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Abstract 16 

Subtype-specific leukemia oncogenes drive aberrant gene expression profiles that converge on 17 

common essential mediators to ensure leukemia self-renewal and inhibition of differentiation. 18 

The transcription factor c-MYB functions as one such mediator in a diverse range of leukemias. 19 

Here we show for the first time that transcriptional repression of myeloid differentiation 20 

associated c-MYB target genes in AML is enforced by the AAA+ ATPase RUVBL2. Silencing 21 

RUVBL2 expression resulted in increased binding of c-MYB to these loci and their 22 

transcriptional activation. RUVBL2 inhibition resulted in AML cell apoptosis and severely 23 

impaired disease progression of established AML in engrafted mice. In contrast, such inhibition 24 

had little impact on normal hematopoietic progenitor differentiation. These data demonstrate 25 

that RUVBL2 is essential for the oncogenic function of c-MYB in AML by governing 26 

inhibition of myeloid differentiation. They also indicate that targeting the control of c-MYB 27 

function by RUVBL2 is a promising approach to developing future anti-AML therapies. 28 
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Introduction 29 

Acute Myeloid Leukemia (AML) is a heterogeneous disease affecting both children and adults. 30 

The use of intensive chemotherapy, risk stratification and hematopoietic stem cell 31 

transplantation have improved outcomes. However, cure rates for paediatric (60-70%), young 32 

(40-45%) and older adults (10-20%) remain poor [1, 2]. Although primary oncogenic drivers 33 

represent attractive targets for novel therapies, a complimentary approach has focussed on 34 

inhibiting the expression and activity of transcription factors, such as c-MYB, that are required 35 

to integrate oncogenic programs downstream of driving oncogenes across a broad spectrum of 36 

cancers [3, 4]. Thus, anti-AML activity has been demonstrated for small molecules and 37 

peptidomimetics that inhibit the interaction between c-MYB and the CBP/p300 transcriptional 38 

co-activator complexes [5, 6], and for drugs that target c-MYB for proteasomal degradation 39 

[7].  40 

The AAA+ (ATPases associated with diverse cellular activities) ATPases, RUVBL1 41 

and RUVBL2, were originally isolated as components of transcriptional complexes and shown 42 

to function in a number of different cellular processes, including transcriptional regulation, 43 

chromatin remodelling and DNA damage responses [8]. They were also found to be essential 44 

for the oncogenic activity of c-MYC [9] and for survival and progression of multiple different 45 

cancer types [8]. Recently, the RUVBL1/RUVBL2 complex was implicated in hepatocellular 46 

carcinogenesis, through amplifying the transcriptional response of E2F factors [10]. We 47 

previously showed that in MLL-rearranged AML cells, MLL-fusions are responsible for 48 

maintenance of RUVBL2 expression, mediated via transcriptional activation of the RUVBL2 49 

gene by c-MYB [11]. Silencing expression of endogenous RUVBL2 or over-expression of a 50 

mutant RUVBL2(DN) molecule (capable of ATP binding but not its hydrolysis) in human and 51 

mouse AML cells, induced differentiation and apoptosis, and inhibited colony formation. 52 

Dependence on RUVBL2 expression was a general feature of AML cells and not limited to the 53 
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MLL-rearranged subtype [11]. This is consistent with data from recent CRISPR essentiality 54 

screens in AML [12, 13].  55 

Here, we report that inhibition of RUVBL2 expression or function impairs progression 56 

of established leukemia. In contrast, RUVBL2 function is dispensable for differentiation of 57 

normal hematopoietic progenitor cells. We demonstrate that RUVBL2 binds c-MYB and 58 

ensures that its transcriptional activity is compatible with differentiation arrest and self-renewal 59 

of AML cells by enforcing repression of a subset of c-MYB target genes. These data suggest 60 

that therapeutic targeting of RUVBL2 represents an opportunity to disrupt the c-MYB 61 

oncogenic program in AML, while sparing normal hematopoiesis.  62 
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Materials and methods 63 

Mice 64 

Mice were maintained in the UCL GOS ICH animal facilities and experiments were performed 65 

according to and approved by the United Kingdom Home Office regulations and followed UCL 66 

GOS ICH institutional guidelines. 67 

 68 

Western blot and co-immunoprecipitation (Co-IP) analysis 69 

Western blot analysis was performed as previously described [7, 14]. Antibody clone names 70 

are available in Supplementary Methods. For Co-IP analyses, THP1 and HA-RUVBL2 71 

expressing THP1 cells were washed in cold PBS, proteins cross-linked for 10 minutes with 0.1 72 

mM disuccinimidyl glutarate (DSG) and quenched for 10 minutes with 1 mM Tris pH7.4 on 73 

ice. Cells were washed three times with cold PBS, lysed and proteins immunoprecipitated using 74 

the Pierce Classic Magnetic IP/Co-IP Kit (ThermoFisher Scientific). 75 

 76 

Flow cytometry and apoptosis assays 77 

Flow cytometry was performed as previously described [11]. The antibodies and kits used are 78 

available in Supplementary Methods. 79 

 80 

Colony formation assays 81 

CD117+/lineage- mouse hematopoietic progenitor cells (HPC) were purified from C57BL/6-82 

