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Abstract29

The BET bromodomain-containing proteins, such as BRD4, are highly 30

promising targets for treating lymphoid and myeloid malignancies. They act to 31

modulate the expression of multiple genes that control diverse cellular 32

processes including proliferation, survival and differentiation which are 33

consequentially disrupted by small molecule BET bromodomain inhibitors such 34

as JQ1. By assessing the impact of these inhibitors on normal mouse 35

hematopoietic cells or their transformed counterparts, we establish definitively 36

that their cytotoxic action in vitro and in vivo relies predominantly on the 37

activation of BAX/BAK-dependent mitochondrial (intrinsic) apoptosis. In large 38

part, this is triggered by marked up-regulation of the BH3-only protein BIM 39

when the BET inhibitors suppress miR-17-92, a key post-transcriptional 40

repressor of BIM expression. Thus, our study strongly suggests that mutations 41

that permit the evasion of apoptosis (e.g. BCL2 overexpression, BIM 42

inactivation) are likely to blunt the activity of the BET bromodomain inhibitors 43

and should be anticipated when therapy resistance develops. Strikingly, we 44

also found that certain normal hematopoietic cells, especially those of 45

lymphoid origin, are as prone to apoptosis induced by the BET inhibitors as 46

their transformed counterparts, indicating that their susceptibility to BET 47

inhibitors did not arise from oncogenic transformation.  48
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Introduction 49

There has been intense interest in targeting the BET (bromodomain and 50

extraterminal domain) family of proteins (BRD2, BRD3, BRD4, BRDT) for 51

treating cancers, notably ones of hematological origin1-8. Other than the rare 52

NUT midline carcinomas (NMC) in which BRD4 expression is dysregulated9, 53

a variety of cancers driven by other oncogenic lesions, such as deregulated 54

c-MYC expression in hematological malignancies, also appear to be highly 55

susceptible to BET inhibition4. Biochemically, the BET proteins act as 56

epigenetic “readers” regulating gene expression by binding to -N-acetylated 57

lysines on histones or other proteins10, 11. Through these interactions, the BET 58

proteins recruit other proteins (including histone modification ‘writers’ and 59

‘erasers’) involved in the wider network regulating gene transcription12. Small 60

molecule inhibitors of the BET proteins, such as the well-validated and 61

extensively used tool compound JQ1, were shown to inhibit the growth of 62

several leukemia and lymphoma derived cell lines13.  63

Since the BET proteins modulate the expression of many genes, the 64

consequences of inhibiting them are likely to be diverse, ranging from 65

suppressing cell cycle progression driven by c-MYC1, 4, modulation of 66

apoptosis2, NFκB signaling14 to the induction of differentiation1. However, the 67

relative contributions of these processes for the cytotoxic action of the BET 68

inhibitors is unclear; likewise, whether targeting c-MYC expression is 69

sufficient to account for the cytotoxic action of the BET inhibitors is unknown. 70

Using established cell lines and well-validated mouse genetic models, we 71

sought to establish the relative importance of apoptosis for their cytotoxic 72

action. We focused on the mitochondrial (intrinsic) pathway to apoptosis 73

regulated by the BCL2 protein family15, 16 since this mechanism is implicated 74

in the response to diverse anti-cancer agents17-19 For example, the 75

overexpression of BCL2 in lymphoid malignancies often accounts for their 76

refractoriness to standard-of-care agents, such as DNA damage inducing 77

chemotherapeutics20. BCL2 itself and its pro-survival relatives act to restrain 78
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the cell death mediators BAX and BAK, thereby maintaining cellular viability. 79

The pro-survival proteins are countered by the third sub-class of the BCL2 80

family, the BH3-only proteins21. When a cell is damaged or stressed, such as 81

by DNA damaging cytotoxic drugs, the BH3-only proteins are activated22. 82

These BH3-only proteins (e.g. PUMA, BIM) inhibit the pro-survival BCL2 83

proteins and/or directly activate BAX/BAK, thereby allowing the latter to drive 84

mitochondrial outer membrane permeabilization (MOMP), the point of no 85

return in apoptotic cell death. In the absence of both BAX and BAK, apoptosis 86

cannot proceed23. 87

By treating multiple cell lines of diverse origins or matching ones 88

engineered to lack one or more of the key BCL2 family members, we were 89

able to determine whether apoptosis plays any role in the killing of 90

hematopoietic cells by the BET inhibitors. Our results from studying 91

hematopoietic cells in vitro and in whole animals establish the central role 92

played by BAX/BAK-mediated apoptosis for the cytotoxic action of the BET 93

inhibitors. Moreover, the transcriptional up-regulation of BIM upon JQ1 94

treatment appears to contribute significantly. Importantly, we uncovered a 95

novel mechanism by which the BET inhibitors prime hematopoietic cells to 96

die: by repressing the microRNA cluster, miR17-92, which normally prevents 97

apoptosis by reducing BIM mRNA levels24-26.98

99
Materials and methods 100

Cell lines and mice MLL-ENL AML27 and Eμ-Myc lymphoma28 cell lines were 101

generated and cultured as previously described. Retroviral MSCV-IRES-GFP 102

(MIG) constructs for c-MYC29 (a gift from John Cleveland, Addgene plasmid # 103

18119) and (BCL2, BCLXL, MCL1, BCL2A1)27 overexpression or BIM knock-104

down30 and retroviral transduction31 have been described. Eμ-Myc;p53-/- cell 105

lines were derived from Eμ-Myc mice crossed with p53+/- mice32. Genome 106

editing of Bim and p53 in Eμ-Myc lymphoma cells has been described33. The 107

vav-BCL2 transgenic34, Bim-/-35, Bid-/-36, Bax-/-Bak-/-23, p53-/-37 and Eμ-Myc38 108
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mice have also been described; all of these mice were maintained on a 109

C57BL/6 background. Bone marrow chimeric (FLT) mice were generated by 110

injecting 2×106 fetal liver cells (CD45.2) from E13.5 embryos by intravenous 111

injection into lethally (2×5.5Gy, 3h apart) γ-irradiated C57BL/6 (CD45.1) 112

recipient mice. WT, Bax-/-Bak-/- reconstituted (FLT) mice or mice bearing 113

lymphomas were administered daily doses of 50mg/kg of JQ1 by intra-114

peritoneal injection. Injection of 10% DMSO in the vehicle (10% 2-115

hydroxypropyl- -cyclodextrin) was used as the control. Experiments with 116

mice were conducted according to the guidelines of the Walter and Eliza Hall 117

Institute Animal Ethics Committee. 118

 119

Hematopoietic cell subsets staining, sorting and culturing LSK (Lineage-120

Sca-1+cKIT+) cells were isolated from lineage marker+ depleted BM cells 121

stained with antibodies detecting Sca-1 (clone D7) and c-Kit (clone Ack4) and 122

cultured in Dulbecco's Modified Eagle's Medium (DME) containing 10% FCS, 123

6 ng/ml IL-3, 100 ng/mL SCF and 50 ng/mL Flk-ligand. BM cells were lineage 124

depleted using rat antibodies detecting CD2 (clone RM2.1), B220 (clone RA3-125

6B2), CD19 (clone ID3), CD3 (clone KT31.1), CD8 (clone 53-6.7), Ter119 126

(clone Ly-76), Mac1 (clone M1/70), and Gr-1 (clone IA8) and anti-rat IgG 127

antibody conjugated magnetic beads (Sigma). Myeloid cells were isolated 128

after staining with Mac-1 (clone M1/70) antibody and cultured in DMEM 129

containing 10% FCS and 6 ng/mL IL-3. Hematopoietic subsets were stained 130

and isolated as previously described39, 40 and cultured on OP9 stromal cells in 131

