AML Mediator complex. 

Some of the negatively selected guides will mutagenize regions of Mediator subunits that are 

involved in intra-complex interactions. For example, a region of Med12 that is responsible for 

connecting it to Med13 and the rest of the core Mediator complex would likely be essential for 

the function of Med12 in AML. Because Mediator assumes highly dynamic and context-

dependent conformations, these intra-Mediator interactions could prove distinct between cell 

types or even between loci in the AML genome. For example, Med13 at the Myc enhancers may 

be connected to core Mediator via one region of the protein, while at the GAPDH promoter, 

because Mediator may assume a different conformation, Med13 may be connected to core 

Mediator via a different region. In an untransformed cell type, recruitment of Mediator to the 

Myc locus may similarly result in a different conformation of Mediator. Thus, disruption of 

CRISPR-highlighted regions of Mediator subunits might result in functional consequences only 

under select, AML conditions. This would ultimately leverage the highly dynamic nature of the 
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Mediator complex into a compelling means by which oncogenic transcription can be specifically 

disrupted while normal transcription is spared. 

 

6.4 - Perspectives and Implications 
 

Taken together, the results presented here highlight the essentiality of the Mediator complex in 

AML. In this disease, we have identified Mediator’s place in the Brd4 pathway, where it serves 

as a coactivator in the leukemogenic transcription network maintained by this BET protein. This 

is in contrast to the only other defined role of Mediator. The Mediator kinases Cdk8 and Cdk19 

have been shown to restrain expression of super-enhancer associated genes, essentially working in 

opposition to Brd4. Interestingly, other subunits of the kinase module, despite being absolutely 

required for functional Cdk8/Cdk19 kinase activity, do not harbor this repressive function. 

Instead, Med12, of the kinase module, as well as the tail module subunit Med23, positively 

regulate the Brd4 gene network and their inhibition leads to identical phenotypic consequences, 

as does Brd4 inhibition. The identification of Mediator subunits that are required in AML cells 

but not in MEF cells, a pattern that recapitulates the Brd4 phenotype, raises the possibility that 

Mediator can be an important therapeutic target in AML.  

 

Importantly, targeting Mediator would, based on our results, target the same pathway as the 

BET inhibitors that are currently being evaluated in clinic. Thus far, approximately 25% of 

patients have demonstrated responses to BET inhibition (Dombret et al., 2014). While this is an 

extremely encouraging result at such an early stage in the clinical development of BET 

inhibitors, it does raise the possibility that patients will not experience universal therapeutic 
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benefit from this class of molecules. We demonstrated Mediator displacement to be a faithful 

predictor of transcriptional response to JQ1 in AML cells. Thus, one possibility is that Mediator 

displacement, or lack thereof, could be a useful biomarker of clinical response to BET inhibition. 

Alternative modes of Mediator recruitment, such as classical, direct binding of TFs to Mediator, 

could also result in resistance to this class of therapeutic by uncoupling Mediator chromatin 

localization from BET proteins. A recent report suggests that resistance to BET inhibitors in 

triple-negative breast cancer can result from hyperphosphorylation of Brd4 that leads to its 

increased association with Med1 (Shu et al., 2016). In these resistant cells, Brd4 is no longer 

evicted from chromatin following JQ1 treatment, and it was suggested that the stronger 

interaction with Med1 stabilizes Brd4 on chromatin (Shu et al., 2016). While our data would 

support a different route of Mediator-Brd4 co-localization on chromatin, this result is 

nonetheless intriguing as it highlights the importance of this coactivator crosstalk. It will be 

interesting to determine whether this mechanism can be recapitulated in leukemias or whether 

Mediator’s dependence on Brd4 for its localization to certain chromatin loci in leukemia 

precludes this Mediator-dependent route of BET inhibitor resistance. Intriguingly, a report of 

BET inhibitor-resistant AML cells identified a recurrent point mutation in Med15 (Fong et al., 

2015). While the impact of this mutation on resistance and on Mediator-Brd4 interaction is 

unknown, it is conceivable that it results in a gain-of-function interaction between Mediator and 

a new TF or in a gain of affinity for an existing Mediator interaction with a TF or with Brd4. 

Another study found that gain of β-catenin function resulted in resistance to BET inhibition in 

AML cells (Rathert et al., 2015). Since Med12 is known to directly interact with β-catenin 

through its PQL domain, it would be interesting to determine whether this direct TF-Mediator 

153



interaction confers on-chromatin stability to Mediator and thus contributes to BET inhibitor 

resistance in these cells (Kim et al., 2006). 

 

While resistance to BET inhibition has not yet emerged clinically, another possible means of 

generating BET inhibitor resistance could be gatekeeper mutations in the bromodomains of 

Brd4 that preserve acetyl-lysine binding capacity but have reduced or eliminated affinity for 

pocket-binding chemical probes. In this hypothetical case, our data nominate Mediator as a 

useful alternative target to therapeutically disrupt the same transcriptional pathway. While it has 

been reported that targeting Mediator kinases in AML leads to opposing, activating effects on 

Brd4 transcriptional target genes, we have identified subunits in Mediator that are instead 

required for support of the Brd4-driven AML transcription network. Developing ways to target 

these subunits could thus prove useful in patients that develop resistance to BET inhibitors in 

the clinic. 
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Chapter VII - Methods 
Cell culture 

RN2 cells were derived as previously described (hematopoietic stem and progenitor cells were 

isolated from C57BL/6 fetal livers (embryonic days 13.5-15) and retrovirally transduced with 

MLL-AF9-rtTA3 and NRASG12D-firefly luciferase transgenes (Zuber et al., 2011a)). RN2 cells 

were cultured in RPMI-1640 with 10% FBS and Penicillin/streptomycin at 7.5% CO2. iMEF 

cells, Plat-E cells, and 293T cells were cultured in DMEM with 10% FBS and 

penicillin/streptomycin at 5% CO2. Transfections were carried out using Calcium phosphate or 

PEI transfection methods. 

 

shRNA screen 

LMN-shRNA vectors were individually packaged in retroviruses using the Plat E cell line and 

calcium phosphate transfection methods. Media was changed 6 hours after transfection and virus 

was collected 24 hours and 32 hours post-transfection. A murine MLL-AF9/NrasG12D cell line 

was infected with these viruses in a one-by-one manner with the addition of polybrene. GFP 

percentage, corresponding to the percent of cells that were infected with an shRNA, was tracked 

using a Guava Easycyte (Millipore). The loss of GFP over time corresponds to the loss of the 

shRNA from the population (in favor of uninfected cells), and thus is a suitable measure of the 
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toxicity of an shRNA. Results were normalized to day 2 post-infection, the first time point 

recorded for this study. The sequences of all Mediator shRNAs used in this study can be found 

at the end of this chapter. 

 

RT-qPCR 

Total RNA was extracted from cells using TRIzol (Invitrogen) according to the manufacturer’s 

instructions. Isolated RNA was treated with DNase I to eliminate contaminating genomic 

DNA. qScript reverse transcriptase mix was used to synthesize cDNA according to the 

manufacturer’s protocol. The resulting 20µL of cDNA was diluted 1:10 in water. Results were 

quantified by qPCR performed using SYBR green on an ABI 7900HT Fast Real-Time PCR 

machine, and normalized to Gapdh within each sample and to shRen across all samples. 

 

Antibodies for ChIP 

Brd4: Bethyl A301-985 (2µg/IP) 

Med1: Bethyl A300-793A (2µg/IP) 

Med12: Bethyl A300-774 (5µg/IP) 

Med23: Bethyl A300-423A (5µg/IP) 

Cdk9: SC-484(1.6µg/IP) 

Pol2: Ab5408 (2µg/IP) 

Flag-M2: Sigma F1804 (5µg/IP) 

 

ChIP-qPCR 
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5-20 million RN2 cells were crosslinked in 1% formaldehyde for 20 minutes and quenched for 

10 minutes in 0.125M Glycine. Nuclear lysates were sonicated in 5-20-million cell batches using 

a BioRuptor water bath sonicator for 10 minutes (30 seconds on, 30 seconds off). Sonicated 

chromatin was pre-cleared using rabbit IgG and agarose beads followed by addition of the 

antibody and beads (Brd4 and Med1) or was directly incubated with the relevant antibody for 

two hours followed by addition of magnetic beads (Med12, Med23, Cdk9, Pol2S2, Flag, and 

Brd4 in shMed12 and shMed23 conditions) and overnight rotation at 4°C. After extensive 

washing, crosslinks were reversed overnight at 65°C. DNA was treated with RNAse and 

proteinase K, purified using the QIAGEN PCR purification kit, and analyzed using an ABI 

7900HT Fast Real-Time PCR machine and SYBR green. Input samples were diluted for a 

standard curve and ChIP results were normalized to these standards. 

 

ChIP-Seq 

120 million RN2 cells were crosslinked in 1% formaldhyde for 20 minutes and quenched for 10 

minutes in 0.125M Glycine. Nuclear lysates were sonicated in 20-million cell batches using a 

BioRuptor water bath sonicator. Sonicated chromatin was pre-cleared using rabbit IgG and 

agarose beads (for Brd4 and Med1 ChIP-seq in DMSO or JQ1 conditions) or was directly 

incubated with the relevant antibody for two hours followed by addition of magnetic beads (for 

Brd4 ChIP-seq in shMed12 and shMed23 conditions, for Med12, and for Med23. IP with the 

relevant antibodies was done overnight at 4°C with rotation. After extensive washing as 

previously described (Steger et al., 2008), crosslinks were reversed overnight at 65°C. DNA was 

treated with RNAse and proteinase K and purified using the QIAGEN PCR purification kit. 

1µL of ChIP samples were diluted 1:20 to test ChIP success by qPCR. For detailed procedure of 
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library construction, see the end of this section. Briefly, libraries were then constructed using the 

TruSeq ChIP Sample Prep kit from lllumina. Libraries underwent a final amplification step of 

15 PCR cycles and were analyzed using a Bioanalyzer with a High Sensitivity chip (Agilent). 

Libraries were single-end sequenced on a HiSeq2000 with reads of 50bp. 

 

ChIP-seq analysis 

1. Analysis of previously published data: 

a. 5,135 high confidence Brd4 peaks were previously defined (Roe et al., 2015) 

based on overlapping multiple Brd4 ChIP-sequencing data sets and selection of 

MACS-called peaks with a false discovery rate below 1 and a fold enrichment 

over input of greater than 10.#

b. For density plots, these 5,135 high confidence Brd4 peaks were used. 

i. To construct these density plots, sequencing reads from each ChIP-seq 

dataset used were binned into 500 20bp bins around the MACS-defined 

summit of the 5,135 high confidence Brd4 peaks. These peaks were 

ranked in descending order of Brd4 sequencing reads. The resulting 

matrices were converted into a heat map using Java TreeView 1.1.6r4. 

c. The following RN2 ChIP-seq datasets from (Roe et al., 2015) were used: 

i. C/EBPα, C/EBPβ, Myb, Erg, Fli1, Pu.1, Brd4 (untreated). 

2. Analysis of new ChIP-seq datasets 
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a. For all new ChIP-seq datasets, 50bp sequence reads were mapped to the mm9 

reference murine genome using the BOWTIE algorithm. To call peaks, the 

MACS algorithm, version 1.4.2, was used.  

b. To define a set of high confidence Med1 peaks in the AML genome, the MACS 

output for each of the three Med1 ChIP-seq replicates generated for these studies 

(untreated, and two DMSO-treated replicates) was intersected as follows: 

i. MACS-called peaks were filtered to retain only those peaks with an FDR 

value of less than or equal to one and a fold-enrichment over input of at 

least 10. 

ii. The intervals of each data set were intersected sequentially (intersection 

was defined as a minimum overlap of 1bp) to retain only those peaks that 

appeared in all three Med1 ChIP-seq data sets. 

iii. The result of this was a set of 10,604 high confidence Med1 peaks. 

Overlapping these peak boundaries with the areas within 2kb from a 

RefSeq-defined transcription start site in the mm9 genome resulted in 

6328 Med1 peaks being assigned to putative promoter elements. The 

remaining 4276, TSS-distal Med1 peaks were considered putative 

enhancer elements. 

3. Identification of Med1 super-enhancers 

a. As described before (Loven et al., 2013), the ROSE algorithm was used to 

stitch together any of the 10,604 Med1 peaks that occurred within 12.5kb 

of each other. The recommended TSS-exclusion zone of ±2.5kb was used. 
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From the resulting 4,056 stitched regions, 178 super enhancers were called 

by ROSE. 

4. Defining JQ1-sensitivity at Med1 peaks 

a. For all subsequent analyses, including calculations of fold change in Med1 

occupancy after JQ1 treatment, BOWTIE-mapped *.bam files were filtered to 

remove redundant reads. This helps to reduce PCR bias that is gained during the 

ChIP-seq library generation steps. 

b. To calculate the fold change of Mediator and Brd4 following JQ1 treatment, 

ChIP-seq reads that mapped to high confidence Med1 intervals (a minimum 

overlap of 1bp was required for a read to be considered as mapping to a MACS 

peak) were counted in both replicates of DMSO and JQ1 datasets as well as for 

Brd4 DMSO- and JQ1-treated datasets used here. Normalization to the total 

number of unique mapped reads between paired DMSO and JQ1 datasets was 

applied. A fold change of Med1 at each peak was then calculated by dividing the 

number of each reads in the JQ1 sample by the number of reads at each peak in 

the corresponding DMSO sample. The fold change at each peak across both 

replicates of the Med1 DMSO and JQ1 ChIP-seq experiment was averaged, and 

this average fold change of Med1 was used to plot the fold changes and to identify 

the 200 most JQ1-sensitive Med1 regions in RN2 cells. 

c. To calculate the fold change at super-enhancers, the same methodology was used, 

but the stitched intervals supplied by ROSE were used instead of the 10,604 high 

confidence Med1 peaks. 
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d. Subsequently, the ROSE-stitched intervals were intersected with the 200 most 

sensitive Med1 unstitched peaks (minimum overlap of 1bp was required). This 

resulted in 75 super-enhancers being defined as “sensitive” and 103 super-

enhancers defined as “insensitive” to JQ1. 

