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Abstract 

Chromosomal translocations are a genomic hallmark of many hematologic 

malignancies. Often as initiating events, these structural abnormalities result in fusion 

proteins involving transcription factors important for hematopoietic differentiation and/or 

signaling molecules regulating cell proliferation and cell cycle. In contrast, epigenetic 

regulator genes are more frequently targeted by somatic sequence mutations, possibly 

as secondary events to further potentiate leukemogenesis. Through comprehensive 

whole transcriptome sequencing of 231 children with acute lymphoblastic leukemia 

(ALL), we identified 58 putative functional and predominant fusion genes in 54.1% of 

patients (n=125), 31 of which have not been reported previously. In particular, we 

described a distinct ALL subtype with a characteristic gene expression signature 

predominantly driven by chromosomal rearrangements of the ZNF384 gene with histone 

acetyltransferases EP300 and CREBBP. ZNF384-rearranged ALL showed significant 

upregulation of CLCF1 and BTLA expression, and ZNF384 fusion proteins consistently 

showed higher activity to promote transcription of these target genes relative to wildtype 

ZNF384 in vitro. Ectopic expression of EP300-ZNF384 and CREBBP-ZNF384 fusion 

altered differentiation of mouse hematopoietic stem and progenitor cells and also 

potentiated oncogenic transformation in vitro. EP300- and CREBBP-ZNF384 fusions 

resulted in loss of histone lysine acetyltransferase activity in a dominant-negative 

fashion, with concomitant global reduction of histone acetylation and increased 

sensitivity of leukemia cells to histone deacetylase inhibitors. In conclusion, our results 

indicate that gene fusion is a common class of genomic abnormalities in childhood ALL 

and recurrent translocations involving EP300 and CREBBP may cause epigenetic 

deregulation with potentials for therapeutic targeting.   
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Introduction 

Acute lymphoblastic leukemia (ALL) is the most common malignancy in children and a 

leading cause of disease-related death in childhood (Inaba et al. 2013; Pui et al. 2015). 

While it is a prototype of cancer that can be cured by chemotherapy alone, current ALL 

therapy relies primarily on conventional cytotoxic agents with significant acute and long-

term side effects (Robison 2011). Therefore, a better understanding of genomic 

landscape of ALL is critical for developing molecularly targeted therapy and 

implementing genomics-based precision medicine in this cancer. One of genomic 

hallmarks of ALL is chromosomal translocation that give rise to tumor-specific fusion 

proteins with novel and often oncogenic functions (Wiemels 2008; Hunger and 

Mullighan 2015). For example, reciprocal translocation t(12;21) results in chimeric 

transcript of two critical hematopoiesis transcription factor ETV6 and RUNX1, and this 

fusion protein specifically promotes B-cell precursor expansion, enhances self-renewal 

capacity, and impairs B-lymphocyte differentiation (Hong et al. 2008; Schindler et al. 

2009; Tsuzuki and Seto 2013). As initiating events, some of these large structural 

abnormalities arise early in life in children with ALL (Greaves and Wiemels 2003; 

Bateman et al. 2015) and frequently involve genes related to either hematopoiesis 

and/or cell proliferation/cycling. Recent advent in genomic sequencing enabled 

discovery of a variety of novel gene rearrangements in ALL, many of which are confined 

to these two pathways (Atak et al. 2013; Roberts and Mullighan 2015; Iacobucci et al. 

2016; Yasuda et al. 2016).  

Epigenetic modification is highly regulated during hematopoiesis and important for 

proper maintenance of hierarchical differentiation (Ji et al. 2010; Abraham et al. 2013; 
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Stergachis et al. 2013; Lara-Astiaso et al. 2014). However, chromosomal 

rearrangements in epigenetic regulator genes are relatively rare in hematologic 

malignancies. Instead, most somatic alterations in these genes are sequence mutations 

possibly as subsequent cooperating event. For example, CREBBP is recurrently 

mutated in ALL (Mullighan et al. 2011) and B-cell lymphoma (Pasqualucci et al. 2011), 

resulting in loss of histone acetyltransferase activity. While the exact biological 

consequences of these events remain unknown in the context of disease pathogenesis, 

these data point to the importance of the EP300/CREBBP signaling axis in normal and 

malignant hematopoiesis (Chalmers et al. 1990; Blobel 2000; Kimbrel et al. 2009). 

Mutations in histone genes themselves (e.g., histone gene  cluster on 6p22) (Mullighan 

et al. 2007) , histone modifying enzymes (e.g., SETD2, ASXL2, MLL2, KDM6A) 

(Huether et al. 2014; Mar et al. 2014; Zhu et al. 2014), and chromatin remodeling gene 

(e.g., ASXL1,  EZH2)  (Nikoloski et al. 2010; Balasubramani et al. 2015) have also been 

reported, albeit with low frequencies.  More recently, EP300 fusion with a transcription 

factor ZNF384 has been reported in ALL (Gocho et al. 2015; Ping et al. 2015; Yasuda et 

al. 2016) and ZNF384 is also implicated in chromosomal translocation with a number of 

partner genes (Martini et al. 2002; La Starza et al. 2005; Zhong et al. 2008; Nyquist et 

al. 2011; Yasuda et al. 2016) , although the biological functions of these fusions are 

largely unknown.  