-MEM medium containing 10% FCS, 2 mM L-glutamine, 10 ng/mL IL-7 and 132

50 μM -mercaptoethanol. Sorted thymic T cells were cultured on OP9-DL1 133

stromal cells in -MEM medium containing 10% FCS, 4 mM L-glutamine, 10 134

ng/mL IL-7 and 50 μM -mercaptoethanol. 135

CRISPR/Cas9 gene editing The inducible lentiviral based CRSIPR/Cas9 136

gene editing system has been previously described33. Lentiviral constructs for 137

doxycycline-inducible sgRNA expression33 and sgRNA sequences for mouse 138
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and human BIM33, mouse p5333, mouse BRD441, and human BAX and BAK 139

(Gong, Huang et al. submitted) have been described. The generation of 140

lentiviral particles, induction of sgRNA expression and sequencing of genomic 141

DNA from clonal cell lines using the Illumina MiSeq sequencing platform have 142

also been described33.  143

 144

Results145

JQ1 triggers cell death in diverse cell lines derived from hematopoietuc 146

malignancies147

We first examined the effect of JQ1 treatment on a panel of 10 human cell 148

lines. Using a well established assay (CellTiter-Glo) that quantifies the 149

proliferation and survival of a population of cells, we found that JQ1 treatment 150

reduced the viability of all the cell lines tested (Figure 1a). Since this loss in 151

cell viability could be due to growth inhibition or to cell death, we sought to 152

determine specifically whether these cells were undergoing cell death by 153

assessing the ability of live cells to exclude the vital dye propidium iodide (PI). 154

Interestingly, JQ1 induced extensive cell death in the majority of the cell lines 155

tested (e.g. MM.1S). The inhibition of cell growth without significant cell death 156

was only observed in two cell lines, K562 and MOLT-4 (Figure 1a). 157

Given the striking finding that JQ1 induced cell death in 8/10 cell lines 158

tested, we next investigated the mechanisms of BET inhibition by utilizing the 159

Eμ-Myc mouse lymphoma model which has been extensively used to test 160

novel therapeutic approaches as well as the role of cell death induction in 161

cancer therapy38, 42, 43. In this transgenic mouse strain, the immunoglobulin 162

heavy chain gene enhancer (Eμ) drives the aberrant overexpression of c-Myc 163

within the B cell compartment. From an early age, the deregulated c-MYC 164

expression causes an abnormal polyclonal increase in pre-leukemic pro-B 165

and pre-B cells44, 45 and the animals invariably progress to clonal pre-B or 166

sIg+ve B cell lymphomas (mean survival of ~110 days on a C57BL/6 167

background)46. 168
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We tested multiple independently derived Eμ-Myc lymphomas in vitro 169

and found that JQ1 reduced cell viability (EC50 40nM; Figure 1b). Like many 170

of the human cancer cell lines (Figure 1a), significant cell death was observed 171

(EC50 200nM). Consistent with these in vitro observations, mice transplanted 172

with these Eμ-Myc lymphomas revealed that daily treatment with JQ1 173

substantially curtailed tumor growth (Figure 1c). Compared to control vehicle 174

treated mice (mean survival 9 days), treatment with JQ1 prolonged their 175

survival (17.5 days) (Figure 1d). JQ1 treatment also ameliorated some of the 176

characteristic features of this aggressive disease, such as splenomegaly and 177

hepatomegaly caused by lymphomatous infiltration into these organs (Figures 178

1e,f; Supplementary Figure 1). These data recapitulate and extend recent 179

observations with a related model of high grade lymphoma, the -Myc mice47. 180

We conclude from these experiments that the BET inhibitors can 181

trigger the death of multiple hematopoietic cell lines derived from diverse 182

models of malignancies. Next, we sought to determine the mechanism by 183

which these compounds can kill cells. 184

185

The cytotoxic action of the BET inhibitors does not require the tumor 186

suppressor p53 187

We first examined whether the cytotoxic effect of JQ1 relies on the tumor 188

suppressor protein p53. p53 mediates the activity of many cytotoxic drugs by 189

triggering the expression of genes that drive apoptosis or cell cycle arrest, 190

such as Puma or p21, respectively48. Accordingly, Eμ-Myc lymphoma cells 191

that constitutively lack p53 or have p53 expression ablated by CRISPR/Cas9 192

genome editing were refractory to the induction of p53-dependent apoptosis 193

triggered by the DNA damaging drug etoposide (Supplementary Figure 2A). 194

In sharp contrast, JQ1 killed Eμ-Myc lymphoma (Figure 2a) or MLL-ENL AML 195

cells (Figure 2b) even when p53 was deleted. Moreover, these Eμ-Myc 196

lymphoma cells underwent G0/G1 cell cycle arrest induced by JQ1 whether or 197

not they harbored p53 (Figure 2c). 198
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These studies reveal that the cytotoxic acton of the BET inhibitors 199

does not require p53.  200

 201

JQ1 kills Eμ-Myc lymphoma cells by inducing apoptosis  202

Next, we sought to determine the mechanism by which the BET inhibitors 203

drive p53-independent killing of the lymphoma cells. Killing by the BET 204

inhibitors was delayed by addition of the broad spectrum caspase inhibitor, Q-205