CD45.1 mouse bone marrow by magnetic-activated cell sorting, using the Lineage Cell 83 

Depletion Kit (Miltenyi Biotec) followed by positive selection using anti-CD117-PE 84 

(Biolegend) and anti-PE microbeads (Miltenyi Biotec). Colony assays were performed in 85 

M3434 (StemCell Technologies) methylcellulose. 86 

 87 
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Lentiviral and retroviral vector cloning and transduction 88 

For inducible expression, shRNA and cDNA were cloned into the pTRIPZ (Open 89 

Biosystems/Thermo Scientific) lentiviral vector. Induction was achieved by treatment of cells 90 

every 48 hours with 1 g/ml doxycycline (Clontech-Takara Bio). Constitutive shRNA 91 

expression was performed using MISSION pLKO.1 shRNA constructs (Sigma Aldrich), and 92 

cDNA expression using the pMSCV-hCD2T [15] and pCSGW-PIG [7] vectors. The 93 

RUVBL2(DN) [11] cDNA was described previously. The HA-RUVBL2 cDNA from pCDNA-94 

3xHA-Reptin, a gift from Steven Artandi (Addgene plasmid # 51636) [16], was cloned into 95 

pCSGW [17]. The pCSGW-LUC2 vector was previously described [7]. Lentiviral and 96 

retroviral transductions were performed as previously described [11, 18, 19]. 97 

 98 

In vivo transplantation 99 

Inducible shSCR and shRUVBL2 THP1 clones were transduced with a luciferase expressing 100 

lentiviral vector as previously described [7]. Cells were transplanted into NOD-SCID--/- mice 101 

(NSG; The Jackson Laboratory) and imaging performed as described previously [7]. For 102 

transplantation of normal transduced mouse HPC, lethally γ-irradiated (split dose: 5Gy & 4Gy) 103 

C57BL/6 mice were injected intravenously with 2×105 C57BL/6-CD45.1 transduced HPC. 104 

Peripheral blood was analysed 27 days after transplantation and recipients sacrificed 4 months 105 

after transplantation. For mouse MLL-ENL cell transplantation, sublethally γ-irradiated (6Gy) 106 

C57BL/6 or C57BL/6J-CD45.1 mice were intravenously injected with 0.5-1×106 leukemic 107 

cells. In vivo induction was initiated with 3 intraperitoneal injections (1mg of doxycycline in 108 

100µl of PBS, Clontech-Takara Bio) every other day, followed by continual treatment with 109 

doxycycline in the diet (625mg/kg, Harlan). For inducible RUVBL2(DN) MLL-ENL 110 

transplanted mice, doxycycline was administered in the drinking water (200µg/ml doxycycline 111 

and 5% sucrose). 112 
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 113 

Quantitative RT-PCR (qRT-PCR) analysis 114 

Quantitative RT-PCR (qRT-PCR) was performed on isolated mRNA using TaqMan probe 115 

based chemistry and an ABI Prism 7900HT fast Sequence Detection System (Life 116 

Technologies), as previously described [7]. All primer/probe sets were from Applied 117 

Biosystems, Life Technologies. 118 

 119 

RNA sequencing (RNA-seq) and Gene set enrichment analysis (GSEA) 120 

Total cellular RNA was purified from control and doxycycline treated samples from three 121 

independent experiments for each time-point and submitted to UCL Genomics for RNA-122 

sequencing, as detailed in Supplementary Methods. GSEA 123 

(https://software.broadinstitute.org/gsea/) was used to examine enrichment of gene sets for c-124 

MYC activated target genes [20], AML LSC,[21] c-MYB target genes [7], gene expression 125 

changes following shRNA [22], CRISPR-mediated [23] and peptidomimetic [6] c-MYB 126 

targeting, PMA-induced myeloid differentiation [24, 25] and monocyte terminal differentiation 127 

[26] in gene expression changes following RUVBL2 silencing. Enrichment of the 36 genes with 128 

increased expression and c-MYB binding following RUVBL2 silencing was examined in gene 129 

expression changes following siRNA [25], CRISPR-mediated [23] and peptidomimetic [6] c-130 

MYB targeting, and following 24 hours exposure of THP1 cells to PMA [25]. RNA-seq data 131 

is available on the GEO repository, GSE117106. 132 

 133 

Chromatin immunoprecipitation and sequencing (ChIP-seq) 134 

Chromatin immunoprecipitation using commercially available antibodies and sequencing of 135 

isolated DNA was performed, as detailed in Supplementary Methods. Pre-processed data were 136 

then aligned to the genome (UCSC hg19) with BWA14 and deduplicated. Peak calling was 137 
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conducted using MACS1.3.3 [27] at a P-value cut-off of 10-6. Bigwig files were generated 138 

using bam2bw. Tags within a given region were counted and adjusted to represent the number 139 

of tags within a 1 kb region. Subsequently the percentage of these tags as a measure of the total 140 

number of sequenced tags of the sample was calculated and displayed as heat map or boxplot 141 

as before [28, 29]. ChIP-seq data is available on the GEO repository, GSE117224. 142 