In the current study, we systematically described gene fusion events in childhood ALL, 

by whole transcriptome sequencing, and identified a distinct ALL subtype characterized 

by ZNF384 rearrangements and potential sensitivity to histone deacetylase inhibition.  
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Results 

We performed whole transcriptome sequencing of 231 children with newly-diagnosed 

ALL who were consecutively enrolled on the Ma-Spore frontline ALL trials 

(Supplemental Table S1). Primarily of Asian descent (e.g., Chinese, Filipino, Indian, 

Malay), patients had a median age of 4.6 years at diagnosis. Unsupervised hierarchical 

clustering and principal component analysis of global gene expression profile identified 

7 major ALL subgroups (Fig. 1A and Supplemental Fig. S1). Consistent with previous 

reports, cases with T-cell immunophenotype, ETV6-RUNX1, TCF3-PBX1, and 

hyperdiploid karyotype were readily identified by transcription signatures (Fig. 1A). 

Interestingly, ALL blasts from 12 patients did not carry these known cytogenetic 

abnormalities and formed a distinctive cluster. Further analyses revealed 11 cases 

(91.6%) within this subgroup had gene fusion events involving the transcription factor 

ZNF384 (Fig. 1A-B), all of which were confirmed by reverse transcription polymerase 

chain reaction (RT-PCR) amplification and Sanger sequencing (Supplemental Fig. S2). 

Overall, we have identified 130 fusion genes in 144 patients, 100 of which to our 

knowledge have not been reported previously (Supplemental Table S2). In 125 

patients, a chimeric gene was either the only fusion event detected or the clearly 

predominant fusion (58 unique fusions in total, Supplemental Fig. S3. Thirty-seven 

predominant fusion genes (24 known and 13 novel) directly fused coding sequences of 

two genes with a predicted in-frame chimeric protein (Supplemental Fig. S3D). In 

contrast, 21 predominant fusion transcripts (3 known and 18 novel) involved non-coding 

sequences from one or both partner genes, leading to aberrant expression of important 

signaling genes in some instances (e.g., P2RY8-CRLF2). Notably, ETV6, PAX5, 
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ZNF384, KMT2A, and TCF3 were repeatedly targeted by chromosomal translocations 

with diverse partner genes (Fig. 1C), highlighting their importance in ALL 

leukemogenesis.  

In 9 of 11 ALL cases with ZNF384 rearrangements, the breakpoints in this gene were 

invariably between exon 2 and exon 3, resulting in deletion of only the 5’-UTR and then 

in-frame fusion of the entire coding sequence with other genes (Fig. 2A and 

Supplemental Fig. S4). EP300 was the predominant fusion partner (n=6), with its N-

terminus domains (amino acid residues 1 to 510) juxtaposed with the full-length ZNF384 

protein (Fig. 2A). As a result, EP300-ZNF384 fusion protein lacked the critical 

bromodomain and the histone acetyltransferase (HAT) domain. A similar fusion was 

also observed between ZNF384 and CREBBP (n=1) (Fig. 2A), another member of the 

p300/CBP coactivator family. The CREBBP-ZNF384 fusion lost most of the CREBBP 

domains related to HAT activity but retained the KIX domain that is responsible for 

CREB and MYB interaction (Dai et al. 1996; Radhakrishnan et al. 1997). Other ZNF384 

rearrangements involved TCF3 and TAF15 (n=3 and 1, respectively, Fig. 2A). We next 

performed whole exome sequencing of ZNF384-rearranged cases (n=10) with available 

ALL and matched germline samples to identify additional genomic abnormalities. An 

average of 4.3 non-silent point mutations or insertion/deletion were observed per case 

(range from 1 to 11; Fig. 2B and Supplemental Table S3), with no significant 

differences in frequency by ZNF384 fusion partners. Somatic mutations in epigenetic 

genes were common in this group of ALL, e.g., CREBBP (n=2), KDM6A (n=2), CHD4 

(n=1), and CHD8 (n=1). In particular, CREBBP mutations were only observed in cases 

with TCF3- and TAF15-ZNF384 fusions, mutually exclusive with EP300 or CREBBP 

translocations (Fig. 2B). Taken together, genomic lesions (mutation or translocation) of 
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epigenetic regulator genes were present in 81.8% of ZNF384-rearranged ALL. 