VD-OPh49 (Supplementary Figure 2B). Cleavage of caspase-3 was apparent 206

24 hours after exposure to JQ1 but abolished by enforced expression of the 207

pro-survival protein BCL2 (Supplementary Figure 2C). Enforced expression of 208

the other pro-survival relatives, BCLXL, MCL1, BCL2A1, also protected these 209

lymphoma cells as well as murine AML cells from killing by JQ1 (Figures210

2d,e). We conclude from these studies that the BET inhibitors kill malignant 211

hematopoietic cells by inducing the mitochondrial pathway to apoptosis. 212

213

The BET inhibitors also kill normal B lymphoid cells 214

To investigate if sensitivity to BET inhibition is a consequence of oncogenic 215

transformation, we assessed the sensitivity of primary (non-transformed) B 216

lymphoid cells isolated from wild-type C57BL/6 mice that were cultured in IL-7 217

supplemented medium with the stromal cell line, OP9. Using this culture 218

system to maintain primary cells in vitro for a few days, we found that all the B 219

cell subsets from bone marrow or spleen were sensitive to killing by JQ1 220

(EC50<0.5 μM), with the less mature developmental stages being slightly 221

more sensitive (Figures 3a,b). I-BET151, another BET inhibitor that is 222

chemically distinct from JQ1, also killed primary B lymphoid cells 223

(Supplementary Figure 3). Akin to the Eμ-Myc lymphoma cells, killing of 224

normal B cells by JQ1 did not require p53 but was prevented by enforced 225

expression of BCL2 (Figures 3c,d).  226

227
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BET inhibition kills diverse normal hematopoietic cells by inducing 228

BAX/BAK mediated apoptosis 229

The resistance imposed by the pro-survival BCL2 family proteins strongly 230

suggested that BET inhibitors kill normal and transformed B lymphoid cells by 231

inducing apoptosis. We therefore investigated the impact of loss of BAX and 232

BAK on JQ1 induced cell killing, the definitive approach to establish the 233

importance of the intrinsic apoptotic cell death pathway. Bax-/-Bak-/- mice have 234

multiple defects and most die perinatally23. We therefore used E13.5 Bax-/-235

Bak-/- embryos for fetal liver transplantation (FLT) into lethally irradiated wt 236

recipients to generate BAX/BAK deficient bone marrow chimeric mice. 237

BAX/BAK deficient B lymphoid cells isolated from fetal liver transplanted 238

recipients, thereafter named Bax-/-Bak-/- (FLT) B cells, were completely 239

refractory (EC50>10 μM) while WT (FLT) B cells isolated from control 240

recipients were readily killed by JQ1 (Figure 4a) or I-BET151 (Supplementary 241

Figure 4). Testing WT thymic T cell subsets, we found that CD4/CD8 double 242

negative (DN) progenitors were most sensitive while the more mature double 243

positive (DP) subtype was less sensitive and mature (CD4 or CD8 single 244

positive) T cells were largely unaffected by JQ1 (Figure 4b). Mechanistically, 245

and akin to the B lymphoid cells, the killing of these sensitive T cell subsets 246

was completely prevented in absence of BAX/BAK (Figures 4b,c). Similarly, 247

BAX/BAK-doubly deficient MLL-ENL AML, MM.1S or KMS-12PE cells proved 248

resistant to being killed by JQ1 (Figures 4d,e,f).  249

 250

In vivo JQ1 treatment causes significant lymphopenia driven exclusively 251

by BAX/BAK mediated apoptosis 252

We next evaluated the consequences of BET inhibitor treatment in vivo, 253

particularly on the hematopoietic cells. After a 10-day course, the JQ1-treated 254

mice did not lose weight but there was a significant decrease in the numbers 255

of circulating white blood cells (Figure 5a). Most of this decrease is accounted 256

for by the drop in the number of B lymphoid cells (Figure 5b), which normally 257
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comprise 40-70% of the circulating white blood cells in mice. Treatment with 258

JQ1 did not have significant impact on hemoglobin concentration while the 259

platelet count was modestly decreased. JQ1 did not markedly reduce the 260

neutrophil counts or the overall myeloid cell composition in the bone marrow, 261

spleen and blood in WT mice. In contrast, thymic T cell subsets were 262

substantially depleted upon in vivo treatment with JQ1 (Supplementary Figure 263

5). Finally, we investigated whether BET inhibition depleted B lymphoid cells 264

within the whole animal primarily through BAX/BAK mediated apoptosis or if 265

induction of cell cycle arrest and differentiation contributed to the toxicity. 266

Strikingly, the numbers of B lymphoid cells in Bax-/-Bak-/- (FLT) mice were 267

unaffected by JQ1 treatment (Figure 5c). These results show that B and T 268

lymphoid cells are the most sensitive cell types to JQ1 treatment in vivo and 269

that their killing is abrogated by combined loss of BAX and BAK. 270

 271

The pro-apoptotic BH3-only protein BIM is critical for initiating JQ1 272

induced killing of B lymphoid cells 273

Given that JQ1 induced killing of lymphoid cells requires BAX and BAK, we 274

next examined whether expression of BH3-only proteins, the initiators of the 275

intrinsic apoptotic pathway, was altered by JQ1 treatment. Previously, BET 276

protein inhibition has been reported to suppress BCL2 transcription2. 277

Consistent with this report we found that JQ1 treatment reduced Bcl2 mRNA 278

levels in Eμ-Myc lymphoma and MLL-ENL AML cell lines (Supplementary 279

Figure 6A). However, we did not detect significant decrease in the level of 280

BCL2 protein or its pro-survival relatives (BCLXL, MCL1) in JQ1 treated 281

Eμ-Myc lymphoma (Figure 6a; Supplementary Figure 6B). 282

Strikingly, we found instead that levels of the BH3-only protein BIM 283

were markedly elevated while the levels of the other BH3-only proteins 284

assessed were unaltered in JQ1 treated cells. BIM mRNA levels were 285

increased 2-6 fold 48h after JQ1 treatment in Eμ-Myc lymphoma (Figure 6b, 286

Supplementary Fig.6C). Bim mRNA expression in Eμ-Myc lymphoma cells 287
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was also increased when Brd4 was genetically deleted by CRISPR/Cas9 288

genome editing; this spares Brd2 and Brd3 (Figure 6c, Supplementary 289

Fig.6D). Suppressing BIM expression by RNAi mediated knock-down or 290

targeting Bim using CRISPR/Cas9 genome editing significantly inhibited JQ1 291

induced killing of the Eμ-Myc lymphoma cells (Figure 6d). Moreover, normal 292

B cells derived from Bim-/-, but not those from Bid-/- mice, were significantly 293

protected from JQ1 induced killing compared to their WT counterparts 294

(Figure 6f). These results show that BIM plays a critical role in JQ1 induced 295

killing of lymphoma as well as normal lymphoid cells. 296

In addition to these lymphoid cells, we also evaluated the role of BIM 297

in a range of human cancer cell lines and reached the same conclusion: that 298

JQ1 treatment increased BIM levels (Figure 6a, Supplementary Fig. 6B) by 299

up-regulating BIM mRNA levels (Figure 6b, Supplementary Fig. 6C). Thus, 300

deletion of BIM significantly abrogates the killing of these cells by JQ1 301

(Figure 6e, Supplementary Fig. 6E).302

 303

JQ1 relieves a critical brake on BIM mRNA levels 304

BIM is controlled at multiple levels, both transcriptional and post-305

transcriptional21. The increase in Bim mRNA levels 8 hours after exposure to 306

JQ1 led us to investigate the miR17-92 cluster, a key negative regulator of 307

Bim mRNA levels24-26. Expression of miR17-5p and miR92a-3p was rapidly 308

suppressed by JQ1 in Eμ-Myc lymphoma and MM.1S cells (Figure 7a), 309

consistent with enrichment of BRD4 at miR17-92 promoter50, 51 310

(Supplementary Figure 7A). miR17-5p and miR92a-3p expression was also 311

reduced by JQ1 treatment in the diverse human cancer cell lines 312

(Supplementary Figure 7B). These results identify a previously unrecognized 313

mechanism by which the BET inhibitors trigger apoptosis by repressing 314

miR17-92 to increase Bim mRNA and BIM protein levels. Consistent with this 315

observation, we also found that the genetic deletion of Brd4 itself led to the 316

repression of miR17-5p and miR92a-3p (Figure 7b). 317
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 318