5. Associating Med1 peaks with genes 

a. The GREAT algorithm (McLean et al., 2010) defines “gene neighborhoods” in 

several ways. The default method of gene neighborhood definition is -1kb from a 

gene body to +5kb from the end of a gene body, plus an extension of up to 1Mb 

until the next gene neighborhood. Peaks falling within these gene neighborhoods 

are then attributed to these genes. The default GREAT definition of gene 

neighborhoods was used for the results presented here. Using the alternative gene 

neighborhood definition (e.g., using the two nearest genes to a peak) produced 

similar results. We supplied GREAT with the 10,604 Med1 regions as well as 

with the 178 stitched super-enhancer regions for further gene assignments. 

b. To improve accuracy of gene assignment, the genes assigned to the 200-sensitive 

Med1 peaks and to the 178 super enhancers were manually corrected in the 

following ways when possible: 

i. If a peak occurred in the intron of an expressed gene (FPKM > 5) and 

GREAT did not assign it to that gene, this expressed gene was used 

instead. 

ii. If GREAT assigned a peak to a gene that is not expressed in RN2 cells 

(FPKM < 5), the following corrections were attempted: 
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1. If GREAT also assigned a second possible gene to a peak, and if 

this second gene is expressed in RN2 cells, this gene was used. 

2. If GREAT did not assign a second gene, or if the second gene was 

also not expressed, the expressed genes in the immediate vicinity 

(i.e. the closest gene in either direction) was used. 

3. The Myc enhancers we have previously characterized as looping to 

the Myc gene in RN2 cells (Shi et al., 2013), were assigned to Myc 

instead of the nearby (unexpressed) Gsdmc. 

4. If none of the above criteria could be met, the peak was left 

unassigned to a gene. 

c. Genes assigned to 200 JQ1-sensitive Med1 peaks and to super-enhancers can be 

found in Table S3. 

6. Calculating the fold change in gene expression of Med1 peak-associated genes. 

a. Calculating the fold change in gene expression as was done using the RN2 

DMSO vs RN2 6h JQ1 RNA-seq from Roe et al, 2015. “All expressed genes” 

refers to all genes with FPKM > 5 in this data set. “JQ1 Insensitive Med1 Peaks” 

refers to all genes assigned to the 10,404 Med1 peaks not included in the set of 

200 most JQ1-sensitive Med1 peaks. If a gene was associated with multiple peaks 

(e.g., Myc enhancers corresponding to Myc), only one instance of that gene was 

counted. 

 

RNA isolation for RNA-seq 
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Cells were lysed in 1mL TRIzol reagent and incubated for 3 minutes at room temperature. 

200µL chloroform was added and samples were shaken and incubated for 10 minutes at room 

temperature. After 15 minutes of centrifugation, supernatants were added to 500µL isopropanol. 

RNA was precipitated and immediately used for library construction. 

 

RNA-seq library construction 

For detailed procedure of library construction, see the end of this section. Briefly, the Illumina 

TruSeq sample prep kit v2 was used to make libraries for RNA-sequencing. From the RNA 

isolated as described above, 2µg of RNA was poly-A selected and enzymatically fragmented. 

cDNA was synthesized from this fragmented RNA using Super Script II master mix (Life 

Technologies). cDNA was then end-repaired and A-tailed, and finally adapters were ligated 

onto the cDNA. 

Libraries were single-end sequenced on a HiSeq2000 machine with 50bp reads. 

 

RNA-seq Data Analysis 

Reads were trimmed for quality purposes and mapped to the mm9 reference genome using the 

Tophat algorithm. Differentially expressed genes were identified using the Cuffdiff algorithm. 

Structural RNAs were masked for this purpose. Transcripts with an FPKM value of greater than 

5 were used for subsequent analyses. Average fold change of a transcript between two 

independent hairpins targeting Med12, two independent hairpins targeting Med23, or two 

replicates of a hairpin targeting Renilla luciferase were averaged. shMed12 and shMed23 values 

were then compared to shRen values to calculate the fold change in gene expression for these 

experiments. 
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Gene Set Enrichment Analysis 

Gene set enrichment analysis was performed using the preranked GSEA option for RNA-seq. 

To the library of 10,348, a number of additional gene sets were added, including those defined in 

RN2 cells based on Brd4 shRNA experiments, Myb shRNA experiments, and based on JQ1 

treatment.  

 

Flow Cytometry differentiation analysis 

RN2 cells transduced with doxycycline-inducible TRMPV-Neo shRNAs were treated with 0.1 

µg/mL doxycycline for 4 days to induce shRNA expression. Cells were inclubated in APC-cKit 

or APC–Mac1 antibodies (BioLegend) at a 1:200 dilution in FACS buffer for 1 hour at 4°C. 

Cells were washed three times in FACS buffer and analyzed on an LSRII. Analysis was done 

using FlowJo. 

 

May-Grünwald-Giemsa staining 

RN2 cells transduced with doxycycline-inducible TRMPV-Neo shRNAs were treated with 0.1 

µg/mL doxycycline for 4 days to induce shRNA expression. 500,000 cells/mL were resuspended 

in FACS buffer and spun onto glass slides using a Cytospin 2 Centrifuge at 500rpm for 5 min. 

Staining was done using May-Grünwald and Giemsa solutions (Sigma) according to 

manufacturer’s protocols. Images were acquired on a Zeiss Observer Microscope at 40x. 

 

CRISPR targeting of kinase domains 
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Guides were designed targeting the kinase domains of Cdk8 and Cdk19 and cloned into the 

LRG vector or LRCherry vector. They were introduced into RN2s expressing Cas9 and negative 

selection was carried out as previously described (Shi et al., 2015). GFP+/mCherry+ cells were 

measured on an LSRII.  

 

dCas9 fusion constructs 

dCas9 was obtained as a gift from the Blobel lab. From their MSCV-dCas9-mCherry plasmid, 

the 3x-Flag-NLS-dCas9 was PCR-amplified and isolated. The stop codon was removed and 

replaced with a linker sequence of Gly-Gly-Gly-Gly-Ser-Gly-Gly-Gly-Gly-Ser. This was 

cloned into the MSCV-Puromycin vector using the XhoI AND ClaI sites. Mediator subunits 

were PCR amplified from RN2 cell cDNA (using the longest isoform when applicable) and 

cloned into a ClaI-digested MSCV-dCas9-Puro vector using the InFusionHD kit (ClonTech). 

 

Annexin V staining 

RN2 cells were treated with doxycycline for 48-96 hours to induce expression of Med12 

fragments or with Senexin B at the indicated concentration. Cells were resuspended in Annexin 

V binding buffer (which contains 0.14M NaCl and Calcium, necessary for Annexin V binding) 

and incubated for 15 minutes at room temperature with DAPI and APC-Annexin V. Stained 

cells were analyzed on an LSR-II flow cytometer. 

 

Senexin use 

For cell culture experiments, Senexin compounds were received in solution in DMSO and were 

diluted to working concentrations. 
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For in vivo experiments, solid free-base Senexin B was first dissolved in 0.2M HCl (1mL per 

50mg Senexin). The mixture was heated at 55°C until fully dissolved, and then dried in a speed 

vac for 2 hours at 45°C. Dry compound was transferred to a 50 mL tube and dissolved in isotonic 

buffer (10mM Citrate pH 6.0, 150 mM NaCl). Concentration was checked on a nano-drop 

(OD ~1.10), filtered in a 0.2 µm syringe, and stored at -20°C. Solutions were heated at 55°C 

prior to injection. As a vehicle control, isotonic buffer (citrate buffer) was used. 

 

Animal studies 

The Cold Spring Harbor Animal Care and Use Committee approved all mouse experiments 

included in this work. To enrich for engraftment-competent leukemia cells, 1x106 RN2 cells 

were injected into the tail vein of sub-lethally irradiated mice. As the mice succumbed to disease 

(based on moribund appearance), they were sacrificed and their spleens were harvested by gently 

mashing between two glass slides, filtered through 100 µm cell strainers, and frozen. For drug 

trial leukemia transplantation, 5x104 of these cells were injected in the tail vein of sub-lethally 

irradiated recipient mice (5.5 Gy, 24 h before transplantation). Whole-body bioluminescent 

imaging was performed every other day using an IVIS100 system (Caliper LifeSciences). 

Leukemic mice were sacrificed at terminal disease stage, as determined by whole body signal in 

bioluminescent imaging and moribund appearance. 

 

Western Blotting 
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For whole-cell extracts, cells were lysed directly with 2x Laemmli Sample Buffer (BioRad) 

supplemented with β-mercaptoethanol. Extracts from ~50,000 cells were loaded into each lane 

of an SDS-PAGE gel, followed by transfer to nitrocellulose membrane for immunoblotting with 

the appropriate antibodies. For nuclear extracts, RN2 or iMEF cell pellets were washed in PBS, 

resuspended in Buffer A2 (10 mM Hepes-KOH pH 7.9, 1.5 mM MgCl2, 10 mM KCL) and 

incubated on ice for 30 min to allow cell lysis to occur. Nuclei were separated by centrifugation, 

resuspended in Buffer C2 (20 mM Hepes-KOH pH 7.9, 25 % glycerol, 420 mM NaCl, 1.5 mM 

MgCl2, 0.2 mM EDTA) and incubated on ice for 30 min, prior to spinning in a table-top 

centrifuge at 13,200 rpm, 4 °C for 10 min. 

 

Generation and use of TtNGP vector 

The TtIGP vector was modified as follows: IRES-GFP was digested out using XhoI and ClaI, 

followed by insertion of an NLS-GFP construct to create the TtGFP-empty vector. Mediator 

subunits were then PCR cloned from HeLa cDNA and inserted into a ClaI-digested TtGFP-

empty vector using the InFusionHD cloning kit. 

 

GST-PQLS expression and purification 

When e. coli culture OD600 was 0.6-0.8, it was induced with 0.2 mM IPTG (Roche) and 

returned to a 30°C incubator for 3 hours. Bacteria was then spun down at 7200 RCF at 4°C for 5 

minutes and resuspended in BC500 buffer (20 mM Tris-HCl, PH 8.0, 500 mM KCl, 0.5 mM 

EDTA, 1% NP-40, 20% glycerol, 1 mM DTT, 0.5 mM PMSF, 2 µl/ml Protease Inhibitor 

Cocktail (Sigma-Aldrich)) plus 2 mg/mL of lysozyme (Sigma-Aldrich). After incubation at 

room temperature for 5 minutes, 1% Triton-X 100 was added and cells were further lysed with 
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sonication (5 seconds on/off at 40% amplitude) for 2 minutes. Cells were spun down at 14,000 

RCF for 10 minutes and supernatant was incubated with GST-sepharose 4B beads (GE) 

overnight at 4°C. After four washes with BC500 and one wash with PBS (supplemented with 

20% glycerol, 1% NP-40 and 0.5 mM PMSF), proteins were eluted with Reduced Glutathione 

Solution (10 mM glutathione dissolved in 50 mM Tris, pH 8; Sigma-Aldrich) and stored at -

80°C.  
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RNA$seq(Library(Construction(
!

Make!RNA!Bead!Plate!

1) Dilute!2ug!total!RNA!to!25µL!with!RNA!water!in!a!PCR!plate!with!an!RBP!barcode!
2) Vortex!RNA!Purification!(OligoFdT!beads),!add!25µL!to!each!well,!mix!by!pipetting!
3) Seal!with!adhesive!film!

a. 65°C!–!5!min,!4°C!forever!
4) Incubate!at!RT!on!bench!for!5!min!
5) Remove!adhesive!film,!place!the!plate!on!the!magnetic!stand!for!5!min!
6) Discard!all!supernatant,!remove!plate!from!stand!
7) Add!100µL!Bead!Washing!Buffer,!pipette!up!and!down,!magnetic!stand!for!5!min,!

remove!supernatant!

8) Add!25µL!centrifuged,!thawed!Elution!Buffer!to!each!well,!mix!by!pipetting!
9) Cover!with!a!film,!centrifuge,!then!elute!the!RNA!

a. 80°C!for!2!min,!25°C!forever!
10) Remove!the!seal.!Add!25µL!centrifuged,!thawed!Bead!Binding!Buffer!to!each!well.!

Incubate!at!RT!for!5!min,!then!place!on!magnetic!stand!for!5!min.!

11) Remove!all!supernatant,!take!the!plate!off!the!stand!
12) Add!10µL!Fragment,!Prime,!Finish!Mix!to!each!well,!pipette!up!and!down!to!mix!
13) Seal!the!plate,!centrifuge,!then!

a. 94°C!for!8!min,!4°C!forever!
Synthesize!first!strand!cDNA!

1) Remove!seal,!place!plate!on!magnetic!stand!
2) Transfer!8.5µL!to!a!new!row!
3) Mix!0.5µL!SuperScriptII!with!3.5µL!First!Strand!Synthesis!Act!D!Mix!for!each!sample!
4) Add!4µL!of!FSSADM/SSII!mix!to!each!well,!pipette!to!mix,!seal,!spin,!then!

a. 25°C!for!10m,!42°C!for!50m,!70°C!for!15m,!4°C!forever!
5) Remove!plate,!spin,!remove!seal!

Synthesize!second!strand!cDNA!

1) Add!12.5µL!of!thawed,!centrifuged!Second!Strand!Marking!Master!Mix!to!each!well,!
pipette!to!mix!

2) Seal!the!plate,!spin,!incubate!at!16°C!for!1!hour,!remove!the!seal,!let!plate!stand!at!
RT!until!at!RT!

3) Vortex!AMPure!XP!beads,!add!45µL!of!beads!to!each!well,!pipette!up!and!down!to!
mix!

4) Incubate!at!RT!for!15!min,!then!put!on!the!magnetic!stand!
5) Remove!and!discard!135µL!supernatant!
6) Add!200µL!80%!EtOH,!remove,!repeat!(two!washes)!
7) Air!dry!(remove!any!EtOH!carefully!with!the!vacuum!)!
8) Add!27.5µL!Resuspension!Buffer!to!each!well,!pipette!up!and!down!to!mix,!incubate!

for!2!min,!then!place!on!the!magnetic!stand!

9) Transfer!25µL!of!supernatant!(dsCDNA)!to!a!new!row.!
End!Repair!