Mutations in RAS-PI3K pathway were also noted, e.g., PIK3CD, PTPN11, RIT1, and 

FLT3 (Supplemental Table S3). In an independent validation cohort of 602 Chinese 

children with newly-diagnosed ALL (including 239 cases with BCR-ABL1, ETV6-

RUNX1, TCF3-PBX1, TCF3-HLF, or MLL-rearrangements), we observed comparable 

frequencies of EP300-ZNF384 (2.0%, n=12) and CREBBP-ZNF384 fusions (1.8%, 

n=11) as detected by RT-PCR and Sanger sequencing. Our subsequent functional 

studies primarily focused on EP300-ZNF384 and CREBBP-ZNF384 fusions because of 

their predominance in ZNF384-rearranged ALL.   

In spite of the variety of fusion partners, ZNF384-rearranged ALL was characterized by 

a common gene expression signature (Fig. 2C). Of 353 genes differentially expressed 

in this ALL subtype, there was a significant enrichment of ZNF384 binding sites as 

determined by ChIP-seq in B lymphoblastoid cells (Rosenbloom et al. 2013), particularly 

in the promoter and/or enhancer regions (P = 6.8×10-14, Fisher’s exact test; 

Supplemental Table S4). Two of the most significantly up-regulated genes in this 

group were CLCF1 and BTLA, expressed at an average of 15.5- to 15.0-fold higher than 

cases with wildtype ZNF384, respectively (Fig. 3A-B). CLCF1 encodes cardiotrophin-

like-cytokine factor 1 which binds to CRLF1 to form a compound cytokine, eventually 

leading to activation of the JAK-STAT signaling and B-cell proliferation in vivo (Senaldi 

et al. 2002; Crabe et al. 2009; Savin et al. 2015; Sims 2015). Important for lymphocyte 

development and activation, BTLA expression is highly regulated during B-cell 

differentiation and also directly linked to B-cell receptor signaling cascade (Vendel et al. 

2009; Llinas et al. 2011; Kannan et al. 2015). Because ZNF384 binding sites were 

identified within the promoter and enhancer regions of both BTLA and CLCF1 
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(Supplemental Fig. S5), we hypothesized that ZNF384 may function as a direct 

transcription activator of these two target genes. Thus, we evaluated the expression of 

luciferase reporter gene placed downstream of promoter and/or enhancer elements of 

BTLA or CLCF1. In HEK293T cells, ectopic expression of wildtype ZNF384 readily 

promoted luciferase gene transcription with BTLA promoter alone or both promoter and 

enhancer of BTLA (Fig. 3C), but not with promoters/enhancers void of ZNF384 binding 

sites (Supplemental Fig. S6). Overexpression of ZNF384 fusions further increased 

BTLA promoter and enhancer activity as measured by luciferase activity relative to cells 

transfected with wildtype ZNF384, pointing to plausible gain of function by fusion gene. 

Consistent results were observed when we tested CLCF1 promoter and enhancer (Fig. 

3C and Supplemental Fig. S7). Similarly in human leukemia cells, BTLA and CLCF1 

promoter and enhancer activity were consistently and significantly higher in ZNF384-

rearranged ALL cell line JIH-5 compared to the ZNF384 wildtype ALL cell line Nalm6 or 

to reporter gene construct without ZNF384 binding sites (Fig. 3D and Supplemental 

Fig. S6).  

To directly examine the effects of ZNF384 fusion on hematopoietic phenotypes, we next 

evaluated colony forming potential of hematopoietic stem and progenitor cells (HSPCs) 

expressing different fusion genes in vitro. In response to cytokine stimulation for 

myelopoiesis (SCF, IL3, IL6, and EPO), purified mouse HSPCs gave rise to colonies 

characteristic of common myeloid progenitor cells (CFU-GEMM), granulocyte-

macrophage progenitor cells (CFU-GM), and also erythoid progenitor cells (BFU-E and 

CFU-E). Upon overexpression of EP300-ZNF384 or CREBBP-ZNF384 fusion, the 

number of colonies originated from those 4 myeolopoietic progenitor populations was 

reduced dramatically (60.0% to 29.2% of that from HSPCs transduced with mock 
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vectors, Fig. 4A). In contrast, with cytokine condition for B cell differentiation (IL7), 

HSPCs with forced expression of ZNF384 fusions were significantly more likely to 

develop into preB progenitor cells relative to control (Fig. 4B). These data suggest that 

EP300-ZNF384 and CREBBP-ZNF384 fusions altered the potential of HSPCs for 

lymphoid vs. myeloid differentiation. However, unlike other leukemia lesions (e.g., BCR-

ABL1), ZNF384 fusion did not improve the sustained growth of HSPCs in serial 

replating experiment (Supplemental Fig. S8), indicating that they may not be capable 

of inducing overt oncogenic transformation. Similarly, when ZNF384 fusions were 

introduced into the mouse hematopoietic progenitor cell line, Ba/f3, there was a 

significant increase in proliferation with a modestly higher proportion of cells in S phase 

compared to empty vector control (Fig. 4C-D). With IL3-independent growth as a 

measurement of oncogenic transformation, EP300- and CREBBP-ZNF384 fusions did 

not transform Ba/f3 cells in vitro although with modest anti-apoptotic effects (Fig. 4E). 