The induction of apoptosis by the BET inhibitors does not rely on the 319

depletion of c-MYC 320

The cytotoxic action of BET inhibition is often attributed to downregulation of 321

c-MYC expression4. Consistent with previous reports, c-MYC protein and 322

mRNA levels rapidly declined after JQ1 treatment in the human cell lines 323

(Supplementary Figure 8A). By contrast, we could only detect a modest 324

decline in c-MYC mRNA and protein after treating Eμ-Myc cells with JQ1 325

(Supplementary Figure 8B). To definitively establish the role of c-MYC 326

depletion for apoptosis induction by JQ1, we engineered MM1.S, MV4;11 or 327

HL-60 cells that overexpress c-MYC. Like the Eμ-Myc cells, we only observed 328

modest reduction in c-MYC levels after JQ1 treatment (Supplementary Figure 329

9A,B). However, the repression of miR17-5p and miR92a-3p (Supplementary 330

Figure 9C) and the consequent induction of BIM was unaltered compared 331

with the parental cells (Supplementary Figure 9D). Unsurprisingly, these cells 332

with enforced c-MYC expression died as rapidly after JQ1 treatment as the 333

parental cells (Supplementary Figure 9E). 334

We conclude from these studies in diverse cell types that the depletion 335

of c-MYC could not account for the induction of apoptosis by the BET 336

inhibitors. 337

338

Discussion339

Targeting the BET bromodomain proteins is showing great promise for 340

treating a range of cancers including lymphoid and myeloid malignancies. 341

Interestingly, BET inhibition appears efficacious even in tumors that are not 342

driven by dysregulation of the BET bromodomain proteins. A compelling 343

rationale for this is that the expression of key proto-oncogenes, such as 344

c-MYC, is suppressed, thereby leading to tumor shrinkage. Indeed, the BET 345

inhibitors have been advanced as agents to treat cancers driven by 346
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deregulated c-MYC expression 4, 52. In spite of the striking pre-clinical efficacy 347

observed with these compounds, precisely how they act as cytotoxic agents 348

remains unresolved. In this context, a myriad of activities have been 349

previously implicated: apoptosis3, 7, 53, cell cycle arrest3, 4, 7 or differentiation1. 350

Using a range of genetic models, we found that the BET inhibitors are 351

highly efficient at inducing the mitochondrial (intrinsic) apoptotic pathway in 352

both normal and malignant hematopoietic cells. The execution of this pathway 353

requires BAX and BAK: in their absence apoptosis cannot proceed. Their 354

combined absence rendered hematopoietic cells completely resistant to the 355

BET inhibitors. The results presented here indicate that, at least in the 356

hematopoietic cell subsets and the majority of transformed cells we 357

investigated, apoptosis is critical for the action of these drugs. When 358

apoptosis is impaired, the BET inhibitors induced brief cell cycle arrest but the 359

in vitro growth of cells was largely unaffected. In mice, when apoptosis was 360

prevented by the genetic deletion of Bax and Bak the BET inhibitors no longer 361

had a significant impact on the hematopoietic system. 362

Having established the central role played by the induction of the 363

intrinsic apoptotic pathway for the action of the BET inhibitors, we tackled the 364

question of how these compounds can trigger apoptosis. We excluded any 365

role for the tumor suppressor p53 and our data also argues against a central 366

role for repression of Bcl2. Instead, the BH3-only protein BIM plays an 367

important role, in accord with a recent study53. Firstly, JQ1 treatment 368

significantly elevated BIM levels. Secondly, absence or reduction of BIM 369

significantly blunted the action of the BET inhibitors. Thirdly, we provide 370

compelling evidence how JQ1 treatment increases BIM mRNA levels, at least 371

in part by repressing the expression of the miR17-92 cluster, a well-372

recognized negative regulator of BIM24, 25. The miR17-92 cluster is a direct 373

transcriptional target of c-MYC54, 55 and downregulation of c-MYC by BET 374

inhibition may contribute to the reduced microRNA expression. However, our 375

data demonstrates that BET inhibition represses miR17-92, increases BIM 376

expression and induces apoptosis even when c-MYC expression is sustained 377
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(by transgenic or retroviral expression), suggesting that disrupting microRNA 378

expression is the direct consequence of BRD4 inhibition (Figure 8). Our study 379

implicating BRD4 in directly regulating miR17-92 is consistent with its binding 380

to the miR-17-92 promoter. Of note, we have pinpointed an important but  381

previously unrecognized aspect of how the BET inhibitors might act: 382

modulating the expression of critical microRNAs implicated in tumorigenesis 383

or response to therapeutics56.  384

Importantly, our findings suggest that the cytotoxic effect of BET 385

inhibitors does not depend entirely on MYC repression. In contrast, defects in 386

the mitochondrial (BAX/BAK mediated) apoptotic pathway thoroughly 387

compromise the cytotoxicity of BET inhibitors and might be selected for during 388

acquired resistance of tumor cells. For example, we would predict that tumors 389

bearing high levels of pro-survival BCL2 proteins57 or those that lack pro-390

apoptotic BIM58 will respond poorly to the BET inhibitors. Our data also 391

highlight a previously unappreciated sensitivity of normal hematopoietic cells, 392

especially those of lymphoid origin, to BET bromodomain inhibition. It will be 393

very interesting to see if our conclusions using tool compounds and model 394

systems, as well as any impact on other tissues59, is recapitulated in the 395

ongoing clinical trials with this class of targeted agents. 396

In conclusion, our findings have significant implications for our 397

understanding of how the BET inhibitors act, their utility and how resistance to 398

therapy might emerge, particularly in the context of hematopoietic 399

malignancies.  400
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Figure legends 665