1) Add!5µL!Resuspension!Buffer!to!each!sample!with!25µL!dsCDNA!
2) Add!20µL!End!Repair!Mix!to!each!well,!pipette!up!and!down!to!mix,!seal!
3) Incubate!30°C!for!30!min,!spin!
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4) Add!80µL!vortexed!AMPure!XP!beads,!pipette!up!and!down!to!mix!
5) Incubate!at!RT!for!15!min,!place!on!magnetic!stand!until!clear!
6) Remove!127.5µL!supernatant,!remove!127.5µL!supernatant!again!
7) Add!200µL!of!80%!EtOH!without!disturbing!beads,!incubate!30s,!remove,!repeat!
8) Air!dry!for!15!min!(remove!residual!with!a!vacuum!CAREFULLY!)!
9) Add!9.8µL!Resuspension!buffer!to!each!well,!pipette!up!and!down!to!mix,!incubate!

for!2!min,!then!place!on!magnetic!stand.!

10) Transfer!8.75µL!of!supernatant!(endFrepaired!dsCDNA)!to!a!new!row!
Adenylate!3’!Ends!

1) Add!6.25µL!of!thawed!AFTailing!Mix!to!each!well,!pipette!to!mix!
2) Seal!plate,!centrifuge,!then!

a. 37°C!for!30min,!70°C!for!5min,!4°C!forever!
3) Remove!the!plate,!spin!

Ligate!Adapters!

1) Add!1.25µL!Resuspension!Buffer!to!each!well!
2) Add!1.25µL!Ligation!Mix!to!each!well!
3) Add!1.25µL!of!appropriate!RNA!Adapter!to!each!well.!Pipette!up!and!down!to!mix.!
4) Seal/centrifuge!the!plate,!then!

a. Incubate!at!30°C!for!12!minutes!(Cold!Start)!
5) Remove!the!plate,!spin,!then!add!2.5µL!of!Stop!Ligation!Buffer!to!each!well,!pipette!

to!mix.!

6) Vortex!AMPure!XP!beads,!add!21µL!of!beads!to!each!well,!mix!well!
7) Incubate!the!plate!at!RT!for!15!minutes!
8) Place!on!the!magnetic!stand,!then!remove!79.5!µL!of!supernatant!
9) Wash!twice!with!180µL!of!80%!EtOH,!remove!all!ethanol!in!the!latter!wash!
10) Add!11.5µL!of!Resuspension!buffer!to!each!well,!resuspend!well!
11) Transfer!10µL!to!a!new!well.!Freeze!at!F20°C.!

!

Day!2!

Enrich!DNA!fragments!

1) Add!2.5µL!of!PCR!Primer!cocktail!to!each!well!
2) Add!12.5µL!of!PCR!Master!Mix!to!each!well!
3) Seal!the!plate,!centrifuge,!then!

a. 98°C!for!30s!
b. 15!cycles:!98°C!for!10s,!60°C!for!30s,!72°C!for!30s!
c. 72°C!for!5min,!4°C!forever!

4) Remove!the!plate,!centrifuge!
5) Add!25µL!vortexed!AMPure!XP!beads!to!each!well,!mix!well!
6) Incubate!at!RT!for!15!min!
7) Place!on!the!magnetic!stand,!remove!as!much!supernatant!as!possible!
8) Wash!with!180µL!80%!EtOH!twice,!removing!ethanol!with!vacuum!at!the!end!
9) Add!21.5µL!Resuspension!buffer!to!each!well,!mixing!well,!then!incubate!for!2!min!
10) Place!on!the!magnetic!stand,!save!20µL!as!the!library!!

!
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ChIP%seq)Library)preparation)
)
End)repair)on)ChIP)DNA)

! Thaw&“End&Repair&Mix”&and&“Resuspension&buffer”&at&RT&
&

1) Add&10µL&of&Resuspension&buffer&to&50µL&of&ChIP&DNA&in#a#PCR#plate.&
2) Add&40µL&of&End&Repair&Mix&to&the&60µL&of&Resuspended&ChIP&DNA.&Cover&with&a&

strip&of&adhesive&film&(for&qPCR&plates)&Vortex&gently&to&mix,&spin&at&2k&RPM&for&1&
minute.&

a. Incubate&at&30°C&for&32&minutes&(cold&start)&
3) Clean&up&with&MinElute&kit:&

a. 500µL&PB,&750µL&PE,&16.5µL&EB&
&
3’)Adenylation)
!&Thaw&“A!tailing&Mix”&at&RT&

1) Add&2.5µL&of&Resuspension&buffer&to&each&well.&
2) Add&12.5µL&of&A!Tailing&mix&to&each&well,&gently&pipette&up&and&down&10&times&to&

mix,&spin&plate.&
3) Run&the&following&program&in&a&thermocycler&with&a&100°C&heated&lid:&

a. 37°C&for&30&min&
b. 70°C&for&5&min&

4) Immediately&proceed&to&ligate#adapters&after&the&program&drops&to&4°C&
5) In&this&incubation&time,&pour&the&gel!&

a. 150mL,&2%&agarose&gel&(3g&Agarose),&10µL&EtBr.&Enough&wells&for&spacer&
lanes&on&either&side&of&samples&

&
Ligate)Adapters)
!&Prepare:&

a. Thaw&at&RT:&Stop&ligation&buffer&
2) Add&2.5µL&of&resuspension&buffer&to&each&well&
3) Add&2.5µL&of&Ligation&Mix&to&each&tube&(put&this&mix&back&at&!20°C&immediately)&
4) Add&2.5µL&of&the&appropriate&RNA&adapter&index&to&each&well,&pipette&up&and&down&

(thaw&them&right&before&use,&freeze&again&immediately).&
5) Centrifuge&the&PCR&plate&
6) Place&the&tubes&in&the&30°C&cycler&for&12&minutes&(cold&start).&
7) Remove&the&plate,&add&5µL&of&Stop&Ligation&Buffer,&mix&by&pipetting.&
8) Vortex&the&beads,&add&42.5µL&of&beads&to&each&well,&pipette&up&and&down&to&mix.&

a. Incubate&at&RT&for&15&min&
9) Place&the&plate&on&the&magnetic&stand&for&a&couple&minutes&
10) Remove&as&much&supernatant&as&possible&from&each&well&
11) Wash&with&180µL&of&fresh&80%&EtOH,&incubate&for&30&seconds,&and&remove&all&

supernatant.&Do&all&of&this&without&disturbing&the&beads.&Repeat&(two&washes).&
a. After&the&second&wash,&wait&briefly&to&dry&a&bit&and&then&get&rid&of&ALL&the&

ethanol&(use&a&vacuum&carefully&to&help).&
12) Resuspend&the&dried&pellet&with&52.5µL&resuspension&buffer,&gently&mix&by&pipetting.&
13) Incubate&at&RT&for&2&min.&
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14) Place&the&plate&back&on&the&stand&for&2&min.&
15) Transfer&50µL&of&supernatant&to&new&wells.&

&
Purify)ligation)products)

1) Add&10µL&of&6x&Gel&Loading&Dye&to&each&well&of&the&PCR&plate&
a. 5µL&100bp&ladder&

2) Load&all&of&the&samples&into&their&own&wells,&with&a&one!well&gap&btwn&ladder&and&
sample.&Run.&

3) Photograph&the&gel&before&slicing&
4) Slice&the&gel&at&exactly&250bp!300bp&using&a&razor&blade.&
5) Use&the&MinElute&Gel&Extraction&kit&to&purify&each&sample&

a. Only&incubate&in&QC&at&ROOM$TEMPERATURE&(not&50°C),&vortexing&every&2&
minutes&instead.&

b. Elute&in&25µL&of&EB&
6) Transfer&20µL&of&each&eluted&sample&into&a&well&of&a&PCR&plate&

&
Enrich)DNA)fragments)

1) Add&5µL&of&PCR&primer&cocktail&to&each&well&
2) Add&25µL&of&PCR&master&mix&to&each&well.&Pipette&up&and&down&to&mix.&
3) Perform&the&following&with&a&100°C&pre!heated&lid&to&amplify&the&plate:&

a. 98°C&for&30&s&
b. 15x:&98°C&for&10s,&60°C&for&30&s,&72°C&for&30s&
c. 72°C&for&5min&

4) Remove&the&plate.&Add&50µL&of&vortexed&beads&to&each&well&(which&already&has&50µL&
of&PCR&sample).&Pipette&up&and&down&to&mix.&

5) Incubate&at&RT&for&15m&
6) Place&on&magnetic&stand&for&5&min&
7) Discard&95µL&of&supernatant&
8) Add&200µL&of&80%&EtOH,&wait&30&sec,&remove&all&supernatant.&Repeat&(2&washes).&
9) Air&Dry&on&the&stand&for&15&min,&remove&from&the&magnetic&stand.&
10) Resuspend&the&dried&pellet&in&17.5µL&resuspension&buffer&
11) Incubate&at&RT&for&2&min&
12) Place&on&the&magnetic&stand&&for&5&min.&
13) Transfer&15µL&of&the&supernatant&to&a&new&plate.&
14) Bioanalyze&the&DNA!&
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Table 7-1 – Mediator-targeting shRNA sequences used in Chapter II 
!
Ccnc.337 TGCTGTTGACAGTGAGCGCTAGGTGAACATCTTAAATTAATAGTGAAGCCACAGA

TGTATTAATTTAAGATGTTCACCTAATGCCTACTGCCTCGGA 

Ccnc.374 TGCTGTTGACAGTGAGCGATACTGCTACAGTCTATTTCAATAGTGAAGCCACAGA
TGTATTGAAATAGACTGTAGCAGTAGTGCCTACTGCCTCGGA 

Ccnc.573 TGCTGTTGACAGTGAGCGCTACAGGATGAATCATATACTATAGTGAAGCCACAGA
TGTATAGTATATGATTCATCCTGTAATGCCTACTGCCTCGGA 

Ccnc.575 TGCTGTTGACAGTGAGCGCCAGGATGAATCATATACTAGATAGTGAAGCCACAGA
TGTATCTAGTATATGATTCATCCTGTTGCCTACTGCCTCGGA 

Ccnc.576 TGCTGTTGACAGTGAGCGAAGGATGAATCATATACTAGAATAGTGAAGCCACAGA
TGTATTCTAGTATATGATTCATCCTGTGCCTACTGCCTCGGA 

Ccnc.878 TGCTGTTGACAGTGAGCGCCAGGGTTATTTTAAAACTGTATAGTGAAGCCACAGA
TGTATACAGTTTTAAAATAACCCTGATGCCTACTGCCTCGGA 

Cdk19.1964 TGCTGTTGACAGTGAGCGCCACGCTGTAGCAATCATTATATAGTGAAGCCACAGA
TGTATATAATGATTGCTACAGCGTGATGCCTACTGCCTCGGA 

Cdk19.2994 TGCTGTTGACAGTGAGCGACAGAATCAAGAGGAAATGTAATAGTGAAGCCACAGA
TGTATTACATTTCCTCTTGATTCTGGTGCCTACTGCCTCGGA 

Cdk19.3289 TGCTGTTGACAGTGAGCGCCAGCATAAGGATGCTTATAAATAGTGAAGCCACAGA
TGTATTTATAAGCATCCTTATGCTGATGCCTACTGCCTCGGA 

Cdk19.3295 TGCTGTTGACAGTGAGCGCAAGGATGCTTATAAACAGTAATAGTGAAGCCACAGA
TGTATTACTGTTTATAAGCATCCTTATGCCTACTGCCTCGGA 

Cdk19.4411 TGCTGTTGACAGTGAGCGATAGATACTATTTTGTTCTCTATAGTGAAGCCACAGA
TGTATAGAGAACAAAATAGTATCTACTGCCTACTGCCTCGGA 

Cdk19.4709 TGCTGTTGACAGTGAGCGAAGAGATCAAGAGACAAGTCTATAGTGAAGCCACAGA
TGTATAGACTTGTCTCTTGATCTCTGTGCCTACTGCCTCGGA 

Cdk8.1828 TGCTGTTGACAGTGAGCGCAACACAGATTATGTTAACAAATAGTGAAGCCACAGA
TGTATTTGTTAACATAATCTGTGTTTTGCCTACTGCCTCGGA 

Cdk8.1831 
TGCTGTTGACAGTGAGCGAACAGATTATGTTAACAAAATATAGTGAAGCCACAGA
TGTATATTTTGTTAACATAATCTGTGTGCCTACTGCCTCGGA 

Cdk8.1832 TGCTGTTGACAGTGAGCGCCAGATTATGTTAACAAAATAATAGTGAAGCCACAGA
TGTATTATTTTGTTAACATAATCTGTTGCCTACTGCCTCGGA 

Cdk8.2374 
TGCTGTTGACAGTGAGCGCAAGGTTGTTCGCACATTTTTATAGTGAAGCCACAGA
TGTATAAAAATGTGCGAACAACCTTTTGCCTACTGCCTCGGA 

Cdk8.2548 TGCTGTTGACAGTGAGCGCAACAAGGTGTTATGTAATAAATAGTGAAGCCACAGA
TGTATTTATTACATAACACCTTGTTTTGCCTACTGCCTCGGA 

Cdk8.774 
TGCTGTTGACAGTGAGCGATGGACAGAATATTCAATGTAATAGTGAAGCCACAGA
TGTATTACATTGAATATTCTGTCCAGTGCCTACTGCCTCGGA 

Med1.1096 TGCTGTTGACAGTGAGCGACACTGCTATTTTCTCAATAAATAGTGAAGCCACAGA
TGTATTTATTGAGAAAATAGCAGTGCTGCCTACTGCCTCGGA 

Med1.1449 
TGCTGTTGACAGTGAGCGATACAGACGACTTCATTGCCAATAGTGAAGCCACAGA
TGTATTGGCAATGAAGTCGTCTGTACTGCCTACTGCCTCGGA 

Med1.1466 TGCTGTTGACAGTGAGCGACCAAAGTTGTTCAAAGATGTATAGTGAAGCCACAGA
TGTATACATCTTTGAACAACTTTGGCTGCCTACTGCCTCGGA 

Med1.445 
TGCTGTTGACAGTGAGCGCAAGGGTCTTGTTAATCTGTATTAGTGAAGCCACAGA
TGTAATACAGATTAACAAGACCCTTATGCCTACTGCCTCGGA 

Med10.195 TGCTGTTGACAGTGAGCGCCAGGACATAGATAAATGCAGATAGTGAAGCCACAGA
TGTATCTGCATTTATCTATGTCCTGTTGCCTACTGCCTCGGA 

Med10.341 
TGCTGTTGACAGTGAGCGACAAGATCGACACAATGAAGAATAGTGAAGCCACAGA
TGTATTCTTCATTGTGTCGATCTTGCTGCCTACTGCCTCGGA 

Med10.342 TGCTGTTGACAGTGAGCGAAAGATCGACACAATGAAGAAATAGTGAAGCCACAGA
TGTATTTCTTCATTGTGTCGATCTTGTGCCTACTGCCTCGGA 

Med10.346 TGCTGTTGACAGTGAGCGCTCGACACAATGAAGAAATTTATAGTGAAGCCACAGA
TGTATAAATTTCTTCATTGTGTCGATTGCCTACTGCCTCGGA 

Med10.381 TGCTGTTGACAGTGAGCGCCAGGAACTTTCTAAAGTGTTTTAGTGAAGCCACAGA
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TGTAAAACACTTTAGAAAGTTCCTGATGCCTACTGCCTCGGA 