We hypothesized that ZNF384 fusions are not oncogenic by themselves but instead 

may increase transforming potential of other oncogenic mutations. In fact, Ba/f3 cells 

became IL3-independent 7 days upon co-transduction of ZNF384 fusion and NRASG12D, 

significantly more quickly than cells expressing NRASG12D alone (Fig. 4F). Similar 

effects were observed when EP300-ZNF384 or CREBBP-ZNF384 fusions were co-

transduced with leukemogenic gene CRLF2 (Supplemental Fig. S9).  

Finally we tested the effects of EP300-ZNF384 and CREBBP-ZNF384 fusions on 

histone modification. Wildtype (full-length), truncated, and fusion EP300 and CREBBP 

proteins were ectopically expressed in Sf9 insect cells, purified to homogeneity, and 

then subjected to histone acetyltransferase activity assay. EP300- and CREBBP-

ZNF384 fusion proteins showed 75% and 90% reduction of HAT activity of wildtype 
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proteins respectively, comparable to truncated EP300 and CREBBP proteins alone (Fig. 

5A). This suggested that the loss of enzymatic activity was primarily due to the 

truncation of the HAT domain. Addition of fusion proteins (but not truncated EP300) also 

significantly repressed HAT activity of wildtype EP300 (Fig. 5B and Supplemental Fig. 

S10), indicating a dominant negative effect that was dependent on fusion with ZNF384. 

Along the same line, expression of EP300- or CREBBP-ZNF384 fusion significantly 

decreased global H3 acetylation (at both K9 and K27 residues) in Ba/f3 cells compared 

to vector control (Fig. 5C and Supplemental Fig. S11). To test the feasibility of 

restoring histone acetylation as a therapeutic strategy for ALL cases with these ZNF384 

fusions, we sought to evaluate cytotoxicity of histone deacetylase inhibitor vorinostat in 

Ba/f3 cells. NRASG12D-transformed Ba/f3 cells underwent apoptosis upon vorinostat 

treatment in a dose-dependent fashion, but co-transduction of EP300- or CREBBP-

ZNF384 fusion significantly potentiated cytotoxic effects of histone deacetylase 

inhibition (Fig. 5D), with concomitant increase in overall histone 3 acetylation 

(Supplemental Fig. S12). In parallel, in a panel of human ALL cell lines representative 

of common molecular subtypes (i.e., ETV6-RUNX1, TCF3-PBX1, BCR-ABL1, DUX4-

IGH, MLL-rearranged, and ZNF384-rearranged), EP300-ZNF384 positive JIH5 cells 

showed the lowest level of acetyl H3 at both K9 and K27 residues and also the highest 

sensitivity to vorinostat compared to ALL cells with wildtype ZNF384 (Supplemental 

Fig. S13). Taken together, these results point to the possibility that ZNF384-

rearrangged ALL may benefit from therapeutic agents targeting histone acetylation 

regulation.         
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Discussion 

Chromosomal translocation in leukemia is arguably one of the first recognized genetic 

abnormalities in cancer (Rowley 2013). These non-random rearrangements are likely 

the founding events during leukemogenesis (Greaves 1997; Wiemels 2008). While focal 

genomic lesions (e.g., sequence mutations) can evolve during ALL progression and 

relapse (Mullighan et al. 2008; Yang et al. 2008; Ma et al. 2015), gene fusions arising 

from translocations usually remain unchanged across subclones over time suggesting 

its fundamental role in the pathogenesis of this type of cancer (Anderson et al. 2011). 

Applying whole transcriptome sequencing, we have identified a large number of fusion 

genes (Supplemental Table S2 and Supplemental Fig. S3) and a few observations 

are particularly noteworthy: 1) in this largely unselected cohort of childhood ALL, a 

readily-expressed and predominant fusion gene was identified in 54.1% of patients, 

suggesting that gene fusion is a common form of genomic abnormality in ALL; 2) while 

most fusions were rare, a handful of genes (e.g., PAX5, ETV6, TCF3, ZNF384, and 

KMT2A) were repeatedly targeted by rearrangements with substantial diversity in their 

fusion partners. Therefore it is possible that a variety of mechanisms exist to deregulate 

these key genes during leukemogenesis; 3) Of the 37 fusions (24 known and 13 novel) 

predicted to encode an in-frame chimeric protein and thus most likely functional, many 

involved gene defects that may be therapeutically targeted (e.g., ABL1, CREBBP, 

PDGFR), highlighting opportunities for rationally designed novel ALL therapy. While we 

primarily focused on in-frame fusions, it is formally possible that “out-of-frame” fusions 

can lead to loss of function and thus consequential in leukemogenesis. It should also be 

noted that our base-resolution whole transcriptome sequencing enables a variety of 
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genomic discoveries in addition to gene fusion detection and their associated gene 

expression signature. For example, future analyses of this dataset would focus on novel 

transcript isoforms, allele-specific or –biased expression, etc. Finally, unlike most prior 

genomic profiling studies of ALL, our patient population is exclusively Asian and thus 

affords a unique opportunity to identify ancestry-related difference in transcriptomic 

structure of ALL, which should be considered in future development of targeted therapy 

for this cancer.  