Figure 1 JQ1 induces cell death in a broad range of hematopoietic 666

cancer cells. 667

(a) Induction of cell death by JQ1. The indicated human hematopoietic 668

cancer cell lines were treated with JQ1 (0.01-10 μM) and the CellTiter-669

Glo (CTG) was used to monitor their viability. To specifically detect for 670

cell death, the % of live cells which exclude the vital dye propidium 671

iodide (PI) was determined by flow cytometry. The EC50 values 672

represent means ± 1 S.E.M determined from at least 3 independent 673

experiments, performed in triplicate, with viability (CellTiter-Glo assay) 674

or survival (PI uptake) of JQ1 treated cells normalized to that of 675

control (vehicle; DMSO) treated cells. 676

(b) Killing of Eμ-Myc lymphoma derived cell lines by JQ1. Eμ-Myc 677

lymphoma derived cell lines were treated with JQ1 (0.01-5 μM) and 678

the data from 3 independent experiments performed in triplicate done 679

with the 5 independently derived lines were pooled together and 680

processed as described in (a). 681

(c) Impact of JQI treatment on mice bearing Eμ-Myc lymphomas. 682

C57BL/6-albino mice were injected i.v. with 2 x 106 luciferase-683

expressing Eμ-Myc lymphoma cells. Treatment was commenced 3 684

days after lymphoma transplantation with 50 mg/kg body weight JQ1 685

delivered i.p. daily for 20 days. Shown are representative 686

bioluminescent images of 2 vehicle-treated (left) or JQ1-treated (right) 687

mice 3 (top) or 6 days (bottom) after lymphoma injection. 688

(d) JQ1 treatment prolongs the survival of mice harboring Eμ-Myc 689

lymphomas. As described in Figure 1c, mice bearing Eμ-Myc 690

lymphomas were treated daily with either vehicle (control) or JQ1 for 691

20 days. The Kaplan-Meier survival curves show significantly 692

prolonged survival of the JQ1-treated mice (p < 0.0001). n=12 in each 693
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group with data pooled from experiments with three independently 694

derived Eμ-Myc lymphoma. 695

(e) JQ1 treatment reduces the splenomegaly (left) and hepatomegaly 696

(right) in mice bearing Eμ-Myc lymphomas. Quantification of spleen or 697

liver weights from Eμ-Myc lymphoma bearing mice treated with 698

vehicle or JQ1. n=6 in each group; paired groups were compared 699

using Students’ t-test and corrected for multiple comparisons using 700

Holm-Sidak method ( =0.05).701

702

Figure 2 The cytotoxic action of the BET inhibitors does not require the 703

tumor suppressor p53 but is prevented by pro-survival BCL2 family 704

proteins705

(a) The killing of Eμ-Myc lymphoma by JQ1 is p53 independent. The 706

viability of independently derived Eμ-Myc lymphoma cell lines that 707

were p53+/+ (WT; n=3), constitutively p53-/- (n=3) or engineered to be 708

p53-deficient by CRISPR/Cas9 genome editing (n=3) was determined 709

by flow cytometry (PI-ve) 48 h after treatment with JQ1. For 710

CRISPR/Cas9 genome editing, Eμ-Myc lymphoma cells were 711

transduced with Cas9 and either a non-targeting (nt) guide RNA or 712

one of two different guide RNAs targeting p53. The data are from 3 713

clonal cell lines transduced with p53 or nt sgRNAs representing 714

means ± 1 S.E.M determined from at least 3 independent 715

experiments, performed in triplicate.716

(b) The viability of MLL-ENL transduced AML cells lines that were p53+/+ 717

(WT; n=2),or constitutively p53-/- (n=2) was determined as described 718

in Figure 1a.719

(c) JQ1 induces p53-independent cell cycle arrest. Panels show the cell 720

cycle distribution of WT (top) or constitutively p53-deficient Eμ-Myc 721

lymphoma cell lines (bottom) after exposure to JQ1 (200 nM) in the 722

presence of 25 μM Q-VD-OPh to block apoptosis. 5Gy γ-irradiation 723
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inducing G0/G1 and G2/M arrest in WT cells but only G2/M arrest in 724

p53-/- cells was used as control (right panels).725

(d,e) The pro-survival BCL2 proteins protect Eμ-Myc lymphoma (d) or MLL-726

ENL AML cells (e) from killing by JQ1. Cells were transduced to 727

express GFP alone or GFP plus BCL2, BCLXL, MCL1 or BCL2LA1 728

and cultured in the presence of JQ1 for 48 h to determine cell viability 729

(PI-ve) by flow cytometry. The data represent means of cell viability ± 1 730

S.E.M from three independent experiments.731

732

Figure 3 B lymphoid cells can be readily killed by JQ1 through induction 733

of apoptosis. 734

(a) Non-transformed mouse B lymphoid cells are highly sensitive to JQ1.735

The proportions of viable (PI-ve) B lymphoid cells of the indicated 736

subsets isolated from the bone marrow and cultured in the presence 737

of IL-7 and OP9 feeder cells was determined by flow cytometry 48 h 738

after treatment with JQ1. 739

(b) Similar analysis of in vitro survival of B lymphoid cell subsets purified 740

by FACS sort from the spleen. 741

(c) BCL2 overexpression, but not loss of p53, protects bone marrow-742

derived B lymphoid cells from killing by JQ1. B lymphoid cell subsets 743

were isolated from p53-/- (green) or vavP-BCL2 transgenic mice (red) 744

and cultured in the presence of JQ1 for 48 h and cell viability (PI-ve) 745

was determined by flow cytometry.  746

(d) Heat map summarizing the sensitivity to JQ1 of B cell subsets purified 747

from the indicated organs (bone marrow, spleen, lymph nodes or 748

peripheral blood) of WT, p53-/- or vavP-BCL2 mice.  749

The data shown in (a-d) represent means ± 1 S.E.M determined from at least 750

3 mice of each genotype, each experiment performed in triplicate, and 751

viability of JQ1 treated cells was normalized to vehicle (DMSO) treated cells. 752
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 753
Figure 4 JQ1 induces BAX/BAK mediated apoptosis in diverse754