Med10.795 
TGCTGTTGACAGTGAGCGCCAGATGTTGTGTATAAGAACATAGTGAAGCCACAGA
TGTATGTTCTTATACACAACATCTGATGCCTACTGCCTCGGA 

Med11.311 TGCTGTTGACAGTGAGCGAAAGGACTGTCAAATGGCTCTATAGTGAAGCCACAGA
TGTATAGAGCCATTTGACAGTCCTTCTGCCTACTGCCTCGGA 

Med11.501 
TGCTGTTGACAGTGAGCGAAAGGCAGAAAGGAGAACTGAATAGTGAAGCCACAGA
TGTATTCAGTTCTCCTTTCTGCCTTGTGCCTACTGCCTCGGA 

Med11.509 TGCTGTTGACAGTGAGCGCAAGGAGAACTGAAGAATCCAATAGTGAAGCCACAGA
TGTATTGGATTCTTCAGTTCTCCTTTTGCCTACTGCCTCGGA 

Med11.583 TGCTGTTGACAGTGAGCGCTCCACTATGCAAGATCAGACATAGTGAAGCCACAGA
TGTATGTCTGATCTTGCATAGTGGAATGCCTACTGCCTCGGA 

Med11.844 TGCTGTTGACAGTGAGCGCAAACAGGAACTAAGTGTTTTATAGTGAAGCCACAGA
TGTATAAAACACTTAGTTCCTGTTTTTGCCTACTGCCTCGGA 

Med11.847 TGCTGTTGACAGTGAGCGCCAGGAACTAAGTGTTTTAATATAGTGAAGCCACAGA
TGTATATTAAAACACTTAGTTCCTGTTGCCTACTGCCTCGGA 

Med12.3321 TGCTGTTGACAGTGAGCGCCCGCTATAGCTTTGTGTGCAATAGTGAAGCCACAGA
TGTATTGCACACAAAGCTATAGCGGTTGCCTACTGCCTCGGA 

Med12.401 TGCTGTTGACAGTGAGCGCTCGCAGAGAAGTTAAGGTGTATAGTGAAGCCACAGA
TGTATACACCTTAACTTCTCTGCGATTGCCTACTGCCTCGGA 

Med12.5755 TGCTGTTGACAGTGAGCGACCCGTGCGATTACCAATGCAATAGTGAAGCCACAGA
TGTATTGCATTGGTAATCGCACGGGGTGCCTACTGCCTCGGA 

Med12.7441 TGCTGTTGACAGTGAGCGCCAGAAGTTCCGACTAGTTCTATAGTGAAGCCACAGA
TGTATAGAACTAGTCGGAACTTCTGTTGCCTACTGCCTCGGA 

Med12.8092 TGCTGTTGACAGTGAGCGATAGGTCAAGTGGATAGGTGTATAGTGAAGCCACAGA
TGTATACACCTATCCACTTGACCTAGTGCCTACTGCCTCGGA 

Med12.8105 TGCTGTTGACAGTGAGCGCTAGGTGTATTACATATAGAAATAGTGAAGCCACAGA
TGTATTTCTATATGTAATACACCTATTGCCTACTGCCTCGGA 

Med12l.2149 TGCTGTTGACAGTGAGCGCGAGCAGAAGACTGTCAGTCAATAGTGAAGCCACAGA
TGTATTGACTGACAGTCTTCTGCTCATGCCTACTGCCTCGGA 

Med12l.2476 TGCTGTTGACAGTGAGCGACCCGGAAAATGTGTTCACGAATAGTGAAGCCACAGA
TGTATTCGTGAACACATTTTCCGGGGTGCCTACTGCCTCGGA 

Med12l.2477 TGCTGTTGACAGTGAGCGACCGGAAAATGTGTTCACGAAATAGTGAAGCCACAGA
TGTATTTCGTGAACACATTTTCCGGGTGCCTACTGCCTCGGA 

Med12l.3148 TGCTGTTGACAGTGAGCGCCCGGTACAGCTTTGTGTGCAATAGTGAAGCCACAGA
TGTATTGCACACAAAGCTGTACCGGTTGCCTACTGCCTCGGA 

Med12l.9419 TGCTGTTGACAGTGAGCGCACGGTGAAATATGAAAATAAATAGTGAAGCCACAGA
TGTATTTATTTTCATATTTCACCGTATGCCTACTGCCTCGGA 

Med13.2219 TGCTGTTGACAGTGAGCGCCACGAAGAAGATGCTATGTCATAGTGAAGCCACAGA
TGTATGACATAGCATCTTCTTCGTGTTGCCTACTGCCTCGGA 

Med13.2711 TGCTGTTGACAGTGAGCGACCCGAAAATTGTCAAGTTCTATAGTGAAGCCACAGA
TGTATAGAACTTGACAATTTTCGGGCTGCCTACTGCCTCGGA 

Med13.6382 TGCTGTTGACAGTGAGCGCCAGGTTTGTTTTGGAACAGTATAGTGAAGCCACAGA
TGTATACTGTTCCAAAACAAACCTGATGCCTACTGCCTCGGA 

Med13.9029 TGCTGTTGACAGTGAGCGACAGGATGATAGATCTAACTTATAGTGAAGCCACAGA
TGTATAAGTTAGATCTATCATCCTGCTGCCTACTGCCTCGGA 

Med13.9615 TGCTGTTGACAGTGAGCGAAAGCACTATGTTAATACTGTATAGTGAAGCCACAGA
TGTATACAGTATTAACATAGTGCTTGTGCCTACTGCCTCGGA 

Med13.9618 TGCTGTTGACAGTGAGCGACACTATGTTAATACTGTAATATAGTGAAGCCACAGA
TGTATATTACAGTATTAACATAGTGCTGCCTACTGCCTCGGA 

Med13l.4998 TGCTGTTGACAGTGAGCGCCAGGATGGACAAGACAGTGTTTAGTGAAGCCACAGA
TGTAAACACTGTCTTGTCCATCCTGTTGCCTACTGCCTCGGA 

Med13l.7236 
TGCTGTTGACAGTGAGCGCCAGCTGCATTCTGTTTATTTATAGTGAAGCCACAGA
TGTATAAATAAACAGAATGCAGCTGTTGCCTACTGCCTCGGA 

Med13l.7682 TGCTGTTGACAGTGAGCGCTAGGAATATTGTTTCAAAGAATAGTGAAGCCACAGA
TGTATTCTTTGAAACAATATTCCTATTGCCTACTGCCTCGGA 
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Med13l.7683 TGCTGTTGACAGTGAGCGCAGGAATATTGTTTCAAAGAAATAGTGAAGCCACAGA
TGTATTTCTTTGAAACAATATTCCTATGCCTACTGCCTCGGA 

Med13l.7953 TGCTGTTGACAGTGAGCGATGGGAGAGTCATGCAAACTAATAGTGAAGCCACAGA
TGTATTAGTTTGCATGACTCTCCCACTGCCTACTGCCTCGGA 

Med14.1200 TGCTGTTGACAGTGAGCGCTCGCTTCAACTAGAAGTATTATAGTGAAGCCACAGA
TGTATAATACTTCTAGTTGAAGCGATTGCCTACTGCCTCGGA 

Med14.1348 TGCTGTTGACAGTGAGCGCCAGCATCTGTTCACAAAGTTATAGTGAAGCCACAGA
TGTATAACTTTGTGAACAGATGCTGTTGCCTACTGCCTCGGA 

Med14.1491 TGCTGTTGACAGTGAGCGCAAGCTCCTGATTGACAGTGTATAGTGAAGCCACAGA
TGTATACACTGTCAATCAGGAGCTTTTGCCTACTGCCTCGGA 

Med14.2425 TGCTGTTGACAGTGAGCGCTCCGATTACAAGGTAGAAATATAGTGAAGCCACAGA
TGTATATTTCTACCTTGTAATCGGAATGCCTACTGCCTCGGA 

Med14.3568 TGCTGTTGACAGTGAGCGAACCCTAGTTCTCCATATACTATAGTGAAGCCACAGA
TGTATAGTATATGGAGAACTAGGGTCTGCCTACTGCCTCGGA 

Med14.3981 
TGCTGTTGACAGTGAGCGACAGCTGATCAATTCCAATGAATAGTGAAGCCACAGA
TGTATTCATTGGAATTGATCAGCTGCTGCCTACTGCCTCGGA 

Med15.2717 TGCTGTTGACAGTGAGCGCAAGCATCTCTGTTTTGCAATATAGTGAAGCCACAGA
TGTATATTGCAAAACAGAGATGCTTTTGCCTACTGCCTCGGA 

Med15.3030 
TGCTGTTGACAGTGAGCGCAGGGCTGTCAGTGCTATGATATAGTGAAGCCACAGA
TGTATATCATAGCACTGACAGCCCTTTGCCTACTGCCTCGGA 

Med15.3053 TGCTGTTGACAGTGAGCGCCAGGCAGATAGGCAGATACTATAGTGAAGCCACAGA
TGTATAGTATCTGCCTATCTGCCTGTTGCCTACTGCCTCGGA 

Med15.308 
TGCTGTTGACAGTGAGCGCTCCGAGATATTCATAACAAGATAGTGAAGCCACAGA
TGTATCTTGTTATGAATATCTCGGAATGCCTACTGCCTCGGA 

Med15.310 TGCTGTTGACAGTGAGCGACGAGATATTCATAACAAGAAATAGTGAAGCCACAGA
TGTATTTCTTGTTATGAATATCTCGGTGCCTACTGCCTCGGA 

Med15.718 
TGCTGTTGACAGTGAGCGACAGCAACAGTTCCAAGCAGTATAGTGAAGCCACAGA
TGTATACTGCTTGGAACTGTTGCTGCTGCCTACTGCCTCGGA 

Med16.1098 TGCTGTTGACAGTGAGCGATCGCCTGTGGTTGGTGACAAATAGTGAAGCCACAGA
TGTATTTGTCACCAACCACAGGCGAGTGCCTACTGCCTCGGA 

Med16.1871 
TGCTGTTGACAGTGAGCGACGCCAAGATCACCGATGTTGATAGTGAAGCCACAGA
TGTATCAACATCGGTGATCTTGGCGCTGCCTACTGCCTCGGA 

Med16.1880 TGCTGTTGACAGTGAGCGCCACCGATGTTGACATCGACAATAGTGAAGCCACAGA
TGTATTGTCGATGTCAACATCGGTGATGCCTACTGCCTCGGA 

Med16.1881 
TGCTGTTGACAGTGAGCGAACCGATGTTGACATCGACAAATAGTGAAGCCACAGA
TGTATTTGTCGATGTCAACATCGGTGTGCCTACTGCCTCGGA 

Med16.1892 TGCTGTTGACAGTGAGCGCCATCGACAAAGTCATGATCAATAGTGAAGCCACAGA
TGTATTGATCATGACTTTGTCGATGTTGCCTACTGCCTCGGA 

Med16.1898 TGCTGTTGACAGTGAGCGCCAAAGTCATGATCAACCTGAATAGTGAAGCCACAGA
TGTATTCAGGTTGATCATGACTTTGTTGCCTACTGCCTCGGA 

Med17.1882 TGCTGTTGACAGTGAGCGCCCGAAGAGTGATGTTTTACAATAGTGAAGCCACAGA
TGTATTGTAAAACATCACTCTTCGGATGCCTACTGCCTCGGA 

Med17.2803 TGCTGTTGACAGTGAGCGAAAGCTCAAGAGTTCAAGTTCATAGTGAAGCCACAGA
TGTATGAACTTGAACTCTTGAGCTTCTGCCTACTGCCTCGGA 

Med17.2816 TGCTGTTGACAGTGAGCGCCAAGTTCAGCTTGATCTGCAATAGTGAAGCCACAGA
TGTATTGCAGATCAAGCTGAACTTGATGCCTACTGCCTCGGA 

Med17.3098 TGCTGTTGACAGTGAGCGACAGATTCAAGCTCCAGACTTATAGTGAAGCCACAGA
TGTATAAGTCTGGAGCTTGAATCTGGTGCCTACTGCCTCGGA 

Med17.387 TGCTGTTGACAGTGAGCGCTACAGAGATGTGTGTTCTCTATAGTGAAGCCACAGA
TGTATAGAGAACACACATCTCTGTAATGCCTACTGCCTCGGA 

Med17.768 TGCTGTTGACAGTGAGCGCTAAGAAGATACCAGAAGATTATAGTGAAGCCACAGA
TGTATAATCTTCTGGTATCTTCTTATTGCCTACTGCCTCGGA 

Med18.1644 TGCTGTTGACAGTGAGCGACCAGCATTGTGTGGTAATAAATAGTGAAGCCACAGA
TGTATTTATTACCACACAATGCTGGCTGCCTACTGCCTCGGA 

Med18.336 TGCTGTTGACAGTGAGCGATCCGAGGTTTGTGTGACAACATAGTGAAGCCACAGA
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TGTATGTTGTCACACAAACCTCGGAGTGCCTACTGCCTCGGA 