The fact that ZNF384 rearrangements are largely specific to ALL strongly argues that 

this gene plays a potentially important role in leukemogenesis even though little is 

known about the exact biological function of this zinc finger transcription factor. First 

identified for its direct interaction with focal adhesion protein BCAR1 (Janssen and 

Marynen 2006), ZNF384 shuttles between cytoplasm and nucleus and can alter DNA 

structure in response to changes in cell shape and cytoskeleton architecture (Feister et 

al. 2000). Loss of ZNF384 in vivo impairs bone formation (Morinobu et al. 2005) and 

leads to defects in spermatogenesis (Nakamoto et al. 2004), although the effects on 

hematopoiesis have not been comprehensively examined in these animal models. 

Across different hematopoietic compartments, ZNF384 expression is fairly ubiquitous 

with only modest downregulation in hematopoietic stem cells (Novershtern et al. 2011) 

and also remains largely constant during B cell differentiation (Hardy fractions A-F, 

Supplemental Fig. S14), in contrast with other known transcription factors involved in 

hematopoiesis (Novershtern et al. 2011). ZNF384-rearranged ALLs exhibit 

immunophenotypes that are highly characteristic of Pro-B cells, suggesting that these 

fusion genes may specifically stall B lymphocyte differentiation at this stage. Forced 

expression of EP300-ZNF384 indeed inhibited mouse Pro-B cell differentiation in vivo 
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(Yasuda et al. 2016), but in the more primitive HSPCs this fusion protein blocked the 

differentiation along the myeloid and granulocyte lineages (Fig. 4A). Surprisingly, 

ZNF384-rearranged ALL often also express cell surface markers of myeloid lineage 

(CD13 and CD33, Supplemental Table S1B), suggesting that EP300-ZNF384 might 

function differently depending upon the exact precursor cell population in which it 

occurs. We postulate that the juxtaposition of the partner gene with ZNF384 in the 

fusion protein confers novel functions that may interfere with normal hematopoiesis at 

multiple stages. So far, five partner genes (EP300, CREBBP, TAF15, TCF3, and 

ESWR1) (Martini et al. 2002; Zhong et al. 2008; Nyquist et al. 2011; Gocho et al. 2015) 

have been identified in ZNF384-rearranged ALL and it remains unclear whether there is 

a common mechanism for leukemogenesis in these cases. Our preliminary data thus far 

indicated that at least TAF15- and TCF3-ZNF384 fusions also positively regulated BTLA 

and CLCF1 transcription and potentiated oncogenic transforming effects in Ba/f3 cells 

(especially with CRLF2), although with distinctive effects on hematopoietic stem and 

progenitor cell function in vitro compared to EP300- and CREBBP-ZNF384 fusions 

(Supplemental Fig. S7 and S15). In fact, expression of ZNF384 was also significantly 

higher in cases with ZNF384 fusions than those without (P < 0.01, two-sided student t-

test; Supplemental Fig. S16). Taken together, these findings suggest the gain of 

ZNF384 transcription factor activity as a common feature in ZNF384 fusion functions but 

also point to differential effects possibly driven by the specific fusion partner genes 

involved. The contribution of ZNF384 fusions to ALL leukemogenesis is likely to be 

multifactorial and future mechanistic studies are warranted to determine the exact 

requirement of each functionality of these fusions.    
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While ZNF384-rearrangement is predominantly observed in B-ALL, these leukemia 

blast cells also often express myeloid markers (La Starza et al. 2005; Gocho et al. 2015; 

Ping et al. 2015), pointing to its possible link to biphenotypic leukemia. Clinically, 

ZNF384-rearranged ALLs do not exhibit other unique presenting features and tend to be 

associated with favorable prognosis in retrospective studies. In the context of the multi-

institutional prospective Ma-Spore frontline ALL trial, ZNF384 fusions had no significant 

effects on prednisone treatment in vivo, leukemia burden at the end of induction 

therapy, or event-free survival (Supplemental Table S1A), although this could have 

been influenced by our relatively limited sample size.  