hematopoietic cell subsets and cancer cell lines. 755

(a,b) Loss of BAX/BAK prevents killing of B lymphoid (a) and T lymphoid (b) 756

cell subsets isolated from mice that had been reconstituted by fetal 757

liver transplantation (FLT) with wild-type (green) or BAX/BAK deficient 758

(red) donor cells and treated in culture with JQ1 to determine cell 759

viability (PI-ve) after 48 h by flow cytometry. The data shown represent 760

means ± 1 S.E.M determined from at least 3 reconstituted mice, each 761

experiment performed in triplicate and normalized to vehicle (DMSO) 762

treated cells. 763

(c) Table summarizing the sensitivities to JQ1 of various hematopoietic 764

cell subsets isolated from fetal liver transplanted (FLT) mice and 765

treated in culture as described in Figure 4a,b. .  766

(d,e,f) Loss of BAX/BAK prevents the killing of MLL-ENL AML (d), MM.1S (e) 767

or KMS-12PE cells (f) by JQ1 in culture as described in (a) and (b). 768

769

Figure 5 In vivo lymphopenia by JQ1 treatment is driven exclusively by 770

BAX/BAK mediated apoptosis. 771

(a) Blood analysis of mice before and after 10 days of treatment with 772

vehicle or JQ1. WT mice were treated with daily intra-peritoneal (IP) 773

injections of vehicle (green; n=6) or 50 mg/kg body weight JQ1 (red; 774

n=6). JQ1 treatment causes a decrease in the numbers of circulating 775

white blood cells (WBC, p < 0.01).776

(b) JQ1 treatment causes loss of B cell subsets. The B lymphocyte 777

containing organs (bone marrow, spleen and peripheral blood) were 778

isolated from WT mice that had been treated with JQ1 (as described 779

in a) and B lymphoid subsets were enumerated by flow cytometry. 780

JQ1 treatment caused a significant drop in most of the B cell subsets 781

examined. The data shown represent means ± 1 S.E.M derived from 782
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vehicle-treated (n=6) or JQ1-treated (n=6) mice; the cellularity of the 783

JQ1 treated mice was normalized to the cellularity of the vehicle-784

treated mice. **p<0.01, *p<0.05.785

(c) The combined absence of BAX and BAK prevents the loss of the B 786

cell subsets caused by in vivo treatment with JQ1. B lymphoid subsets 787

from mice reconstituted with a Bax-/-/Bak-/- hematopoietic system and 788

treated with vehicle (n=5) or JQ1 (n=5) were determined by flow 789

cytometry. The data shown represent means ± 1 S.E.M.790

791

Figure 6 JQ1 triggers apoptosis by inducing pro-apoptotic BIM.792

(a) JQ1 increases BIM protein levels. Immunoblot analysis to detect 793

BCL2, BCLXL, MCL1, BIM, BAD, BID and PUMA in Eμ-Myc 794

lymphoma (left) or MM.1S cells (right) treated with 1 μM JQ1 for 2-72 795

h in the presence of 25 μM Q-VD-OPh to block apoptosis. Probing for 796

HSP70 was used as loading control.797

(b)  JQ1 treatment increases Bim mRNA expression. Bim mRNA in Eμ-798

Myc lymphoma (left) or MM.1S cells (right) was measured by RT-PCR 799

at the indicated time points following treatment with 1 μM JQ1 800

treatment in the presence of 25 μM Q-VD-OPh to block apoptosis.801

(c) Loss of Brd4 by CRISPR/Cas9 genome editing increases Bim mRNA 802

expression. Eμ-Myc lymphoma cell were transduced with Cas9 and 803

either one of two doxicyclin-inducible sgRNAs targeting Brd4. Bim 804

mRNA expression was measured by RT-PCR after inducing sgRNA 805

expression with doxycycline and normalized to vehicle-treated cells, in 806

the presence of 25 μM Q-VD-OPh to block apoptosis.807

(d) Loss or knock-down of Bim reduces killing of Eμ-Myc lymphoma cell 808

by JQ1. BIM was either disrupted by transduction with Cas9 and Bim 809

sgRNA vectors (solid red line) or knocked down by transduction with a 810

Bim shRNA vector (dotted red line). As controls, WT Eμ-Myc 811

lymphoma cells were either transduced with Cas9 and non-targeting 812
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(nt) sgRNA constructs (solid green line) or an empty knock-down 813

construct (dotted green line. Clonal cell lines were treated with 814

increasing concentrations of JQ1 and viability was determined by flow-815

cytometry.816

(e) Loss of BIM by CRISPR/Cas9 significantly delays apoptosis in MM.1S 817

cells treated with JQ1.818

(f) Constitutive absence of BIM, but not BID, partially protects normal B 819

lymphoid cells from JQ1-induced killing. Dose response curves 820

showing the JQ1 sensitivity of bone marrow derived B lymphoid cells 821

isolated from WT (green), Bid-/- (blue) or Bim-/- (red) or mice. The data 822

in (d,e,f) represent means ± 1 S.E.M determined from 3 independent 823

experiments, performed in triplicate.824

825

Figure 7 JQ1 increases BIM by inhibiting the miR17-92 cluster. 826

(a) JQ1 suppresses expression of the miR17-92 cluster. Real-time (RT) 827

qPCR analysis of miR-17-5p and miR-92a-3p expression in Eμ-Myc 828

lymphoma and MM.1S cells at the indicated time points following 829

treatment with 1 μM JQ1 treatment in the presence of 25μM Q-VD-830

OPh to block apoptosis.831

(b) Loss of BRD4 suppresses expression of the miR17-92 cluster. Real-832

time (RT) qPCR analysis of miR-17-5p and miR-92a-3p expression in 833

Eμ-Myc lymphoma cells before and after genetic ablation of Brd4 by 834

CRISPR/Cas9.835

836

Figure 8 Model for the killing of Eμ-Myc pre-B-/B lymphoma cells by JQ1 837

Our results suggest that the downregulation of c-MYC (I) plays little or nor 838

role in the cytotoxic effect of JQ1 on the Eμ-Myc pre-B-/B lymphoma cells. 839

Instead, we found that the BH3-only protein BIM plays a central role, as it 840

does in NF1-associated malignant peripheral nerve sheath tumors53. BIM may 841
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be upregulated transcriptionally (II) or post-transcriptionally, possibly by 842

inhibiting its degradation by the proteasome (III) We also provide compelling 843

evidence for repression of miR-17-92 (IV) which is known to be an important 844

negative regulator of BIM. These processes (II-IV) all prime the cell to 845

undergo apoptosis by markedly elevating the levels of BIM.846
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Figure 3 Xu et al. 
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Figure 6 Xu et al. 
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Supplementary Figure 1  Xu et al. 
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Supplementary Figure 1. JQ1 treatment attenuates Eμ-myc lymphoma progression. 
Representative histological sections (H&E stained) show spleen (top) and liver (bottom) from untreated 
normal mice (left), vehicle treated (day 9, middle) or JQ1 treated (day 18, right) mice bearing Eμ-myc 
leukemias. JQ1 treated mice maintained normal spleen architecture and had nearly no leukemic infiltration 
around vessel in the liver compared to vehicle control treated mice. 