Med18.640 
TGCTGTTGACAGTGAGCGCCATGAAGGTTGTGGTGTACAATAGTGAAGCCACAGA
TGTATTGTACACCACAACCTTCATGATGCCTACTGCCTCGGA 

Med18.644 TGCTGTTGACAGTGAGCGAAAGGTTGTGGTGTACAAGATTTAGTGAAGCCACAGA
TGTAAATCTTGTACACCACAACCTTCTGCCTACTGCCTCGGA 

Med18.835 
TGCTGTTGACAGTGAGCGCAAGGCTGATGTGATGAAGAAATAGTGAAGCCACAGA
TGTATTTCTTCATCACATCAGCCTTTTGCCTACTGCCTCGGA 

Med19.1805 TGCTGTTGACAGTGAGCGCTAGCAAGAGATTCAACAGAGATAGTGAAGCCACAGA
TGTATCTCTGTTGAATCTCTTGCTATTGCCTACTGCCTCGGA 

Med19.1824 TGCTGTTGACAGTGAGCGCGAGGATGTATTTGTTATGAAATAGTGAAGCCACAGA
TGTATTTCATAACAAATACATCCTCTTGCCTACTGCCTCGGA 

Med19.284 TGCTGTTGACAGTGAGCGACACCAATTTAATCACACACTATAGTGAAGCCACAGA
TGTATAGTGTGTGATTAAATTGGTGCTGCCTACTGCCTCGGA 

Med19.335 TGCTGTTGACAGTGAGCGATGGGAAGAAAGTGAAGGAGAATAGTGAAGCCACAGA
TGTATTCTCCTTCACTTTCTTCCCACTGCCTACTGCCTCGGA 

Med19.631 TGCTGTTGACAGTGAGCGCCAGATCACAAGAAGAAGAAAATAGTGAAGCCACAGA
TGTATTTTCTTCTTCTTGTGATCTGATGCCTACTGCCTCGGA 

Med19.680 TGCTGTTGACAGTGAGCGCAAGGAAGAAGAAAGAAAAGAATAGTGAAGCCACAGA
TGTATTCTTTTCTTTCTTCTTCCTTTTGCCTACTGCCTCGGA 

Med20.1456 TGCTGTTGACAGTGAGCGAACACATGTTCCTGACACTCAATAGTGAAGCCACAGA
TGTATTGAGTGTCAGGAACATGTGTCTGCCTACTGCCTCGGA 

Med20.1559 TGCTGTTGACAGTGAGCGCCACCTACTACAGAGACATTTATAGTGAAGCCACAGA
TGTATAAATGTCTCTGTAGTAGGTGATGCCTACTGCCTCGGA 

Med20.1560 TGCTGTTGACAGTGAGCGAACCTACTACAGAGACATTTAATAGTGAAGCCACAGA
TGTATTAAATGTCTCTGTAGTAGGTGTGCCTACTGCCTCGGA 

Med20.1566 TGCTGTTGACAGTGAGCGATACAGAGACATTTAACACAAATAGTGAAGCCACAGA
TGTATTTGTGTTAAATGTCTCTGTAGTGCCTACTGCCTCGGA 

Med20.1614 TGCTGTTGACAGTGAGCGCCAAAGTGTAGGCTGTCAGTTATAGTGAAGCCACAGA
TGTATAACTGACAGCCTACACTTTGTTGCCTACTGCCTCGGA 

Med20.1988 TGCTGTTGACAGTGAGCGCCAGCTCCTCTCAGCTTCTAAATAGTGAAGCCACAGA
TGTATTTAGAAGCTGAGAGGAGCTGATGCCTACTGCCTCGGA 

Med21.151 TGCTGTTGACAGTGAGCGCACAGCAATTAATAAAGATCAATAGTGAAGCCACAGA
TGTATTGATCTTTATTAATTGCTGTTTGCCTACTGCCTCGGA 

Med21.418 TGCTGTTGACAGTGAGCGCCAGCTGAAGACCAGAAGTGTTTAGTGAAGCCACAGA
TGTAAACACTTCTGGTCTTCAGCTGTTGCCTACTGCCTCGGA 

Med21.707 TGCTGTTGACAGTGAGCGCCAGGATAGATACTGTACTAATTAGTGAAGCCACAGA
TGTAATTAGTACAGTATCTATCCTGATGCCTACTGCCTCGGA 

Med21.708 TGCTGTTGACAGTGAGCGAAGGATAGATACTGTACTAATATAGTGAAGCCACAGA
TGTATATTAGTACAGTATCTATCCTGTGCCTACTGCCTCGGA 

Med21.728 TGCTGTTGACAGTGAGCGCAAGGTTCATGATATAATTAAATAGTGAAGCCACAGA
TGTATTTAATTATATCATGAACCTTATGCCTACTGCCTCGGA 

Med22.1194 TGCTGTTGACAGTGAGCGCTAGGTTCAGGTTCTATAGAGATAGTGAAGCCACAGA
TGTATCTCTATAGAACCTGAACCTAATGCCTACTGCCTCGGA 

Med22.1341 TGCTGTTGACAGTGAGCGCTGAGATGAGACTGTTGAATAATAGTGAAGCCACAGA
TGTATTATTCAACAGTCTCATCTCAATGCCTACTGCCTCGGA 

Med22.145 TGCTGTTGACAGTGAGCGAACGGAGCTGTTGTATCGGAAATAGTGAAGCCACAGA
TGTATTTCCGATACAACAGCTCCGTCTGCCTACTGCCTCGGA 

Med22.477 TGCTGTTGACAGTGAGCGCCAAGCAGTTTCTGATCCTCAATAGTGAAGCCACAGA
TGTATTGAGGATCAGAAACTGCTTGATGCCTACTGCCTCGGA 

Med22.872 TGCTGTTGACAGTGAGCGATAGGGCCTAGTTTATCAGAAATAGTGAAGCCACAGA
TGTATTTCTGATAAACTAGGCCCTAGTGCCTACTGCCTCGGA 

Med23.2252 
TGCTGTTGACAGTGAGCGAAGGGAACTTGGTGTAAAGATATAGTGAAGCCACAGA
TGTATATCTTTACACCAAGTTCCCTGTGCCTACTGCCTCGGA 

Med23.2642 TGCTGTTGACAGTGAGCGACAGGAGGTCAGCAACTCAATATAGTGAAGCCACAGA
TGTATATTGAGTTGCTGACCTCCTGCTGCCTACTGCCTCGGA 
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Med23.4061 TGCTGTTGACAGTGAGCGCAAGAGCAAGTAGAGAAGATTATAGTGAAGCCACAGA
TGTATAATCTTCTCTACTTGCTCTTTTGCCTACTGCCTCGGA 

Med23.4313 TGCTGTTGACAGTGAGCGACACCATGTTCAGATTGGTTTATAGTGAAGCCACAGA
TGTATAAACCAATCTGAACATGGTGGTGCCTACTGCCTCGGA 

Med23.678 TGCTGTTGACAGTGAGCGCCACAGAGATCAGAAAACTATATAGTGAAGCCACAGA
TGTATATAGTTTTCTGATCTCTGTGATGCCTACTGCCTCGGA 

Med24.1080 TGCTGTTGACAGTGAGCGAACAGGTCTTGGTGAAGTTGAATAGTGAAGCCACAGA
TGTATTCAACTTCACCAAGACCTGTGTGCCTACTGCCTCGGA 

Med24.1377 TGCTGTTGACAGTGAGCGACACGGTCACAAACATTCTCAATAGTGAAGCCACAGA
TGTATTGAGAATGTTTGTGACCGTGGTGCCTACTGCCTCGGA 

Med24.1527 TGCTGTTGACAGTGAGCGACCGGAAATTCATCAATCTGAATAGTGAAGCCACAGA
TGTATTCAGATTGATGAATTTCCGGGTGCCTACTGCCTCGGA 

Med24.2640 TGCTGTTGACAGTGAGCGCCAGAGAGGACATTGAGGACTATAGTGAAGCCACAGA
TGTATAGTCCTCAATGTCCTCTCTGTTGCCTACTGCCTCGGA 

Med24.3318 
TGCTGTTGACAGTGAGCGACACAGTGTGTATATAAGTTTTTAGTGAAGCCACAGA
TGTAAAAACTTATATACACACTGTGGTGCCTACTGCCTCGGA 

Med24.3319 TGCTGTTGACAGTGAGCGAACAGTGTGTATATAAGTTTTATAGTGAAGCCACAGA
TGTATAAAACTTATATACACACTGTGTGCCTACTGCCTCGGA 

Med25.1173 
TGCTGTTGACAGTGAGCGATGGGCAGCAGTCAGTATCCAATAGTGAAGCCACAGA
TGTATTGGATACTGACTGCTGCCCACTGCCTACTGCCTCGGA 

Med25.1398 TGCTGTTGACAGTGAGCGCCCGGAACTCAAGAATGGTTCATAGTGAAGCCACAGA
TGTATGAACCATTCTTGAGTTCCGGATGCCTACTGCCTCGGA 

Med25.1416 
TGCTGTTGACAGTGAGCGCTCAGTTCCACTTCACCAACAATAGTGAAGCCACAGA
TGTATTGTTGGTGAAGTGGAACTGAATGCCTACTGCCTCGGA 

Med25.1617 TGCTGTTGACAGTGAGCGACCAGGTCATCACCAACCACAATAGTGAAGCCACAGA
TGTATTGTGGTTGGTGATGACCTGGCTGCCTACTGCCTCGGA 

Med25.2249 
TGCTGTTGACAGTGAGCGAACCCAATAAAGTTCCTTTTAATAGTGAAGCCACAGA
TGTATTAAAAGGAACTTTATTGGGTGTGCCTACTGCCTCGGA 

Med25.237 TGCTGTTGACAGTGAGCGAAGAGTCCTATGTACAATGTCATAGTGAAGCCACAGA
TGTATGACATTGTACATAGGACTCTGTGCCTACTGCCTCGGA 

Med26.1206 
TGCTGTTGACAGTGAGCGCTCGGAGCTCTTACATACCCAATAGTGAAGCCACAGA
TGTATTGGGTATGTAAGAGCTCCGATTGCCTACTGCCTCGGA 

Med26.2223 TGCTGTTGACAGTGAGCGCCCAGTTTACTAACGATTGCAATAGTGAAGCCACAGA
TGTATTGCAATCGTTAGTAAACTGGTTGCCTACTGCCTCGGA 

Med26.2268 
TGCTGTTGACAGTGAGCGACAGATAGATGGCTGAAATCTATAGTGAAGCCACAGA
TGTATAGATTTCAGCCATCTATCTGCTGCCTACTGCCTCGGA 

Med26.2398 TGCTGTTGACAGTGAGCGAAAGAGGTTACCTTAACAGCAATAGTGAAGCCACAGA
TGTATTGCTGTTAAGGTAACCTCTTCTGCCTACTGCCTCGGA 

Med26.2617 TGCTGTTGACAGTGAGCGCCAGTTCAGTCCCAGTTCTTAATAGTGAAGCCACAGA
TGTATTAAGAACTGGGACTGAACTGATGCCTACTGCCTCGGA 

Med27.203 TGCTGTTGACAGTGAGCGACGGGACCTCAATGAACTGGAATAGTGAAGCCACAGA
TGTATTCCAGTTCATTGAGGTCCCGGTGCCTACTGCCTCGGA 

Med27.322 TGCTGTTGACAGTGAGCGCCAGCCAGCTTCTGCAAGCATATAGTGAAGCCACAGA
TGTATATGCTTGCAGAAGCTGGCTGTTGCCTACTGCCTCGGA 

Med27.326 TGCTGTTGACAGTGAGCGACAGCTTCTGCAAGCATACAAATAGTGAAGCCACAGA
TGTATTTGTATGCTTGCAGAAGCTGGTGCCTACTGCCTCGGA 

Med27.530 TGCTGTTGACAGTGAGCGCCCAGAGATGTCCATTCACTTATAGTGAAGCCACAGA
TGTATAAGTGAATGGACATCTCTGGATGCCTACTGCCTCGGA 

Med27.712 TGCTGTTGACAGTGAGCGACAGCTACCAAGTGTTCCAGAATAGTGAAGCCACAGA
TGTATTCTGGAACACTTGGTAGCTGGTGCCTACTGCCTCGGA 

Med28.1955 TGCTGTTGACAGTGAGCGCTCCCTTAATTAGAATATATAATAGTGAAGCCACAGA
TGTATTATATATTCTAATTAAGGGAATGCCTACTGCCTCGGA 

Med28.2029 TGCTGTTGACAGTGAGCGAAGGAAGGAAGCTCAAAGTGTATAGTGAAGCCACAGA
TGTATACACTTTGAGCTTCCTTCCTCTGCCTACTGCCTCGGA 

Med28.3454 TGCTGTTGACAGTGAGCGCAACGATGATCAGGTGAGACAATAGTGAAGCCACAGA
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TGTATTGTCTCACCTGATCATCGTTTTGCCTACTGCCTCGGA 