EP300 and CREBBP are two highly related proteins best known for their lysine 

acetyltransferase activity especially in the context of transcription coactivation (Ait-Si-Ali 

et al. 1998; Iyer et al. 2004; Liu et al. 2008). Canonically, EP300 and CREBBP can 

directly influence chromatin conformation by targeted histone lysine acetylation (Liu et 

al. 2008), and concomitant EP300 binding and H3K27 acetylation is a hallmark of 

promoter/enhancer activation (Vo and Goodman 2001). During hematopoiesis EP300 

and CREBBP are involved in a complex series of transcriptional events mainly through 

interactions with other hematopoietic transcription factors (e.g., GATA1, TCF3, and 

RUNX1) (Blobel 2000). Leukemia-associated translations involving CREBBP have been 

identified in  acute myeloid leukemia  (KAT6A-CREBBP and KMT2A-CREBBP) (Yang 

2004), whereas EP300 translocation is exceedingly rare, and in these cases the fusion 

proteins retain most of the EP300/CREBBP functional domains. In contrast, in lymphoid 

malignancies, CREBBP was most frequently targeted by sequence mutation or focal 

copy number changes that mainly affect the HAT catalytic domain (Mullighan et al. 

2011; Pasqualucci et al. 2011). Although uncommon in leukemia, EP300 mutations are 
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also somewhat enriched in the HAT domain (Shigeno et al. 2004). In ZNF384-

rearranged ALL, nearly all cases harbored genomic lesion in EP300 and/or CREBBP 

that would lead to loss of HAT activity, suggesting that the selective truncation of this 

domain is critical. Global decrease of H3 acetylation possibly resulted from dominant 

negative EP300-ZNF384 fusion also presented a potential therapeutic opportunity for 

small molecules such as histone deacetylase inhibitors (Fig. 5 and Supplemental Fig. 

13). Plausibly, histone deacetylation is required for leukemia maintenance in these ALL 

cases, thus restoring acetyl mark by vorinostat is anti-leukemic. While our data 

indicated a correlation between EP300-ZNF384 fusion, aberrant histone acetylation, 

and sensitivity to vorinostat, future studies are needed to establish the causal 

relationship and delineate the exact mechanistic details. The function of 

EP300/CREBBP is incredibly complex and therefore deregulation of histone acetylation 

might be one of many mechanisms that link these fusions to leukemogenesis and 

sensitivity to this class of drugs. 

In conclusion, we have comprehensive described gene fusions in childhood ALL and 

identified ZNF384-rearranged ALL as a distinct subtype with characteristic genomic 

lesions targeting epigenetic modulator genes. These findings shed lights on genomic 

complexity of ALL and also potential genomics-guided therapeutic options.         

  

 Cold Spring Harbor Laboratory Press on May 15, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


16 
 

Methods 

Patients and samples 

Included in this study were 231 children with newly-diagnosed ALL treated on Ma-Spore 

frontline ALL clinical trials (Yeoh et al. 2012). Gross cytogenetics and common 

translocations were determined at the time of diagnosis (i.e., BCR-ABL1, ETV6-RUNX1, 

TCF3-PBX1, STIL-TAL1, MLL rearrangement, and hyperdiploid karyotype) by 

karyotyping and reverse transcriptase PCR in the reference laboratory at National 

University Hospital, Singapore (Yeoh et al. 2012). Subjects were selected based on 

sample availability. To test the frequency of EP300-ZNF384 and CREBBP-ZNF384 

fusions, 602 children with newly diagnosed ALL from Beijing Children’s Hospital, China, 

(Gao et al. 2012) were included as the validation cohort (239 cases with BCR-ABL1, 

ETV6-RUNX1, TCF3-PBX1, TCF3-HLF, or MLL rearrangements). Total RNA and 

genomic DNA were extracted from diagnostic bone marrow. Peripheral blood or bone 

marrow specimens collected during clinical remission were used to prepare germline 

genomic DNA whenever applicable. This study was approved by the institutional review 

boards at St. Jude Children’s Research Hospital, USA, National University of 

Singapore, Singapore, and Beijing Children’s Hospital, China.     

Whole transcriptome sequencing  

TruSeq Stranded mRNA Library Prep Kit (Illumina) was used for whole transcriptome 

library preparation and paired-end sequencing was performed using the Illumina HiSeq 

2000/2500 platform with a 101-bp read length at Hartwell Center of Biotechnology at St. 