Supplementary Figure 2 Xu et al.
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Supplemental Figure 2: The cytotoxic action of the BET inhibitors does not require the tumor 
suppressor p53 but is prevented by Caspase inhibition and overexpression of BCL2
(A) Eμ-Myc lymphoma cells constitutively lacking p53 (left panel) or genetically modified by CRISPR/-
Cas9 genome editing to lack p53 expression (right panel) are significantly less sensitive to p53-depend-
ent apoptosis triggered by the DNA damaging drug etoposide. The nucleotide sequences show the 
mutations induced by CRISPR/Cas9 editing with two different sgRNAs targeting exon 4 or exon 5 of 
p53. 
(B) The pan-caspase inhibitor qVD-OPh prevents cell death induced by JQ1. Eμ-myc lymphoma cells 
were treated for 2 days with 500 nM of (+)-JQ1 or I-BET151 without or in combination with qVD-OPh. 
(-)-JQ1 was used as negative control. Data shown are the results of 3 independent experiments, each 
performed in triplicate.
(C) Cleavage of Caspase 3 is detected 24 h after treatment with JQ1 and prevented by overexpression 
of Bcl-2. Western blotting was used to detect cleavage of Caspase 3 after treatment with 1 μM JQ1 for 
9 h and 24 h of Eμ-myc cells transduced with MIG (control) or MIG-BCL2 retrovirus. Actin served as a 
loading control. 



I-BET151 BM pro-pre B 
BM immature B 
BM transitional B 
BM recirculating B 

-9 -8 -7 -6 -5
0

50

100

Log10 I-BET151 [M]

JQ1 EC50 (nM) I-BET151 EC50 (nM) 

BM pro-pre B 140 240 

BM immature B 130 200 

BM transitional B 180 480 

BM recirculating B 380 770 

 Supplementary Figure 3 Xu et al.
%

P
I-v

e  c
el

ls
(n

or
m

al
iz

ed
 to

 u
nt

re
at

ed
 c

el
ls

)

Supplementary Figure 3: B lymphoid cells can be readily killed by iBET-151 through induction 
of apoptosis.
WT B lymphoid cells are highly sensitive to iBET-151. The proportions of viable (PI-ve) B lymphoid 
cells of the indicated subsets isolated from the bone marrow and cultured in the presence of IL-7 and 
OP9 feeder cells was determined by flow cytometry 48 h after treatment with another BET bromodo-
main inhibitor, I-BET151, at indicated doses (0.05-10μM). Table on the right summarizes the EC50 for 
JQ1 and I-BET-151 for the tested B cell populations. The data shown in represent means ± 1 S.E.M 
determined from at least 3 mice, each experiment performed in triplicate, and viability of iBET-151 
treated cells was normalized to vehicle (DMSO) treated cells.



Supplementary Figure 4 Xu et al.
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Supplementary Figure 4: Loss of BAX/BAK prevents killing of B lymphoid by I-BET-151. 
Lymphoid B cell subsets were isolated from mice that had been reconstituted by fetal liver transplan-
tation (FLT) with wild-type (green) or BAX/BAK deficient (red) donor cells and treated in culture with 
I-BET-151 to determine cell viability (PI-ve) after 48 h. The data shown represent means ± 1 S.E.M 
determined from at least 3 reconstituted mice, each experiment performed in triplicate and normal-
ized to vehicle (DMSO) treated cells.
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Supplementary Figure 5: JQ1 treatment in vivo causes loss of T cell subsets. 
Analysis of blood and haematopoietic organs (bone marrow, thymus and spleen) after JQ1 
treatment in vivo detected a significant drop in thymic T cell populations (DN, DP, CD4+ 
and CD8+). The data shown represent means ± 1 S.E.M derived from vehicle-treated 
(n=6) or JQ1-treated (n=6) mice after 10 days. 



Supplementary Figure 6 Xu et al.
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3 TAGAAACCTCCCAAATGTCTACAACGCA--------GGCCCAACCCCAGCCAGCAAATGCAGCCAGCAC -6 2425 21.7
4 TAGAAACCTCCCAAATGTCTACAACGCAG-GCCCCAGGCCCAACCCCAGCCAGCAAATGCAGCCAGCAC 1 1341 12.0
5 TAGAAACCTCCCAAATGTCTACAACGCAGG--CCCAGGCCCAACCCCAGCCAGCAAATGCAGCCAGCAC WT 1075 9.6
6 TAGAAACCTCCCAAATGTC--------------------TACAACGCAGGC--TCAATGCAGCCAGCAC -20, 5 mutated 95 0.9
7 TAGAAACCTCCCAAATGGC--------------------CCAACCCCAGCCAGCAAATGCAGCCAGCAC -18 80 0.7
8 TAGAAACCTCCCAAATGTCTACAACGCAGGGCCCCAGGCCCAACCCCAGCCAGCAAATGCAGCCAGCAC +2 64 0.6
9 TAGAAACCTCCCAAATGTCTACAACGCA----CCCAGGCCCAACCCCAGCCAGCAAATGCAGCCAGCAC -2 61 0.5
10 TAGAAACCTCCCAAATGTCTACAACGCAG----CCAGGCCCAACCCCAGCCAGCAAATGCAGCCAGCAC -2 60 0.5

*****************                         * * *** *    ************** total counts 11152

reference TAAAACACCCATGGATATGGGAACAATAAAGAAGC-GCTTGGAAAACAACTATTACTGGAATGCTCAGGAAT counts percentage
1 TAAAACACCCATGGATATGGGAACAATAAAGAAGCCGCTTGGAAAACAACTATTACTGGAATGCTCAGGAAT +1 13078 75.6
2 TAAAACACCCATGGATATGGGAA-----------------------CAACTATTACTGGAATGCTCAGGAAT -22 852 4.9
3 TAAAACACCCATGGATATGGGAACAATAAAGA-----------AAACAACTATTACTGGAATGCTCAGGAAT -10 729 4.2
4 TAAAACACCCATGGATATGGGAACAATAAAGAA---GCTTGGAAAACAACTATTACTGGAATGCTCAGGAAT -2 573 3.3
5 TAAAACACCCATGG---------------------------------------------AATGCTCAGGAAT -44 308 1.8
6 TAAAACACCCATGGATATGGGAACAATAAAGAAGC-GCTTGGAAAACAACTATTACTGGAATGCTCAGGAAT WT 264 1.5
7 TAAAACACCCATGGATATGGGAACAATA----------------AACAACTATTACTGGAATGCTCAGGAAT -15 239 1.4
8 TAAAACACCCATGGATATGGGAACAATAG---------------AACAACTATTACTGGAATGCTCAGGAAT--14,1 mutated 209 1.2
9 TAAAACACCCATGGATATGGGAA---------------------AACAACTATTACTGGAATGCTCAGGAAT -20 132 0.8
10 TAAAACACCCATGGATATGGGAACAATAAAGAAGCGGCTTGGAAAACAACTATTACTGGAATGCTCAGGAAT +1 131 0.8