 143 

Statistics 144 

Statistical significance was determined using Prism (GraphPad) software. Statistical analysis 145 

of survival curves was performed using the logrank (Mantel-Cox) test. Statistical analysis of 146 

means was performed using the one sample t test or unpaired Student’s t test, two-tailed P 147 

values < 0.05 being considered statistically significant. Variance was similar between groups. 148 

For RNA-seq analysis, statistically significant changes in gene expression were P < 0.05 using 149 

the Wald test. For analysis of H3K27ac changes on dynamic c-MYB peaks, P values were 150 

calculated using the Mann–Whitney U test.   151 
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RESULTS 152 

RUVBL2 inhibition impairs AML progression 153 

Previously, we demonstrated that silencing RUVBL2 expression with two independent shRNA 154 

resulted in AML cell differentiation and apoptosis [11]. Here, we examined whether this would 155 

result in impairment of leukemia progression in vivo. The most effective shRNA was cloned 156 

into the TRIPZ inducible expression vector and used to transduce THP1 cells. Clones were 157 

then generated from the inducible control shSCR and shRUVBL2 THP1 cells and further 158 

transduced with a luciferase-expressing lentiviral vector (Fig. 1a-c). NSG mice were 159 

transplanted with control and shRUVBL2 THP1 clones and disease progression measured by 160 

bioluminescence imaging. Ten days after transplantation, when bioluminescence signal was 161 

detected in all recipient mice confirming AML engraftment (Fig. 1d,e), doxycycline treatment 162 

of the experimental groups was initiated and maintained until day 59 post-transplantation. 163 

Whereas bioluminescence increased steadily in untreated groups and in doxycycline-treated 164 

control shSCR mice, the signal declined to background levels in shRUVBL2 mice following 165 

treatment with doxycycline (Fig. 1d,e). Disease latency was similar for the untreated groups 166 

and the doxycycline-treated shSCR mice, all mice succumbing to leukemia within 8 days of 167 

each other (Fig. 1f). In contrast, most of the doxycycline-treated shRUVBL2 mice survived 168 

through to the end of the experiment, a striking result in this aggressive disease model (Fig. 169 

1f). Leukemia was undetectable in 4 out of the 5 surviving mice at the end of the experiment, 170 

112 days after transplantation, with localised disease progression evident in the remaining 171 

mouse (Supplementary Figure 1).  172 

Next, we examined the impact of RUVBL2 inhibition on in vivo progression of AML 173 

using two different mouse models. In the first model, we generated MLL-ENL mouse myeloid 174 

leukemia cells, as previously described [18, 19], and transduced them with inducible TRIPZ 175 
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vectors containing control shRNA or shRNA targeting mouse Ruvbl2. Treatment of shRuvbl2 176 

MLL-ENL clones, derived from these cells, with doxycycline in vitro resulted in significant 177 

apoptosis in comparison to untreated cells or to control cells (Fig. 2a and Supplementary Figure 178 

2a). MLL-ENL clones were also transplanted into sub-lethally irradiated mice and 179 

experimental groups were exposed to doxycycline treatment 10 days later. Disease latency was 180 

significantly impaired in shRuvbl2 transplanted mice treated with doxycycline, with more than 181 

half of the group surviving the course of the experiment (Fig. 2b). 182 

Since the capacity of RUVBL2 to bind and hydrolyse ATP is central to many of its 183 

diverse cellular functions [8], we next examined the effect of targeting the RUVBL2 ATPase 184 

activity on in vivo disease progression. MLL-ENL cells were transduced with the inducible 185 

TRIPZ vector, containing RUVBL2(DN), or empty vector control, and clones derived. The 186 

D299N point mutation in RUVBL2(DN) abrogates the ability of RUVBL2 to hydrolyse bound 187 

ATP. We demonstrated previously that over-expression of this mutant acts in a dominant 188 

negative manner over normal RUVBL2 function in AML cells in vitro [11]. Exposure of 189 

inducible RUVBL2(DN) cells to doxycycline in vitro resulted in rapid induction of apoptosis 190 

(Fig. 2c and Supplementary Figure 2b). Inducible clones were transplanted into sub-lethally 191 

irradiated recipient mice and after 14 days treatment of mice with doxycycline was initiated. 192 

Although doxycycline treatment made no impact on AML latency in mice transplanted with 193 

empty vector control MLL-ENL cells, consistent with previous results [19], disease 194 

progression of RUVBL2(DN) was significantly impaired by doxycycline treatment (Fig. 2d). 195 