Jude Children’s Research Hospital. Sequencing reads were aligned to the human 

genome (hg19) reference sequence using TopHat2 (v2.0.12) (Trapnell et al. 2012). 
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Samples were excluded if the percentage of exonic regions with ≥10× coverage was 

lower than 30%, read duplication rate > 55%, or with a strong 3’-bias of transcript 

coverage. Relative transcript expression levels (fragments per kilobase of transcript per 

million mapped reads, FPKM) were estimated based on supporting reads. For each 

gene, expression was summarized as the sum of FPKMs for all transcript isoforms and 

normalized across all qualified samples by Cuffnorm (v2.2.1, with the default geometric 

algorithm) (Trapnell et al. 2012) and by loess function of R stats package (version 3.1.3) 

(R Core Team, 2015). The FPKM values were log2 transformed for all subsequent 

analyses. Unsupervised hierarchical clustering (Ward.D2 method for clustering with 

Euclidean distance for samples and correlation for genes)(Murtagh and Legendre 2014) 

was performed after excluding genes with invariable expression (coefficient of variation 

< 1) or extremely low or high expression (mean log2[FPKM+1] < 0.585 or maximal 

log2[FPKM+1] > 8, respectively). As a result, 490 most variably-expressed genes were 

included in the final clustering and principle component analyses. Genes differentially 

expressed by ALL subgroup were identified using the SAM algorithm with fold change 

>2 and false discovery rate (q-value) < 0.1% (Tusher et al. 2001). Using ZNF384 ChIP-

seq data in lymphoblastoid GM12878 cell line from ENCODE Project (Rosenbloom et 

al. 2013), we identified putative ZNF384 binding sites in genes differentially expressed in 

the ZNF384-rearranged ALL following previously established procedures (Qian et al. 

2013). 

Gene fusion was identified by two independent algorithms, namely TopHat-Fusion (Kim 

and Salzberg 2011) and CICERO (Roberts et al. 2014). The initial screen for fusion 

transcript was performed using TopHat-Fusion with default parameters, and predicted 

fusion genes involving mitochondria chromosome or with breakpoint-spanning read 
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count < 3 in all suspected samples were excluded. In parallel, sequence reads were re-

aligned by using the STAR (v2.4.0d) (Dobin et al. 2013) program and then analyzed by 

using the CICERO algorithm. Fusions called by CICERO with a high confidence score 

(>400) were also added to candidate fusions identified by TopHat-Fusion. Manual 

review was applied to generate the final fusion gene list. 

ETV6-RUNX1, TCF3-PBX1, BCR-ABL1, STIL-TAL1, and MLL fusions were screened 

during ALL diagnostic work-up and we observed 100% concordance with the whole 

transcriptome sequencing results. Fusions involving ZNF384, ETV6, PAX5, or RUNX1 

were prioritized first for validation by PCR amplification of breakpoint region of the 

chimeric transcript in the corresponding patient cDNA, followed by Sanger sequencing 

for final confirmation (PCR and sequencing primers are listed in Supplemental Table 

S5). The remainders of the fusions were validated by PCR on the basis of gene function 

(i.e., SPI1, MYB, LMO1, RAG1, and ABL1) and sample availability. In total, 74 fusions 

in 125 samples were validated. We subjectively classified fusions into “predominant” vs. 

“minor” to indicate the likelihood of a functional event vs. a random and passenger 

event, following a multi-step process considering predicted open reading frame of the 

chimeric transcript, adequate expression of the fusion, and also involvement of gene 

paralogs (Supplemental Fig. S3A). Wherever applicable, chromosomal translocations 

were visualized by using Circos plot (Krzywinski et al. 2009).   

Whole exome sequencing  

Matched germline and tumor DNA from ALL cases with ZNF384 rearrangements were 

subjected to whole exome sequencing. The Nextera Rapid Capture Expanded Exome 

Kit was used for capture and library preparation with insert size around 200 bp 
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predominantly (ranges from 100 to 800bp). Paired-end sequencing (2 × 101 bp read 

length) was performed using the Illumina HiSeq 2000/2500 platform at St. Jude 

Children’s Research Hospital. Reads were aligned to the human genome (GRCh37) 

reference sequence (human_g1k_v37.fasta) using Burrows-Wheeler Aligner MEM 

algorithm (version 0.7.12)(Li and Durbin 2009).  Across 10 tumor-germline pairs (20 

samples), we observed a median of 88% of exonic regions covered by at least 10× and 

69% exome by at least 20×. All steps of the data processing prior to variant calling were 

performed according to the GATK Best Practices using GATK (version 3.5) (McKenna 

et al. 2010; DePristo et al. 2011) and Picard tools (version 1.141) 

(http://broadinstitute.github.io/picard). Somatic mutations (single nucleotide variants and 

short insertion/deletions) were called by using MuTect2 (Cibulskis et al. 2013).  

Mutations with one of the following features in the tumor data were excluded: a) the 

read depth was < 20; b) the mutant allele frequency was < 20%; c) all reads supporting 

the mutation call came from the same mapping direction; d) two and more mutations 

called in the same sample clustered together (within a 30-bp window). A total of 56 

mutations remained, all of which were reviewed manually using the Integrative 

Genomics Viewer (Robinson et al. 2011). Twenty-one mutations were deemed false 

positive because of read mapping error due to genomic sequence duplication and thus 

removed from subsequent analyses. To address the possibility of variants missed by 

whole exome sequencing due to low coverage in some cases, we also curated variant 

calls from the matched whole transcriptome sequencing data. In fact, 8 mutations 

originally excluded because of low mutant allele frequency or low read depth in whole 

exome sequencing were validated in whole transcriptome sequencing and thus 
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confirmed as somatic mutation. The final list thus consisted of 43 high-confidence 

somatic mutations.  