Med28.4152 
TGCTGTTGACAGTGAGCGCAAGGTGGATATAGAAATGTCATAGTGAAGCCACAGA
TGTATGACATTTCTATATCCACCTTATGCCTACTGCCTCGGA 

Med28.701 TGCTGTTGACAGTGAGCGCTGGAAGGACTCTGTTGGATAATAGTGAAGCCACAGA
TGTATTATCCAACAGAGTCCTTCCAATGCCTACTGCCTCGGA 

Med28.809 
TGCTGTTGACAGTGAGCGCCAGCTCCTCTAGTACTCTAAATAGTGAAGCCACAGA
TGTATTTAGAGTACTAGAGGAGCTGATGCCTACTGCCTCGGA 

Med29.1271 TGCTGTTGACAGTGAGCGCTAGCTCCAAAGCAGAAGTGAATAGTGAAGCCACAGA
TGTATTCACTTCTGCTTTGGAGCTAATGCCTACTGCCTCGGA 

Med29.1521 TGCTGTTGACAGTGAGCGAACCAGGTTCCTGTGTCTACAATAGTGAAGCCACAGA
TGTATTGTAGACACAGGAACCTGGTGTGCCTACTGCCTCGGA 

Med29.1523 TGCTGTTGACAGTGAGCGACAGGTTCCTGTGTCTACAAAATAGTGAAGCCACAGA
TGTATTTTGTAGACACAGGAACCTGGTGCCTACTGCCTCGGA 

Med29.1583 TGCTGTTGACAGTGAGCGACCAGATCATCACACTAGGAAATAGTGAAGCCACAGA
TGTATTTCCTAGTGTGATGATCTGGGTGCCTACTGCCTCGGA 

Med29.500 TGCTGTTGACAGTGAGCGCCAGTACCTGGCTGTCATCAAATAGTGAAGCCACAGA
TGTATTTGATGACAGCCAGGTACTGTTGCCTACTGCCTCGGA 

Med29.675 TGCTGTTGACAGTGAGCGCCAGGTGGTTCCTGTTGCTGATTAGTGAAGCCACAGA
TGTAATCAGCAACAGGAACCACCTGTTGCCTACTGCCTCGGA 

Med30.483 TGCTGTTGACAGTGAGCGAACGAGAAATTGTAGAAGTAAATAGTGAAGCCACAGA
TGTATTTACTTCTACAATTTCTCGTCTGCCTACTGCCTCGGA 

Med30.535 TGCTGTTGACAGTGAGCGAAAGCAGATTATGGATCAATTATAGTGAAGCCACAGA
TGTATAATTGATCCATAATCTGCTTCTGCCTACTGCCTCGGA 

Med30.594 TGCTGTTGACAGTGAGCGCGAGGAACTAAAGCGATATTTATAGTGAAGCCACAGA
TGTATAAATATCGCTTTAGTTCCTCATGCCTACTGCCTCGGA 

Med30.595 TGCTGTTGACAGTGAGCGAAGGAACTAAAGCGATATTTAATAGTGAAGCCACAGA
TGTATTAAATATCGCTTTAGTTCCTCTGCCTACTGCCTCGGA 

Med30.720 TGCTGTTGACAGTGAGCGCAAGTTTCTGTTTTCACTTTAATAGTGAAGCCACAGA
TGTATTAAAGTGAAAACAGAAACTTTTGCCTACTGCCTCGGA 

Med30.804 TGCTGTTGACAGTGAGCGCTAGGGTATAAATTTTGGTTAATAGTGAAGCCACAGA
TGTATTAACCAAAATTTATACCCTATTGCCTACTGCCTCGGA 

Med31.1026 TGCTGTTGACAGTGAGCGCTAGGACGTGTATATAATGTATTAGTGAAGCCACAGA
TGTAATACATTATATACACGTCCTAATGCCTACTGCCTCGGA 

Med31.364 TGCTGTTGACAGTGAGCGATAGCAGGACTCTGAGACCTAATAGTGAAGCCACAGA
TGTATTAGGTCTCAGAGTCCTGCTACTGCCTACTGCCTCGGA 

Med31.722 TGCTGTTGACAGTGAGCGCAAGAGGTTACTTCAAAGACAATAGTGAAGCCACAGA
TGTATTGTCTTTGAAGTAACCTCTTTTGCCTACTGCCTCGGA 

Med31.723 TGCTGTTGACAGTGAGCGCAGAGGTTACTTCAAAGACAAATAGTGAAGCCACAGA
TGTATTTGTCTTTGAAGTAACCTCTTTGCCTACTGCCTCGGA 

Med31.742 TGCTGTTGACAGTGAGCGCAAGCTTTTGTTAATTATCTTATAGTGAAGCCACAGA
TGTATAAGATAATTAACAAAAGCTTTTGCCTACTGCCTCGGA 

Med31.787 TGCTGTTGACAGTGAGCGACAGAATATGCCAAATATCTAATAGTGAAGCCACAGA
TGTATTAGATATTTGGCATATTCTGGTGCCTACTGCCTCGGA 

Med4.1018 TGCTGTTGACAGTGAGCGATGGCATGAGACTGAAGAGGAATAGTGAAGCCACAGA
TGTATTCCTCTTCAGTCTCATGCCAGTGCCTACTGCCTCGGA 

Med4.269 TGCTGTTGACAGTGAGCGCCAGGGAAAAGTTCACCACGAATAGTGAAGCCACAGA
TGTATTCGTGGTGAACTTTTCCCTGATGCCTACTGCCTCGGA 

Med4.270 TGCTGTTGACAGTGAGCGAAGGGAAAAGTTCACCACGAAATAGTGAAGCCACAGA
TGTATTTCGTGGTGAACTTTTCCCTGTGCCTACTGCCTCGGA 

Med4.293 TGCTGTTGACAGTGAGCGACAGGCTTTAGAGAAAGAAGTATAGTGAAGCCACAGA
TGTATACTTCTTTCTCTAAAGCCTGCTGCCTACTGCCTCGGA 

Med4.408 
TGCTGTTGACAGTGAGCGATCAAGTCAATAGAGAAAGCAATAGTGAAGCCACAGA
TGTATTGCTTTCTCTATTGACTTGAGTGCCTACTGCCTCGGA 

Med4.470 TGCTGTTGACAGTGAGCGACACAGGATTAGTGCAAGCAATTAGTGAAGCCACAGA
TGTAATTGCTTGCACTAATCCTGTGCTGCCTACTGCCTCGGA 
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Med6.181 TGCTGTTGACAGTGAGCGCTCAGATGGTTGGAATCGAATATAGTGAAGCCACAGA
TGTATATTCGATTCCAACCATCTGATTGCCTACTGCCTCGGA 

Med6.460 TGCTGTTGACAGTGAGCGCACAAGAGAAAGTCAAACCTAATAGTGAAGCCACAGA
TGTATTAGGTTTGACTTTCTCTTGTTTGCCTACTGCCTCGGA 

Med6.461 TGCTGTTGACAGTGAGCGCCAAGAGAAAGTCAAACCTAAATAGTGAAGCCACAGA
TGTATTTAGGTTTGACTTTCTCTTGTTGCCTACTGCCTCGGA 

Med6.564 TGCTGTTGACAGTGAGCGACACCCAGATTTGTTCAGCAAATAGTGAAGCCACAGA
TGTATTTGCTGAACAAATCTGGGTGGTGCCTACTGCCTCGGA 

Med6.565 TGCTGTTGACAGTGAGCGAACCCAGATTTGTTCAGCAAAATAGTGAAGCCACAGA
TGTATTTTGCTGAACAAATCTGGGTGTGCCTACTGCCTCGGA 

Med6.686 TGCTGTTGACAGTGAGCGCCAGCAGACTGTGAGCACTAAATAGTGAAGCCACAGA
TGTATTTAGTGCTCACAGTCTGCTGATGCCTACTGCCTCGGA 

Med7.1496 TGCTGTTGACAGTGAGCGATAGCACAGTTCTAATCACAAATAGTGAAGCCACAGA
TGTATTTGTGATTAGAACTGTGCTACTGCCTACTGCCTCGGA 

Med7.1846 
TGCTGTTGACAGTGAGCGCAAGATGGTGCTTGTAATTCTATAGTGAAGCCACAGA
TGTATAGAATTACAAGCACCATCTTATGCCTACTGCCTCGGA 

Med7.193 TGCTGTTGACAGTGAGCGCCAGCTACATGATGTTTGGCAATAGTGAAGCCACAGA
TGTATTGCCAAACATCATGTAGCTGTTGCCTACTGCCTCGGA 

Med7.395 
TGCTGTTGACAGTGAGCGCAAGCTAGAAGATCTTAAGCTATAGTGAAGCCACAGA
TGTATAGCTTAAGATCTTCTAGCTTTTGCCTACTGCCTCGGA 

Med7.410 TGCTGTTGACAGTGAGCGCAAGCTACTTTTTGTACATGTATAGTGAAGCCACAGA
TGTATACATGTACAAAAAGTAGCTTATGCCTACTGCCTCGGA 

Med7.894 
TGCTGTTGACAGTGAGCGATAGGTGGTAATTTAACACTAATAGTGAAGCCACAGA
TGTATTAGTGTTAAATTACCACCTACTGCCTACTGCCTCGGA 

Med8.1339 TGCTGTTGACAGTGAGCGACAGGTGGAAGAGCTCTTAAGATAGTGAAGCCACAGA
TGTATCTTAAGAGCTCTTCCACCTGCTGCCTACTGCCTCGGA 

Med8.1669 
TGCTGTTGACAGTGAGCGCAAGGGTTTCTTTGTTTAATAATAGTGAAGCCACAGA
TGTATTATTAAACAAAGAAACCCTTTTGCCTACTGCCTCGGA 

Med8.1670 TGCTGTTGACAGTGAGCGCAGGGTTTCTTTGTTTAATAAATAGTGAAGCCACAGA
TGTATTTATTAAACAAAGAAACCCTTTGCCTACTGCCTCGGA 

Med8.385 
TGCTGTTGACAGTGAGCGAAAGCCTGACCCTGAAGTTGAATAGTGAAGCCACAGA
TGTATTCAACTTCAGGGTCAGGCTTGTGCCTACTGCCTCGGA 

Med8.933 TGCTGTTGACAGTGAGCGATAGGGTTGTTGTGAGGATTAATAGTGAAGCCACAGA
TGTATTAATCCTCACAACAACCCTACTGCCTACTGCCTCGGA 

Med8.934 
TGCTGTTGACAGTGAGCGCAGGGTTGTTGTGAGGATTAAATAGTGAAGCCACAGA
TGTATTTAATCCTCACAACAACCCTATGCCTACTGCCTCGGA 

Med9.1311 TGCTGTTGACAGTGAGCGCTAGCTGTGTTCTACTTGTAGATAGTGAAGCCACAGA
TGTATCTACAAGTAGAACACAGCTATTGCCTACTGCCTCGGA 

Med9.1424 TGCTGTTGACAGTGAGCGAAAGGTGAGAAGAACCCAGTTATAGTGAAGCCACAGA
TGTATAACTGGGTTCTTCTCACCTTCTGCCTACTGCCTCGGA 

Med9.1689 TGCTGTTGACAGTGAGCGCTGGGACTGTTACTGAACTGAATAGTGAAGCCACAGA
TGTATTCAGTTCAGTAACAGTCCCAATGCCTACTGCCTCGGA 

Med9.2416 TGCTGTTGACAGTGAGCGACAAGGAGATCTTGGTCACAAATAGTGAAGCCACAGA
TGTATTTGTGACCAAGATCTCCTTGCTGCCTACTGCCTCGGA 

Med9.2937 TGCTGTTGACAGTGAGCGAACCTCACACAATAGAAATGTATAGTGAAGCCACAGA
TGTATACATTTCTATTGTGTGAGGTCTGCCTACTGCCTCGGA 

Med9.2943 TGCTGTTGACAGTGAGCGCCACAATAGAAATGTAGAGATTTAGTGAAGCCACAGA
TGTAAATCTCTACATTTCTATTGTGTTGCCTACTGCCTCGGA 

Rpa3.457 TGCTGTTGACAGTGAGCGCAAGGAAGACTCCTGCAGTTTATAGTGAAGCCACAGA
TGTATAAACTGCAGGAGTCTTCCTTATGCCTACTGCCTCGGA 
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Review
Targeting Transcription Factors
in Cancer
Anand S. Bhagwat1 and Christopher R. Vakoc1,*

Transcription factors (TFs) are commonly deregulated in the pathogenesis of
human cancer and are a major class of cancer cell dependencies. Conse-
quently, targeting of TFs can be highly effective in treating particular malignan-
cies, as highlighted by the clinical efficacy of agents that target nuclear hormone
receptors. In this review we discuss recent advances in our understanding of
TFs as drug targets in oncology, with an emphasis on the emerging chemical
approaches to modulate TF function. The remarkable diversity and potency of
TFs as drivers of cell transformation justifies a continued pursuit of TFs as
therapeutic targets for drug discovery.

Introduction
DNA-binding TFs regulate gene expression by influencing RNA polymerase activity in a gene-
specific manner. To carry out this function, TFs minimally employ two distinct interaction surfaces: a
sequence-specific DNA-binding domain (e.g., zinc finger, homeodomain, basic helix-loop-helix)
and an activation/repression domain that interacts with various cofactors. In eukaryotes, TF
cofactors include large, multisubunit protein complexes that either directly activate RNA polymer-
ase II or modify local chromatin structure to allow an increased rate of transcription [1]. TFs regulate
many of their target genes by occupying distal enhancer DNA elements, which loop over large
genomic distances to regulate target gene promoters [2]. The human genome encodes over 2000
different TFs, many of which are expressed in a cell type-specific manner to coordinate gene
expression programs underlying a vast array of cellular processes [2].

Deregulation of TFs is a pervasive theme across many, if not all, forms of human cancer [2]. In
tumor cells, genes encoding TFs are often amplified, deleted, rearranged via chromosomal
translocation, or subjected to point mutations that result in a gain- or loss-of-function [3]. As
prominent examples, TP53 and MYC, which encode the TFs p53 (tumor protein 53) and c-Myc,
are among the most commonly altered genes across all cancers [4,5]. Cancer genome studies
have also revealed that mutation of TF cofactors (e.g., SWI/SNF, p300/CBP, and Mediator) is
also a major mechanism of tumorigenesis [6]. Furthermore, many oncogenic signal transduction
cascades alter the function of downstream TFs to implement gene expression changes that
drive cell transformation [3]. The myriad mechanisms of TF deregulation in cancer highlight the
centrality of aberrant gene expression in cellular transformation and justify consideration of TFs
as therapeutic targets in these diseases.

We discuss below recent insights into the therapeutic strategies to modulate TFs in cancer, and
emphasize agents with established clinical efficacy or with promising effects in preclinical
models. This review naturally covers the agents that exploit ligand-binding domains (LBDs)
of nuclear hormone receptors (NHRs), which are among the most successful targeted therapies
in all of oncology. We also highlight some of the emerging chemical strategies to target
oncogenic TFs outside the NHR family, which includes methods to stabilize or degrade TFs
or to interfere with the function of cofactors.

Trends
TFs are commonly deregulated in the
pathogenesis of human and are a
major class of cancer cell dependen-
cies. This makes TFs attractive targets
for cancer therapy.

Drugs that target nuclear hormone
receptors are among the most impact-
ful targeted therapies in all of oncology.
Insights into their mechanism of action
and mechanisms of resistance have
illuminated fundamental concepts of
TF-targeting therapeutics.

Therapeutic targeting of general tran-
scriptional cofactors can lead to
remarkable efficacy in animal cancer
models with surprisingly little toxicity
to normal tissues.