Importantly, analysis of shRuvbl2 and RUVBL2(DN) leukaemia cells harvested from 196 

doxycycline treated mice that did succumb to disease had lost their ability to induce shRNA or 197 

RUVBL2(DN) expression (Supplementary Figure 2c, d).  198 

In contrast to the deleterious effects of RUVBL2(DN) expression in AML cells, normal 199 

HPC expressing RUVBL2(DN) exhibited robust myeloid colony forming activity in vitro, 200 
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similar to empty vector transduced HPC (Supplementary Figure 3a,b). Furthermore, neither 201 

short-term nor long-term hematopoietic reconstitution were significantly altered by expression 202 

of the RUVBL2(DN) mutant, recipient mice exhibiting equivalent reconstitution of both 203 

myeloid and B cell compartments of bone marrow and spleen to those transduced with empty 204 

vector transduced control HPC (Supplementary Figure 4a,b and Fig. 2e). This is consistent 205 

with our previous demonstration that RUVBL2 silencing has significantly less impact on the 206 

proliferation of normal human HPC than AML cells [11]. Collectively, these data indicate that 207 

AML cells are more sensitive than normal HPC to inhibition of RUVBL2 function, and that a 208 

therapeutic window exists for its therapeutic targeting. 209 

RUVBL2 regulates expression of c-MYB target genes in AML cells 210 

To determine the impact of RUVBL2 on global gene expression in AML cells we transduced 211 

bulk THP1 cells with the TRIPZ inducible shRUVBL2 and shSCR lentiviral vectors. 212 

Significant decreases in RUVBL2 protein expression were first detected at day 2 after induction 213 

of RUVBL2-specific, but not control, shRNA, and decreased further by day 4 (Fig. 3a,b). As 214 

expected, loss of RUVBL2 expression eventually resulted in apoptosis of THP1 cells, 8 days 215 

after doxycycline treatment (Supplementary Figure 5a,b). We then analysed changes in 216 

transcriptome profiles of THP1 cells by RNA sequencing (RNA-seq), at 2 days and 4 days 217 

following induction of RUVBL2-specific shRNA. RUVBL2 silencing resulted in 194 and 2,878 218 

significant gene expression changes after 2 days and 4 days doxycycline treatment, respectively 219 

(Fig. 3c,d). Of these, the expression of 52 genes changed more than 2-fold at day 2 (6 down 220 

and 46 up), and 219 at day 4 (55 down and 164 up). These gene expression changes were 221 

validated in independent experiments by analysing the expression of a selected gene panel by 222 

qRT-PCR (Supplementary Figure 6). The RNA-seq data indicate that the predominant changes 223 

were increases in gene expression, consistent with the reported function of RUVBL2 as a co-224 

factor in transcriptional repression, although there were some notable decreases in gene 225 
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expression, such as c-MYC [8]. Among these were genes encoding the transcription factors 226 

BTG2, MAF and MAFB, known to promote myelomonocytic differentiation and growth arrest 227 

(Fig. 3d,e) [30-34]. Inhibition of RUVBL2 function by transduction of THP1 cells with 228 

RUVBL2(DN) also resulted in increased BTG2, MAF and MAFB expression (Fig. 3f). This 229 

function of RUVBL2 was not limited to THP1 cells, since increased BTG2 and MAFB 230 

expression following RUVBL2 silencing was also evident in a panel of AML cells lines 231 

(Supplementary Figure 7). These data indicate that RUVBL2 functions to repress expression 232 

of transcription factors that promote AML cell differentiation. 233 

Since c-MYC expression is known to be regulated by the transcription factor c-MYB in 234 

AML cells, the expression of which did not change at the RNA or protein levels after RUVBL2 235 

silencing (Supplementary Figure 8a-c), we next examined whether c-MYB function was 236 

impaired by loss of RUVBL2. Indeed, gene expression changes at both day 2 and day 4 237 

following RUVBL2 silencing were found to be significantly enriched in direct c-MYB target 238 

genes (Fig. 4a), previously defined by integrating gene expression data [25] with target gene 239 

occupancy [35]. c-MYB gene sets derived from other studies, generated from shRNA targeting 240 

of c-MYB expression [22], CRISPR-based targeting of the c-MYB DNA-binding domain [23] 241 

and peptidomimetic inhibition of the interaction between c-MYB and the CBP-P300 co-242 

activators [6], were all similarly enriched in gene expression changes at both time-points (Fig. 243 

4b). A previous study reported that gene expression changes induced by c-MYB silencing, 244 

including increased expression of BTG2, MAF and MAFB, overlapped significantly with those 245 

following induction of THP1 cell differentiation by phorbol myristate acetate (PMA) treatment 246 

[25]. Indeed, genes affected by RUVBL2 silencing also showed enrichment for PMA-induced 247 

and monocyte terminal differentiation gene sets (Fig. 4b), as previously defined [24, 26]. This 248 

suggests that RUVBL2 arrests AML cell differentiation, a prerequisite for leukemia 249 

progression, by regulating the transcriptional activity of c-MYB. Consistent with these data, 250 
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RUVBL2 silencing was associated with a significant down-regulation of genes linked to the 251 