**************                                             ************* total counts 17307
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Supplementary Figure 6: JQ1 triggers apoptosis by inducing pro-apoptotic BIM
(A) JQ1 treatment decreased Bcl2 mRNA expression. Bcl-2 mRNA in Eμ-Myc lymphoma (left) or MLL-ENL 

(B) JQ1 increases BIM protein levels in KMS-12-PE cells. Immunoblot analysis to detect BCL2, BCLXL, 
MCL-1, BIM, BAD, BID and PUMA in KMS-12-PE cells treated with 1 μM JQ1 / 25 μM Q-VD-OPh.
(C) JQ1 treatment increases BIM mRNA expression. BIM mRNA was measured by RT-PCR in a panel of 

(D) Next-generation sequencing confirmed high frequency of mutated Brd4 alleles in a non-clonal Cas9 
Eμ-Myc lymphoma cell line after doxycycline-induced expression of BRD4 sgRNAs targeting Brd4. .
(E) -
duction with Cas9 and BIM sgRNA vectors. Clonal cell lines were treated with increasing concentrations of 
JQ1 and viability was determined by flow-cytometry.
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Supplemental Figure 7 Xu et al.
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Supplementary Figure 7: BET inhibition decreases expression of miR17-92 cluster
(A)  BRD4 is enriched at the miR17-92 cluster. The publicly available ChIP dataset from Liu et al. 
Cell 2013 Dec 19; 155(7): 1581-1595 (ref. 50) and Loven et al. Cell 2013 Apr 11; 153(2): 320-334 
(ref. 51) shows binding of BRD4 at the MYC gene (left panel) and the miR17-92 cluster (right panel).
(B) JQ1 suppresses expression of the miR17-92 cluster in human cell lines. Real-time  qPCR analy-
sis of miR-17-5p and miR-92a-3p expression in a panel of human cell lines at the indicated time 

apoptosis.
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Supplementary Figure 8: Myc expression after JQ1 treatment.
(A) MYC protein (upper 3 panels) and mRNA levels (bottom panel) in  human cell lines following treat-

(B) MYC protein (top panel) and mRNA levels (bottom panel)  in Eμ-Myc lymphoma cells treated with 

model.
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Supplementary Figure 9. Xu et al.
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Supplementary Figure 9: The cytotoxic action of JQ1 is not prevented by sustained MYC expression 
(A) Western blot to detect MYC and BIM protein in MM.1S cells overexpressing GFP alone (MIG) or GFP 

(B, C, D) mRNA expression of MYC (B), BIM (C), miR-17-5p and miR-92a-3p (D) was detected by RT-PCR 

(E) The proportions of viable (PI-ve) MM.1S, MV4;11 or HL-60 overexpressing either GFP alone (MIG) or 
GFP and c-MYC (MIG-MYC) was determined by flow cytometry 48 h after treatment with JQ1. 



Supplementary Methods 
 
Real-Time qPCR Analysis A total of 2×106 lymphoma cells were harvested for 

RNA extraction (Qiagen). RNA was then transcribed into cDNA using TaqMan 

Reverse Transcriptase (Applied Biosystems). Real-time qPCR was performed 

by using Taqman Universal Master Mix (Applied Biosystems) on either ABI 

Prism 7900 (Applied Biosystems) or LightCycler 480 (Roche) using Taqman 

primer/MGB probe sets mouse Bim: Mm00437796; mouse Bcl2: Mm00477631; 

mouse Hmbs (control): Mm01143545; human BIM: Hs00708019_S1; human c-

MYC: Hs00153408_m1; human HMBS (control): Hs00609296_g1 (Life 

Technologies). For mouse c-Myc mRNA quanftification, real-time qRCR was 

performed using QuantiTect SYBR Green PCR Kit (Qiagen) and c-Myc primers 

se:5’- CAACGTCTTGGAACGTCAGA-3’ and as:5’-

TCGTCTGCTTGAATGGACAG-3’ and Rplp0 (control) primers se: 5’-

GCAGGTGTTTGACAACGGCAG-3’ and as: 5’-	

GATGATGGAGTGTGGCACCGA-3’. Data were analyzed using the ΔΔCt 

method. For the analysis of the miR17-92 clusters, 10ng of total RNA was 

reverse transcribed using the TaqMan MicroRNA assay kit (Applied Biosystems) 

with microRNA specific primers. qPCR was performed using miR-17-5p 

(#002308 for mouse and human) or miR-92-3p (#000430 for mouse; #000431 

for human) probes; the U6 snRNA (#001973 for mouse and human) probe was 

used as an internal control.  

Immunoblotting and antibodies Cells were lysed in cell lysis buffer (50 mM 

Tris/HCl pH 7.5, 150 mM NaCl, 1% Triton X-100, protease inhibitor cocktail; 

Roche) for 30 min on ice. Protein quantification was performed using the Bio-Rad 

Bradford assay. Protein (30 µg each lane) was then separated on pre-cast 4-12% 

SDS gradient gels (NuPAGE, Invitrogen) by SDS-PAGE and transferred to 

nitrocellulose membranes using the iBlot Gel transfer system (Life Technologies). 

The membranes were blocked in 5 % skim milk in PBS and 0.1 % Tween20 for 

1h at room temperature. Membranes were then probed with the monoclonal 

antibodies: mouse anti-BCL2 (clone 7, BD Pharmingen), rat anti-MCL1 (clone 



19C4), mouse anti-HSP70 (clone N6, a gift from Dr R Anderson, Peter 

MacCallum Cancer Centre, Melbourne), mouse anti-β-actin (clone AC-40, 

Sigma) or the rabbit polyclonal antibodies: rabbit anti-BCLXL (BD Biosciences), 

rabbit anti-BIM (Stressgen), rabbit anti-BID (Stressgen), rabbit anti-BAD 

(Stressgen), rabbit anti-PUMA (ProSci), rabbit anti-Caspase-3 (cleaved, 

Chemicon), rabbit anti-c-MYC (Abcam). HRP conjugated goat anti-Rat IgG 

(Southern Biotech), sheep anti-Mouse IgG and donkey anti-rabbit IgG were used 

as secondary antibodies. 

 

In vivo imaging of Eµ-Myc lymphoma. For in vivo imaging, lymphoma cells 

were transduced with pMSCV-Luc2-IRES-mCherry retrovirus, transplanted into 

C57BL/6-albino recipient mice that were injected with 50 mg/kg luciferase 

substrates (Life Technologies) for imaging on the Xenogen IVIS spectrum system 

(Perkin Elmer). Spleens and livers were fixed in 10% formalin, paraffin-

embedded and stained with hematoxylin plus eosin (H&E) and photographs 

taken on a Nikon Eclipse E600 microscope with ZEISS AxioCam MRC5 camera 

using Axiovision (Ver4.8) software. Peripheral blood analysis was performed on 

ADVIA 120 blood analyzer equipped with a mouse analysis software module 

(Bayer). 
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