Chemical targeting of TFs for proteo-
lysis is among the few curative strate-
gies in cancer therapeutics today and is
an emerging approach to suppress
intractable protein targets.
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Pharmacological Induction or Restoration of TF Function as a Cancer
Therapy
One established means of undermining the cancer cell state is by pharmacologically elevating
the function of specific TFs, in particular those related to tumor-suppressor pathways. In
addition, chemical approaches have been devised that restore physiological transcriptional
regulation to bypass the aberrant properties of genetically altered TFs or cofactors.

Reversal of PML–RARA-Mediated Repression with All-trans Retinoic Acid (ATRA)
PML (promyelocytic leukemia)–RARA (retinoic acid receptor /) is an oncogenic fusion TF
produced as a result of the t(15;17) translocation, which occurs in over 98% of acute promye-
locytic leukemias (APLs) [7]. This TF retains an N-terminal zinc-finger region of the PML protein
and the DNA-binding domain and LBD of RARA [8]. The fusion protein undergoes aberrant
dimerization and assembly with corepressor complexes to deregulate the normal function of
RARA, thereby blocking myeloid differentiation (Figure 1) [7]. Empirical evaluation of drug
sensitivity led to the discovery that APL cells were highly sensitive to treatment with various
retinoid ligands of RARA, including all-trans retinoic acid (ATRA) [9]. This finding was remarkable
because the therapeutic activity of ATRA was discovered before the identification of PML–RARA
as the causative oncogene in this disease [10,11]. Notably, combination therapy using ATRA
and A2O3 (the latter discussed below) cures more than 90% of APL patients [12].
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Figure 1. Targeting of PML–RARA in Acute Promyelocytic Leukemia. The PML–RARA fusion protein binds to
RARA sites in the genome, recruiting co-repressors and repressing RAR-target genes. All-trans retinoic acid (ATRA, labeled
as R) binds to PML–RARA and switches it from a repressor of myeloid differentiation genes to an activator. ATRA also
induces degradation of PML–RARA through a direct effect on the PIN1 prolyl isomerase. Arsenic trioxide also binds directly
to the fusion protein and induces its degradation interacting with the zinc finger of the PML moiety. Arsenic leads to ROS
production and subsequent disulfide crosslinking of the cysteines, resulting in oligomerization, SUMOylation, and sub-
sequent ubiquitin-mediated proteolysis. Abbreviations: PIN1, peptidylprolyl cis/trans isomerase 1; PML, promyelocytic
leukemia; RARA, retinoic acid receptor /; ROS, reactive oxygen species; SUMO, small ubiquitin-related modifier.
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Early work demonstrated that the interaction of ATRA with the LBD of PML–RARA leads to a
conformational change that disrupts its association with histone deacetylase-containing cor-
epressors in favor of acetyltransferase coactivators [13]. Hence, one outcome of ATRA binding
to PML–RARA is its conversion from a repressor to an activator of transcription through the
elevation of local histone acetylation at sites occupied by PML–RARA [7,13,14]. Because many
of the genes repressed by PML–RARA have roles in promoting myeloid differentiation, the net
effect of ATRA is the induction of terminal neutrophil differentiation of leukemic blasts (Figure 1)
[14].

Chemical Restoration of CBFb–RUNX1 Complexes in inv(16) Acute Myeloid Leukemia (AML)
Another subtype of acute leukemia is characterized by an inversion on chromosome 16 that
fuses core binding factor b (CBFb) with the smooth-muscle myosin heavy chain (SMMHC) [15].
CBFb is a cofactor for the RUNX (Runt-related) family of TFs, and CBFb–RUNX1 heterodimers
perform essential roles in normal hematopoiesis [16]. The CBFb–SMMHC fusion forms aberrant
oligomers that sequester RUNX1 away from the wild-type form of CBFb, thereby resulting in
leukemogenesis [17]. A recent study employed a high-throughput chemical screen for mole-
cules that disrupt complexes of CBFb–SMMHC and RUNX1 using a FRET (fluorescence
resonance energy transfer)-based approach [15]. While the lead molecule identified from the
screen exhibited moderate potency and a lack of selectivity for the fusion protein, the authors
sought to selectively inhibit the oligomeric CBFb–SMMHC by generating bivalent derivatives of
the compound, named AI-10-49 (Figure 2) [15]. Exposing inv(16) AML cells to AI-10-49 led to the
selective disruption of CBFb–SMMHC interactions with RUNX1 and restored the formation of
wild-type CBFb–RUNX1 heterodimers (Figure 2) [15]. Notably, only AML cell lines and patient
samples harboring CBFb–SMMHC were sensitive to AI-10-49, and this molecule led to impres-
sive survival benefit in a genetically engineered mouse model of this disease [15]. This study
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Figure 2. Targeting of CBFb–
SMMHC in inv(16) AML. CBFb is a
cofactor for the TF RUNX1. Together
these proteins regulate normal hemato-
poiesis. The inv(16) lesion that defines a
subtype of AML results in the joining of
smooth-muscle myosin heavy chain to
CBFb. This fusion product is oligomeric
and outcompetes wild-type CBFb for
RUNX1 binding. AI-10-49 is a bivalent
inhibitor of CBFb-SMMHC that prevents
its interaction with RUNX1, thus restoring
the formation of RUNX1–CBFb heterodi-
mers. Abbreviations: AML, acute myeloid
leukemia; CBFb, core-binding factor, b
subunit, RUNX, Runt-related transcription
factor; SMMHC, myosin heavy chain 11,
smooth muscle.
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highlights the utility of bivalent molecules for selectively targeting an aberrantly oligomerized
transcriptional cofactor to restore the formation of physiological TF–cofactor interactions.

Ligand-Induced Activation of the Glucocorticoid Receptor (GR) Leads to Apoptosis in
Lymphoid Cancers
Glucocorticoids are steroid hormones that exert pleiotropic, stress-associated effects on
multiple human tissues by activating the function of GR [18]. One of the effects of GR activation
with synthetic agonists (e.g., dexamethasone and prednisolone) is a severe defect in the
proliferation and survival of lymphocytes, which has led to a widespread use of glucocorticoids
as immunosuppressants and as a therapy for acute lymphoblastic leukemia (ALL) and other
lymphoid neoplasms (Figure 3) [19,20]. Part of the mechanism underlying the induction of
lymphocyte apoptosis by glucocorticoids is the role of GR in regulating the expression of genes
encoding the BCL2 (B cell lymphoma 2) family of apoptosis regulators [21,22]. Specifically, GR
activates expression of the proapoptotic BIM (BCL2 interacting mediator of cell death) gene,
which is required for glucocorticoid-induced apoptosis of transformed lymphoid cells [21,22].
The clinical use of glucocorticoids in lymphoid cancers illustrates how chemical augmentation of
TF function can cause lethality in cancer cells in a manner specific to the cell lineage from which
the tumor is derived.

Despite the well-established efficacy of GR modulation in lymphoid cancers, the clinical
response to glucocorticoids is heterogeneous and limited by the emergence of resistance. It
has been found that GR occupancy at an intronic BIM enhancer occurs in dexamethasone-
sensitive ALLs, but not in dexamethasone-resistant ALL, highlighting how TF genomic
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Figure 3. Targeting the Glucocorticoid Receptor (GR) in Lymphoid Cancers. Endogenous glucocorticoids (G) or
synthetic glucocorticoids such as dexamethasone and prednisolone enter a leukemia cell and bind to the GR. Upon binding
its ligand, GR is released from heat shock protein (HSP) chaperones, dimerizes, and enters the nucleus. Its key target genes
for cancer therapy include the proapoptotic gene BIM (BCL2 interacting mediator of cell death). GR binds to a regulatory
element in an intron of BIM, and recruits coactivators to drive expression of BIM to promote apoptosis of normal and
neoplastic lymphoid cells. Abbreviations: AKT, protein kinase B.
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occupancy can be utilized as a therapeutic response biomarker [23]. In a separate study it was
found that increased expression of caspase 1 confers resistance to glucocorticoids via caspase
1-mediated cleavage of GR to antagonize its transcriptional output [24]. Resistance to gluco-
corticoid therapy can also be conferred via the genetic loss of PTEN (phosphatase and tensin
homology), which leads to AKT (protein kinase B)-mediated hyperphosphorylation of GR to
block its nuclear entry [25]. Loss-of-function mutations or transcriptional silencing of GR
coactivators (e.g., CBP and SWI/SNF) has also been associated with dexamethasone resis-
tance in ALL [26,27]. Collectively, these studies raise the possibility that targeting of caspase 1,
AKT, or GR cofactors could improve the efficacy of glucocorticoid therapy in ALL.

Stabilization of p53 by Antagonizing MDM2
Mutations in TP53 are among the most frequent genetic alterations in human cancer. However,
many cancers retain wild-type TP53 and instead depend on the E3 ligase protein MDM2 (double
minute 2) for ubiquitin-mediated destruction of p53 via the proteasome, or on MDMX/MDM4,
which directly binds to and inhibits the function of p53 [28]. Because genetic restoration of p53
function can lead to profound tumor regression in animal models, several groups have devel-
oped MDM2 inhibitors as a targeted therapy for TP53 wild-type cancers [29–31]. The first of
such inhibitors, nutlins, were identified via a high-throughput chemical screen for molecules that
disrupted the binding of MDM2 and p53 [32]. Preclinical studies with nutlins have demonstrated
strong effects in suppressing tumor growth in mouse xenografts via induction of p53-mediated
apoptosis and several molecules based on the nutlin chemical structure are currently in clinical
development [28,31].

Targeting of Lineage-Specific Non-Oncogene TF Dependencies
While genetically altered TFs, such c-Myc and PML–RARA, represent compelling targets, non-
oncogene TFs that support growth of discrete tissues can also be suitable for therapeutic
intervention in cancer. The unique requirement for the estrogen receptor / (ER/) and the
androgen receptor (AR) for the growth of reproductive tissues has afforded the development of
highly-effective and well-tolerated cancer therapeutics in breast and prostate cancer,
respectively.

ER in Breast Cancer
Approximately 70% of breast cancers rely on estrogen for sustained cell growth, a feature that
cancer cells share with the ductal epithelium cell-of-origin [33,34]. These effects are largely
mediated through the interaction of estrogen with the LBD of a single NHR, ER/ [33,35]. While
not an oncogene per se, a subset of breast cancers utilize ER to sustain their aberrant
capabilities. Notably, genetic knockout of ER in mice is compatible with viability, but animals
display abnormalities in the development of female reproductive organs (uterus, ovaries, and
mammary glands) and other organ systems (e.g., diminished bone mineralization) [36]. None-
theless, the tissue context-specific ER requirement for cell proliferation across adult tissues has
provided a wide therapeutic window for ER modulation as a therapeutic approach in breast
cancer.

Several pharmacological strategies are available to target the ER LBD to suppress its function
[37]. Selective estrogen receptor modulators (SERMs), such as tamoxifen and raloxifene, directly
compete with estrogen for binding to the ER LBD [38]. Other ER antagonists such as fulvestrant
bind to the ER LBD at much higher affinity than SERMs and cause ER degradation [39,40].
Another route to ER inhibition is aimed at reducing the availability of estrogen by inhibiting
aromatase, an enzyme that converts circulating androgens into estrogen [41]. The net effect of
each of these therapies is a selective block in cell cycle progression and the induction of
programmed cell death, which can lead to tumor regression in vivo while having an acceptable
side effect profile in other tissues (Figure 4A) [37,42].
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Figure 4. Targeting the Estrogen and Androgen Receptors in Breast and Prostate Cancers. (A) Estrogens (E),
primarily produced in the ovaries, enter a breast epithelial cell and bind to the estrogen receptor (ER). Upon binding its ligand,
ER is released from heat shock protein (HSP) chaperones, dimerizes, and enters the nucleus. Here, it binds to estrogen
response elements and recruits coactivators to regulate its target genes to promote the growth, proliferation, and survival of
breast cells. Anti-estrogen therapy comes in two major modes: inhibitors of estrogen synthesis, such as the aromatase
inhibitors exemestane and letrozole, and inhibitors of ER ligand binding, such as tamoxifen and fulvestrant. (B) Androgens
(A) enter a prostate epithelial cell, are converted from testosterone to dihydrotestosterone, and bind to the androgen
receptor (AR). Upon binding its ligand, AR is released from HSP chaperones, dimerizes, and enters the nucleus. It recruits
coactivator proteins to androgen response elements in the genome, including those regulating the prostate cancer
biomarker prostate-specific antigen (PSA), and promotes the growth, proliferation, and survival of prostate cells. Anti-
androgen therapy falls principally into two categories: androgen synthesis inhibitors, such as the CYP17A1 inhibitor
abiraterone, and inhibitors of ligand binding, such as bicalutamide and enzalutamide.
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One remarkable feature of ER revealed through epigenomic approaches is its capacity to
rearrange its global genomic occupancy, or cistrome, in response to various stimuli [35,43].
Chromatin immunoprecipitation combined with high-throughput sequencing (ChIP-seq)
analysis in primary human breast tumors has revealed a unique ER cistrome in poor- versus
favorable-prognosis tumors. These ER cistromes are specified in part through the actions of
the pioneer TF FOXA1 (forkhead box A1), which can render enhancers competent for ER
occupancy [44,45]. Signaling cascades downstream of HER2 (epidermal growth factor
receptor 2/ERBB2), an oncogene amplified in !20% of breast cancers, can also reprogram
ER cistromes and attenuate the sensitivity of breast cancer cells to tamoxifen [46,47].
Similarly, inflammation within the tumor microenvironment is associated with resistance
to tamoxifen therapy and remodeling of ER occupancy at enhancers, which can be mediated
by tumor necrosis factor / (TNF/)-dependent activation of nuclear factor kb (NF-kB)
[48,49]. Copy-number amplifications of ER-bound enhancers at 17q23 and 20q13 have
also been associated with tamoxifen resistance, which may provide a genetic means of
reprogramming ER genomic occupancy [50]. Collectively, these studies highlight how TF
cistromes can be dynamically altered to dictate the transcriptional output and overall efficacy
of TF-modulating therapeutics.