AML leukemic stem cell signature (Supplementary Figure 8d) [21]. 252 

RUVBL2 has been reported to interact with and regulate the activity of several different 253 

transcription factors in different cancer types [8, 36], including most recently E2F1 in 254 

hepatocellular carcinoma [10]. To determine whether RUVBL2 interacted with c-MYB in 255 

AML cells, we performed co-immunoprecipitation experiments in THP1 cells. Following in 256 

vivo protein crosslinking with disuccinimidyl glutarate (DSG), c-MYB was clearly found to 257 

co-immunoprecipitate with endogenous RUVBL2 (Fig. 4c). In the reciprocal experiment, c-258 

MYB was immunoprecipitated from HA-RUVBL2 expressing THP1 cells, and shown to pull 259 

down the HA-tagged protein (Fig. 4d). These data suggest that RUVBL2 interacts with c-MYB 260 

in AML cells. 261 

RUVBL2 is necessary to enforce transcriptional repression by c-MYB 262 

To examine the consequences of RUVBL2 silencing on genome-wide target gene occupancy 263 

by c-MYB, we performed chromatin immunoprecipitation combined with DNA sequencing 264 

(ChIP-seq) in THP1 cells, following transduction with constitutive RUVBL2-specific or control 265 

shRNA. A total of 17,254 c-MYB DNA-binding peaks were detected in control and 266 

shRUVBL2 cells, corresponding to 7,457 genes. We previously demonstrated that c-MYB 267 

controls RUVBL2 gene expression [11], and consistent with this finding, a c-MYB binding 268 

peak was evident at +462 bp relative to the RUVBL2 transcriptional start site (Supplementary 269 

Figure 9a). RUVBL2 silencing resulted in more than 2-fold increased binding of c-MYB at 270 

2,355 peaks (MYB UP) and more than 2-fold decreased binding at 275 peaks (MYB DN), 271 

corresponding to 1,876 and 267 genes, respectively (Fig. 5a-b and Supplementary Figure 9b). 272 

We then performed further ChIP-seq analysis to determine the extent of co-localization of c-273 

MYB binding peaks with regions of histone 3 lysine 27 acetylation (H3K27ac), a mark of 274 
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transcriptional activity. Significant levels of H3K27ac were found to be associated with 568 275 

MYB UP peaks and 109 MYB DN peaks. Furthermore, the H3K27ac signal increased 276 

significantly at the 568 MYB UP peaks upon RUVBL2 silencing (Fig. 5c), whereas it was not 277 

found to change significantly at the MYB DN peaks (Supplementary Figure 9c). We then 278 

compared the list of genes that were associated with increased c-MYB binding (1,876 genes) 279 

with those whose expression increased more than 2-fold (164 genes) following RUVBL2 280 

silencing. There was a significant overlap of 36 genes between these two lists (Fig. 5d), which 281 

included BTG2, MAF and MAFB (Fig. 5b). This indicates that increased binding of c-MYB to 282 

these target genes correlated with increases in their expression. These genes were found to be 283 

positively enriched in the previously published PMA-induced gene expression changes (Fig. 284 

5e) [25], suggesting that RUVBL2 is responsible for maintaining repression of c-MYB target 285 

genes involved in myeloid differentiation. Surprisingly, the 36 genes were also found to be 286 

positively enriched in gene expression data from studies targeting c-MYB expression and 287 

function (Fig. 5f) [6, 23, 25]. This analysis suggests that at these loci, loss of RUVBL2 288 

expression results in conversion c-MYB from a transcriptional repressor into a transcriptional 289 

activator, correlating with increased binding of c-MYB and H3K27ac signal. 290 

 291 

Discussion 292 

In this study, we demonstrate that RUVBL2 is essential for the oncogenic activity of c-MYB 293 

in AML, ensuring transcriptional repression of myeloid differentiation-associated target genes. 294 

Myeloid differentiation arrest is a hallmark of AML, resulting in accumulation of aberrant 295 

immature myeloid progenitors. Reversing this differentiation block has long been a goal of 296 

novel anti-AML therapeutic strategies [37-39]. We present evidence for a molecular 297 

mechanism responsible for enforcing this block in AML differentiation. Our data indicate that 298 
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RUVBL2 loss converts c-MYB from a repressor to a transcriptional activator of myeloid pro-299 

differentiation genes. RUVBL2 inhibition results in increased c-MYB binding of these genes, 300 

associated with elevated H3K27 acetylation of c-MYB binding regions and activation of target 301 

gene expression. This is consistent with data from our previous study, which demonstrated that 302 

RUVBL2 inhibition led to growth inhibition, differentiation and eventual apoptosis of AML 303 

cells [11]. The present study demonstrates the importance of RUVBL2 in maintaining aberrant 304 

AML-associated transcriptional networks, highlighted by the ablation of established AML in 305 

vivo following RUVBL2 inhibition. 306 

Previous analysis of myeloid transcription factor networks in AML suggested that c-307 

MYB acts in part as an anti-differentiation transcriptional repressor [40]. Indeed, as well as 308 

activating its targets, c-MYB was found to repress half of its direct target genes, several of 309 

which are recognized positive regulators of myeloid differentiation [35]. Although the 310 

CBP/P300 co-factors are largely defined as transcriptional co-activators, they were also shown 311 

to be necessary for repression of target genes by c-MYB [35, 41] and peptidomimetic inhibition 312 

of c-MYB:CBP/P300 interaction was shown to result in increased expression of repressed c-313 

MYB target genes, as well as decreased expression of activated genes [6]. This suggests that 314 

direct repression of positive regulators of myeloid differentiation and growth arrest by c-MYB 315 

is an essential component of its transforming activity. Indeed, our RNA-seq analysis 316 

demonstrate that in AML cells, RUVBL2 is required for c-MYB-dependent transcriptional 317 

repression of a pro-differentiation myeloid gene expression signature, including BTG2, MAF 318 

and MAFB genes. These genes are all expressed during normal myeloid differentiation. BTG2 319 

is an anti-proliferative tumour suppressor and plays a role during differentiation of diverse 320 

tissues [42]. Much of its activity is linked to interaction with the PRMT1 arginine 321 

methyltransferase and methylation of histone and non-histone substrates. This complex has 322 

been shown to regulate gene expression as directly affecting post-transcriptional processes such 323 
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as mRNA stability and cell cycle machinery dynamics [42]. Of particular interest in the context 324 

of our study, the BTG2-PRMT1 complex was reported to enhance myeloid differentiation of 325 

both AML cells and normal CD34+ HPC in response to retinoic acid (RA). This effect was 326 

found to be dependent on basal methylation of histone H4 at RA-responsive promoters by this 327 

complex, leading to more efficient histone H4 acetylation upon RA stimulation and consequent 328 

increases in target gene expression [32]. The myelomonocytic transcription factors MAF and 329 

MAFB have both been reported promote monocytic differentiation in AML cell lines and 330 

transformed myeloid cells, respectively [30, 31]. Moreover, MAFB was also shown to promote 331 

RA induced myeloid differentiation of THP1 cells, enhancing expression and histone H4 332 

acetylation of RA target genes [43]. 333 

c-MYB is required for definitive hematopoiesis and plays an important role in 334 

differentiation of multiple hematopoietic lineages [44]. Although rarely mutated in leukemia, 335 

it has long been associated with hematopoietic malignancies [44, 45]. Indeed a number of 336 

studies demonstrated that c-MYB is an essential mediator of MLL-fusion activity in AML [46, 337 

47], maintaining an aberrant self-renewal program downstream of the driving oncogenes [21, 338 

22]. Furthermore, we recently demonstrated that c-MYB silencing impaired self-renewal of 339 

both MLL-rearranged and non-rearranged AML cells [7]. These properties of c-MYB in AML 340 

are consistent with cancer-associated master regulator activity [4], indicative of potential 341 

efficacy as a therapeutic target [3]. Our data demonstrate that RUVBL2 inhibition blocks the 342 

oncogenic activity of c-MYB without compromising normal haematopoiesis. This can be 343 

explained by the testable hypothesis that RUVBL2 interacts with c-MYB to repress pro-344 

differentiation target genes, such as BTG2, MAF and MAFB, that would otherwise be 345 

transactivated by the increased levels of c-MYB associated with myeloid transformation. 346 

RUVBL2 consists of three domains, the ATP binding pocket being formed by 347 

intramolecular interactions between domain I (containing the Walker motifs) and domain III 348 
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[48]. The Walker A domain is required for binding of ATP, while the B domain is necessary 349 

for its hydrolysis. The RUVBL2(DN) Walker B mutant exerts a dominant negative effect over 350 

the transcriptional co-repressor function of endogenous RUVBL2 in our experiments. This 351 

indicates that the ATPase activity of RUVBL2 is essential for the oncogenic activity of c-MYB. 352 

In this respect, it is important to note that normal hematopoiesis exhibits no such dependence 353 

on RUVBL2 ATPase function. 354 

Increased expression of RUVBL2 has been reported in a number of cancer types [8], 355 

and we previously found that its expression increased upon transformation of normal human 356 

hematopoietic progenitors and remained elevated in AML cells [11]. Interestingly, high 357 

RUVBL2 expression is found in a subset of t(4;11) infant acute lymphoblastic leukemia 358 

expressing high levels of IRX1/2 and low levels of HOXA cluster genes [49]. This subset has a 359 

significantly increased risk of relapse in comparison to the subset expressing high levels of 360 

HOXA genes [49-51]. Since t(4;11) infant ALL can often switch lineages to AML, it would be 361 

important to examine whether high RUVBL2 expression was linked to such lineage switches. 362 