AR in Prostate Cancer
Androgens, such as testosterone and dihydrotestosterone, are steroid hormones that perform
essential roles in the development of the male reproductive system, including a role in promoting
growth of normal prostate epithelium [51]. Similar to the estrogen dependence of breast
cancers, tumors derived from prostate epithelium rely on endogenous androgens for disease
maintenance and progression [52]. This finding has motivated numerous strategies to deplete or
block the effect of androgens as a therapeutic approach for men with advanced prostate cancer.
The majority of the effects of androgens on human biology is mediated by AR. In prostate cancer
cells, the interaction of androgens with the LBD of AR leads to transcriptional changes at an array
of downstream target genes involved in the control of cell proliferation and survival (Figure 4B)
[53,54].

Androgen production can be suppressed surgically by orchiectomy or pharmacologically by
targeting the hypothalamic–pituitary axis with luteinizing hormone releasing hormone (LHRH)
analogs (e.g., leuprolide) or by blocking the enzymatic activity of cytochrome P450 CYPC17
(e.g., with abiraterone) [55–57]. Another class of drugs block the effects of androgens through
direct antagonism of AR function. First generation anti-androgens (e.g., flutamide and bicalu-
tamide) and second-generation anti-androgens (enzalutamide and ARN-509) compete with
endogenous androgens for binding to the AR LBD [53,58,59]. Second generation anti-andro-
gens exhibit enhanced affinity for AR and have overcome several of the common resistance
mechanisms associated with first-generation agents [53,60]. However, AR point mutations and
alterations of AR splice variants have emerged as resistance mechanisms that also limit the
efficacy of second-generation anti-androgens [58,61–64].

Analysis of AR genomic occupancy has yielded significant insights into mechanisms of prostate
cancer progression and resistance to anti-androgen therapy [54]. One of the major determinants
of AR cistromes in prostate cancer is the ETS (avian erythroblastosis virus E26 oncogene
homolog) family of TFs, which are genetically altered and overexpressed in this disease [65,66].
Depending on the cellular context, ETS factors can either repress or support the output of AR
signaling [65,66]. Recent evidence also suggests that the essential function of AR in advanced
prostate cancer can be replaced by GR, thereby allowing a mechanism of glucocorticoid-
dependent resistance to anti-androgen therapy [67]. In such tumors, it was shown that GR
invades the AR cistrome to maintain a parallel transcriptional pathway that supports disease
progression [67].
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Targeting of TF Cofactors
The regulatory function of TFs is reliant on direct interactions with a vast assortment of
transcriptional cofactors as a means of influencing RNA polymerase II activity. Hence, many
TF–cofactor interaction surfaces represent compelling therapeutic targets. While historically
such chemical approaches have been limited by a lack of potency, a few small-molecule or short
peptide-based approaches that target cofactor interactions have been shown to suppress
oncogenic TF function and exhibit promising therapeutic effects in preclinical cancer models.

NOTCH1–MAML in T cell leukemia (T-ALL)
NOTCH1 encodes a transmembrane protein that is cleaved upon binding to extracellular ligands
to allow translocation of its intracellular domain (ICN1) to the nucleus, where it serves as cofactor
for the TF CSL (‘CBF1, suppressor of hairless, Lag-1’) [68]. The ICN1–CSL interaction creates a
docking site for the mastermind-like (MAML) family of coactivators, which together promote the
transcriptional output to NOTCH1 signaling [68]. Notably, NOTCH1 mutations are found in T-
ALL that increase the nuclear localization of ICN1 to promote leukemia initiation [68]. As a
potential treatment strategy for NOTCH1-driven leukemia, Moellering et al. developed a cell-
permeable stabilized /-helical peptide derived from MAML1 (SAHM1), which binds to ICN1–
CSL with a Kd of 120 nM to competitively block the association of endogenous MAML1 with
ICN1 [69]. Treatment of NOTCH1-mutant T-ALL (T-acute lymphoblastic leukemia) cells with
SAHM1 attenuated NOTCH1-dependent transcriptional signatures and inhibited T-ALL pro-
gression in xenograft models [69].

BCL6–SMRT in B Cell Lymphoma
BCL6 is an oncogenic zinc-finger TF that is often overexpressed in B cell lymphomas as a
consequence of BCL6 chromosomal translocations or promoter mutations [70]. BCL6
represses its downstream target genes via a BTB domain which interacts directly with a variety
of corepressors, including SMRT (silencing mediator of retinoic acid and thyroid hormone
receptor) [70]. To devise a means of disrupting BCL6-mediated repression, a structure-based
in silico drug design effort led to the identification of a small molecule, 79-6, that binds to the
SMRT interaction site of the BCL6 BTB domain with a Kd of 125 mM [71]. 79-6 can disrupt
SMRT–BCL6 interactions in lymphoma cells and leads to upregulation of BCL6 target genes
[71]. Despite the moderate affinity for BCL6, treatment of lymphoma-bearing mice with 79-6 led
to diminished tumor growth in vivo [71].

Blockade of TF Output by Chemical Inhibition of BRD4
An example of a general TF cofactor is the bromodomain and extraterminal (BET) protein BRD4,
which can interact directly with a vast array of TFs in a bromodomain-dependent or -indepen-
dent manner [72]. Moreover, BRD4 bromodomains can also bind to acetylated nucleosomes
that lie adjacent to TF-occupied enhancers and promoter, thus allowing BRD4 to promote TF-
mediated activation even in the absence of direct TF interactions [72]. Inhibition of BET
bromodomains with potent small-molecule inhibitors (e.g., JQ1 or IBET) has been shown to
suppress the functional output of a vast array of oncogenic TFs, including ERG (ETS-related
gene), c-Myb, c-Myc, E2F1 (E2F transcription factor 1), and NF-kB [73–77]. Moreover, several
oncogenic loci exhibit massive enrichment of BRD4 at distal enhancer elements, termed super-
enhancers, which may also confer cancer cell hypersensitivity to BRD4 inhibition [78]. Chemical
inhibition of BET bromodomains has been shown to suppress tumor progression in a wide range
of animal models while, remarkably, exhibiting minimal toxicity to normal tissues [72,76]. BET
inhibitors are currently under investigation as cancer therapeutics in several early-stage clinical
trials.

One of the impressive effects of BRD4 inhibition is its capacity to suppress the expression of
genes encoding oncogenic TFs, including MYC [79,80]. If such effects can occur with a degree
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of specificity, such an approach provides an attractive indirect route for TF modulation. While not
a TF cofactor per se, the histone H3 lysine 79 (H3K79) methyltransferase DOT1L (DOT1-like) is
essential to maintain expression of essential homeodomain-containing TFs (e.g., HOXA9) in AML
[81]. Furthermore, small-molecule inhibitors of DOT1L suppress HOXA9 expression and leuke-
mia progression in animal models, which has led to the initiation of clinical trials evaluating these
agents in leukemia patients [81]. Chemical inhibition of the CDK7 (cyclin-dependent kinase 7)
subunit of TFIIH (transcription factor II human) has also been shown to disproportionately
suppress the expression of lineage-specific TFs in various cancer models in association with
therapeutic benefit [82].

Targeting TFs for Proteasome-Mediated Destruction
An alternative approach to disrupting TF–DNA and TF–cofactor interactions with small-mole-
cules is to target TFs for proteolysis, an approach that has been associated with remarkable
clinical efficacy in the examples highlighted below.

Targeting PML–RARA for Destruction with As2O3 and ATRA
The mechanism underlying the curative effects of As2O3 and ATRA in APL has been the subject
of intense investigation in recent years. Despite its identification as therapeutic via an empirical
evaluation, As2O3 has been shown to induce PML–RARA degradation by directly interacting
with the PML moiety of the fusion TF [83,84]. In this context, arsenic can replace the zinc ion that
normally interacts with PML [84]. This leads to oxidation of vicinal cysteine residues and
enhances the oligomerization of PML–RAR, which in turn increases its interaction with the
SUMO (small ubiquitin-like modifier)-conjugating enzyme UBC9 (‘ubiquitin-conjugating enzyme
9’) [83,84]. This results in PML–RARA sumoylation and subsequent RNF4 (ring finger protein 4)-
mediated polyubiquitination, ultimately leading to destruction of the oncoprotein [83–86]. This
example highlights how pharmacological TF degradation can be a highly-selective and effective
therapeutic approach in treating lethal malignancies.

ATRA reverses the transcriptional repression mechanism of PML–RARA to cause APL differen-
tiation; however, earlier work had shown that ATRA also triggers the degradation of PML–RARA
[87]. The latter effect has been suggested to occur as an indirect consequence of ATRA
interacting with the prolyl isomerase PIN1 (peptidylprolyl cis/trans isomerase 1), which in turn
regulates PML–RARA stability [88]. Synthetic retinoid molecules have recently been identified
that potently antagonize PML–RARA-mediated repression, but without altering PML–RARA
levels [89]. Although these retinoids induce differentiation of APL cells to a comparable extent to
ATRA, these compounds are much less active in eradicating leukemia in mice [89]. This
suggests that differentiation is not the underlying mechanism relevant to the curative effects
of ATRA in APL [89]. It now appears that PML–RARA destruction via ATRA or As2O3 leads to
eradication of leukemia stem cells via induction of p53-mediated senescence, which leads to
curative effects in this disease [90].

Targeting TFs or Cofactors for Destruction using Phthalimide-Based Drugs
Phthalimide-based drugs (thalidomide, lenalidomide, and pomalidomide) were originally with-
drawn from clinical use because of their teratogenicity, but were later realized to exhibit potent
therapeutic effects in multiple myeloma and myelodysplasia. The molecular target of phthali-
mides was recently discovered to be the cullin-RING ubiquitin ligase protein cereblon [91]. To
reveal the relevant cereblon substrates whose levels are modulated by phthalimides, two
independent groups carried out proteomic screens that led to the identification of Ikaros-family
TFs, IKZF1 and IKZF3, as the cereblon substrates modulated by phthalimide treatment of
multiple myeloma cells [92,93]. Binding of phthalimides to cereblon triggered polyubiquitylation
of IKZF1/3 and subsequent proteasome-mediated degradation (Figure 5) [92,93]. Structural
studies suggest that the interaction of thalidomide with cereblon may create a neomorphic
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interface for IKZF1/3 that enhances substrate recognition, potentially at the expense of natural
cereblon substrates [94,95]. IKZF1/3 are essential TFs in the B cell lineage, and mutation of the
cereblon degron motifs found on these TFs was sufficient to render myeloma cells resistant to
phthalimides [92,93]. In analogy to As2O3 and ATRA in APL, these studies demonstrate how an
empirically identified cancer therapy was subsequently realized to induce TF destruction as part
of its mechanism of action.

The aforementioned successes of small-molecule-based targeting of TFs for proteolysis raises
the question as to the whether such an approach can be generalized to target other intractable
proteins. A recent study has now shown that various small molecules can be conjugated to the
aryl ring of thalidomide to cause cereblon-mediated degradation of their interacting proteins [96].
This was shown using the BET bromodomain inhibitor JQ1, which when linked to thalidomide
led to potent suppression of BET protein levels and enhanced anti-leukemia effects [96]. An
independent series of thalidomide conjugates were also able to cause degradation of FKBP12
(FK506 binding protein 12) [96]. This study reveals a powerful chemical tool that could be
employed for targeting oncogenic TFs or their cofactors. Traditional chemical approaches
require high-affinity and high-specificity interactions with functionally-important surfaces to
interfere with their targets. Phthalamide conjugation would presumably allow small molecules
to suppress their protein targets without necessarily binding to functionally important surfaces,
which has potential for expanding the number of targetable proteins.

CRBN
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IKZF1/3UU
U

Proteasomal
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of IKZF1/3 
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Figure 5. Targeting Ikaros TFs with Phthalimide Induces Cereblon-Mediated Proteolysis. IKZF1 and IKZF3 are
TFs that regulate B cell lineage transcriptional programs. Targets of IKZF1/3 in multiple myeloma include IRF4. Cereblon
(CRBN) is an E3 ubiquitin ligase in a complex. Thalidomide and its derivatives pomalidomide and lenalidomide bind to
cereblon, blocking its access to its normal ubiquitylation targets. These drugs additionally bind to IKZF1/3, thus recruiting
them to the CRBN complex and resulting in their ubiquitylation (U) and proteasomal degradation as a neosubstrate.
Abbreviations: IKZF, Ikaros family zinc finger 1; IRF4 interferon regulatory factor 4.
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Concluding Remarks
Our understanding of the clinical efficacy and current limitations of NHR modulation in cancer
can greatly aid our assessment of other TF classes as candidates for drug development (see
Outstanding Questions). One important lesson learned from the agents that target AR and ER is
that a therapeutic window need not rely on the targeting of a genetically altered TF functionality.
Targeting of ER and AR instead exploits a lineage-specific, non-oncogene dependency on these
regulators that is inherited from the cell of origin. A large number of TFs are also required in
discrete cell types, and hence targeting of such regulators could have an acceptable risk-to-
benefit ratio, depending on the essentiality of the tissue of origin. NHR modulation has also
provided fundamental insights into the modes of resistance that can emerge upon suppressing a
single TF dependency, such as mutations of the TFs themselves, mutations of cofactors, and
remodeling of TF cistromes.

One theme that emerges from this review is that chemical modulation of TFs can be achieved
through remarkably diverse, and often empirical, strategies. The clinical success of agents such
as As2O3 and thalidomide underscores how small molecules can target TFs for proteasome-
mediated destruction in a highly-selective manner. This represents an alternative to the chemical
disruption of TF–cofactor or TF–DNA interactions, which can be limited by a lack of potency [97].
High-throughput cell-based chemical screens that evaluate for TF degradation may provide a
means to develop agents that suppress other elusive TF dependencies in oncology, such as c-
Myc. Conversely, TFs can also be stabilized pharmacologically by blocking their destruction, as
in the case of drugs that block MDM2-mediated targeting of p53 [32]. Finally, TFs can also be
suppressed at the transcriptional level by targeting of general factors such as BRD4, DOT1L,
and CDK7 [72,82].

Recent advances in functional genomics, such as the implementation of CRISPR (clustered
regularly interspaced short palindromic repeats)-based genetic screens, will soon provide a
comprehensive picture of TF dependencies across diverse forms of cancer [98–100]. The
context-specific nature of many TF dependencies is likely to lead to the identification of a large
number of therapeutic opportunities. However, to exploit TFs as drug targets demands a deep
biochemical understanding of TF–cofactor interactions and the mechanisms that control TF
protein stability. Basic research that investigates mechanisms of TF function in normal and
cancer contexts will be crucial to advance this important area of translational cancer research.
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