RUVBL2 has been shown to regulate the transcriptional activity of numerous transcription 363 

factors implicated in oncogenesis, including c-MYC, -catenin and E2F1 [8, 10, 36]. The 364 

relative importance of these interactions to maintenance of cancer cell transcriptional dystasis 365 

is likely to vary according to cancer tissue type. The central role of c-MYB in AML 366 

pathogenesis suggests that targeting its interaction with RUVBL2 represents a novel and 367 

promising approach to AML therapy.  368 
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Figure Legends 532 

Fig. 1. Elimination of established AML following RUVBL2 silencing. a Luminescence signal 533 

in shSCR and shRUVBL2 THP1-LUC2 clones, prior to transplantation. b Western blot 534 

analysis of RUVBL2 protein in shSCR and shRUVBL2 clones treated with doxycycline for 3 535 

days, or left untreated. c Quantification of RUVBL2 expression in b. Data are normalised to 536 

Actin loading control and to untreated shSCR and shRUVBL2 clones. d Bioluminescence 537 

imaging examples of NSG recipient mice 10 days after injection with shSCR or shRUVBL2 538 

THP1-LUC2 clones, and before doxycycline treatment, (day 10, top), and 21 days later, after 539 

treatment with doxycycline (+DOX) or not (-DOX) (day 31, bottom). Bars for luminescence 540 

signal represent photons/s/cm2/steradian. e Graph depicting AML progression, measured by 541 

bioluminescence imaging, in untreated shSCR (black dashed lines, n = 3) and shRUVBL2 542 

(black solid lines, n = 6) recipient mice or following doxycycline treatment in shSCR (red 543 

dashed lines, n = 3) and shRUVBL2 (red solid lines, n = 6) mice. There was no significant 544 

difference in bioluminescence signal between groups subjected to doxycycline treatment and 545 

those left untreated, at day 10 after transplantation, and before doxycycline treatment started 546 

(P = 0.37 for shSCR and P = 0.58 for shRUVBL2 groups), unpaired Student’s t test.  f Survival 547 

curve for recipient mice in e. Red line above curves indicates length of doxycycline treatment. 548 

Survival curves were significantly different for doxycycline treated and untreated groups for 549 

shRUVBL2 mice (P = 0.0009), but not shSCR mice (P = 0.23), logrank (Mantel-Cox) test.  550 

Fig. 2. RUVBL2 inhibition impairs AML progression but not normal hematopoiesis. a 551 

Apoptosis induction in mouse MLL-ENL clones, inducibly expressing control (shSCR) or 552 

mouse Ruvbl2-specific (shRuvbl2) shRNA 6 days after doxycycline treatment. Bars and error 553 

bars represent means and SD of fold changes in apoptosis (annexin V positive cells) from three 554 

independent experiments. *P < 0.05; n.s. not significant (relative to untreated cells), one sample 555 

t test. b Survival curves for recipient mice transplanted with shSCR.1 (dashed lines) and 556 
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shRuvbl2.2 (solid lines) clones, untreated (black lines, n = 2 for shSCR.1 and n = 5 for 557 

shRuvbl2.2) or treated with doxycycline (red lines, n = 4 for shSCR.1 and n = 7 for 558 

shRuvbl2.2). Red arrow indicates point at which doxycycline treatment started. P = 0.0002 for 559 

doxycycline treated versus untreated shRuvbl2 mice, logrank (Mantel-Cox) test. c Apoptosis 560 

induction in inducible control (CON) and human RUVBL2(DN) mouse MLL-ENL clones 48 561 

hours after doxycycline treatment. Bars and error bars represent means and SD of fold changes 562 

in apoptosis from three independent experiments. *P < 0.05; n.s. not significant (relative to 563 

untreated cells), one sample t test. d Survival curves for recipient mice transplanted with CON 564 

(dashed lines) and RUVBL2(DN).1 (solid lines) clones, untreated [black lines, n = 3 for CON 565 

and n = 6 for RUVBL2(DN).1] or treated with doxycycline [red lines, n = 3 for CON and n = 566 

7 for RUVBL2(DN).1]. Red arrow indicates point at which doxycycline treatment started. P = 567 

0.0005 for doxycycline treated versus untreated RUVBL2(DN) mice, logrank (Mantel-Cox) 568 

test. e Percentages of total (hCD2+CD45.1+), myeloid (hCD2+CD45.1+CD11b+GR1+) and B 569 

lymphoid (hCD2+CD45.1+CD19+B220+) transduced donor cells in the bone marrow and spleen 570 

of recipient mice, four months after reconstitution with mouse HPC, transduced with control 571 

(CON) or RUVBL2(DN) expressing lentiviral vectors. Bars and error bars are means and SD 572 

of percentages from three control and five RUVBL2(DN) mice. n.s. = not significant, unpaired 573 

Student’s t test. 574 

Fig. 3. Changes in gene expression profiles following RUVBL2 silencing in AML cells. a 575 

Western blot analysis of RUVBL2 protein expression (upper panel) following doxycycline 576 

(DOX) treatment of THP1 cells transduced with inducible RUVBL2-specific shRNA 577 

(shRUVBL2) or control shRNA (shSCR). GAPDH (lower panel) was used as a loading control. 578 

b Quantification of RUVBL2 protein expression at days 2 and 4 after doxycycline treatment 579 

of shRUVBL2 THP1 cells. Bars and error bars are means and SD of three (day 2) and five (day 580 

4) independent experiments. Data are normalised to GAPDH loading control and to untreated 581 
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shRUVBL2 THP1 cells. ***P < 0.001, one sample t test. c, d Volcano plots of fold gene 582 

expression changes in shRUVBL2 THP1 cells following treatment with doxycycline for  c 2 583 

and  d 4 days. Expression changes greater than 2-fold and P < 0.05 are shown in red, Wald test. 584 

e, f qRT-PCR validation of changes in BTG2, MAF and MAFB expression in THP1 cells 585 

following RUVBL2 inhibition by e two independent shRNA or f RUVBL2(DN) over-586 

expression. Gene expression 24 hours after the end of puromycin selection is shown, 587 

normalised to e shSCR (SCR) or f empty vector (CON) transduced cells. Bars and error bars 588 

are means and SD of e five, and f three, independent experiments. *P < 0.05; **P < 0.01 589 

(relative to controls), one sample t test.  590 

Fig. 4. RUVBL2 binds c-MYB and maintains its transcriptional program in AML. a GSEA of 591 

c-MYB repressed (top) and activated (bottom) gene sets, as previously defined [7], in gene 592 

expression changes in shRUVBL2 THP1 cells following 2 (left panels) and 4 (right panels) 593 

days doxycycline treatment. b Table summarizing GSEA of c-MYB gene sets derived from 594 

shRNA [22], CRISPR-mediated [23] and peptidomimetic [6] c-MYB targeting in AML cells, 595 

and of a myeloid differentiation gene set [24] derived from global gene expression changes 596 

following PMA treatment of THP1 cells [25] and a terminal monocyte differentiation program 597 

[26]. c Western blot analysis of mouse IgG and anti-RUVBL2 immunoprecipitates from THP1 598 

cells, following DSG cross-linking, stained with anti-c-MYB (top) and anti-RUVBL2 599 

(bottom). d Western blot analysis of mouse IgG and anti-c-MYB immunoprecipitates from 600 

HA-RUVBL2 expressing THP1 cells, following DSG cross-linking, stained with anti-HA (top) 601 

and anti-c-MYB (bottom). Representative data c, d from one of three independent experiments. 602 

Fig. 5. Loss of RUVBL2 results in increased binding of c-MYB to repressed target genes and 603 

relieves their repression. a Heatmap showing ChIP signal for c-MYB and histone H3K27ac for 604 

the dynamic c-MYB peaks (more than 2-fold changed) following shRNA mediated RUVBL2 605 

silencing in THP1 cells. b Exemplar ChIP-Seq tracks for c-MYB peaks showing more than 606 
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1.5-fold (dashed arrows) and 2-fold (solid arrows) increased c-MYB binding (MYB UP) 607 

following RUVBL2 silencing. c Box plots showing ChIP-Seq signal for c-MYB and histone 608 

H3K27ac for MYB UP peaks (>2-fold) with a significant H3K27ac signal (MYB UP 609 

H3K27ac). H3K27ac signal increases significantly upon RUVBL2 silencing, Mann–Whitney 610 

U test.  d Venn diagram showing overlap between genes whose expression increased (>2-fold, 611 

P < 0.05) in shRUVBL2 THP1 cells (RNA-Seq UP Day 4), following 4 days doxycycline 612 

treatment, and genes with increased MYB binding following RUVBL2 silencing (>2-fold, 613 

ChIP-Seq MYB UP). P-value obtained by hypergeometric test. e GSEA of the 36 genes, with 614 

increased expression and MYB binding following RUVBL2 silencing, in previously reported 615 

gene expression data from THP1 cells treated with PMA for 24 hours [25]. f Table summarising 616 

GSEA of the 36 genes in previously reported gene expression data following siRNA 617 

knockdown [25], CRISPR-mediated [23] and peptidomimetic [6] targeting of c-MYB in AML 618 

cells.  619 
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 Genesets NES FDR q NES FDR q
 Zuber shMYB UP 1.99 0.00 2.38 0.00
 Zuber shMYB DN -1.91 0.00 -2.71 0.00
 Xu sgMYB UP 2.59 0.00 3.05 0.00
 Xu sgMYB DN -2.90 0.00 -3.25 0.00
 Ramaswamy MYBMIM UP 2.10 0.00 2.41 0.00
 Ramaswamy MYBMIM DN -1.83 0.00 -3.00 0.00
 Suzuki PMA induced 2.43 0.00 2.67 0.00
 Suzuki PMA repressed -2.34 0.00 -2.59 0.00
 Gu Monocyte differentiation 1.53 0.00 2.27 0.00
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