ZNF384 target gene promoter and enhancer activity by luciferase assays  

Full-length chimeric transcripts (EP300-, CREBBP-, TCF3-, and TAF15-ZNF384) were 

amplified from patient cDNA, and cloned into pcDNA3.1+/Hydro(+) vector (Thermo 

Fisher Scientific) with a C-terminus FLAG tag. Putative promoter and enhancers of 

BTLA and CLCF1 were identified from ENCODE ChIP-seq data in GM12878 cell line 

and were cloned into pGL3 luciferase vector (Promega): BTLA promoter, 

Chr3:112217785-112218842, BTLA enhancer, Chr3:112208658-112209560; CLCF1 

promoter, Chr11:67140939-67141906, and CLCF1 enhancer, Chr11:67135923-

67136631. To ensure specificity of these assays, we also tested pGL3 constructs void 

of predicted ZNF384-binding sites at the BTLA and CLCF1 loci (deletion of sequence 

Chr3:112218257-112218467 within BTLA promoter and Chr3: 112208991-112209202 

within BTLA enhancer; deletion of sequence Chr11: 67141234-67141499 within CLCF1 

promoter and Chr11:67136225-67136404 within in CLCF1 enhancer). All chromosomal 

coordinates were according to human genome hg19.   

For luciferase assay, 2.5x104 HEK293T cells cultured in 96-well plate were transiently 

transfected with 50 ng of pGL3 construct (luciferase gene with promoter and/or 

enhancer of interest), 50 ng of pcDNA construct (wildtype ZNF384 or ZNF384 fusion) 

and 5 ng of pGL-TK (Renilla luciferase) using Lipofectamine 2000 (Invitrogen). Similar 

luciferase assay was performed in leukemia cell lines, Nalm6 and JIH5. Nalm6 was 

obtained from German Collection of Microorganisms and Cell Cultures (DSMZ) and JIH-

5 cells (Ping et al. 2015) were a gift from Dr. Suning Chen at Soochow Children’s 
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Hospital and Dr. Hans G. Drexler at DSMZ. Nalm6 or JIH-5 cells (1x106) were 

transiently transfected using Amaxa® Cell Line Nucleofector® Kit T (Lonza). Firefly 

luciferase activity was measured after 24 hours post-transfection using the Dual 

Luciferase Assay (Promega). The results were normalized to Renilla luciferase activity. 

These experiments were repeated at least 3 times, and each sample was assayed in 

triplicate.  

In vitro differentiation assay of mouse hematopoietic stem and progenitor cells  

EP300-, CREBBP-, TCF3-, and TAF15-ZNF384 transcripts were cloned into the 

pcL20c-IRES-GFP lentiviral vector, and lentiviral supernatants were produced by 

transient transfection of 293T cells using calcium phosphate (Xu et al. 2015). Lin-

Sca1+c-Kit+ hematopoietic stem and progenitor cells (HSPCs) were sorted from bone 

marrow of C57/BL6 mice (8-10 weeks old) by using flow cytometry (Taggart et al. 2016) 

and lentivirally transduced with ZNF384 fusions for 72 hours followed by GFP selection 

(Ye et al. 2015). For in vitro colony formation assays, 500 GFP+ HSPCs were plated in 

35-mm Petri dishes in Methocult M3434 or M3630 methylcellulose medium (Stemcell 

Technologies) to examine differentiation potential for myelopoiesis or into pre-B cells, 

respectively. Methocult M3434 medium consists of 2% methylcellulose, SCF (50 ng/mL), 

IL3 (10 ng/mL), IL6 (10 ng/mL), and EPO (3 U/mL); and M3630 is supplemented with 

IL7 (10 ng/mL). Serial replating was done in 500 cells per 35-mm Petri dishes in the 

same medium above. The number of colonies was counted 12-14 days after plating.  

Mouse hematopoietic progenitor cell Ba/f3 proliferation and transformation assay  

FLAG-tagged ZNF384 fusions were introduced into Ba/f3 cells by lentiviral transduction. 

GFP positive cells were sorted 48 hours later and plated at 1x105 cells/ml density in the 
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presence of 10 ng/mL IL3. Cell growth was monitored daily using Trypan blue and cell 

cycle distribution was determined 48 hours after plating using a standard propidium 

iodide (PI) staining protocol.  

To examine transformation potential, Ba/f3 cells expressing different ZNF384 fusion 

genes were further transduced with NRASG12D (retroviral, pMSCV) or CRLF2 (lentiviral, 

pcL20C). IL3 was removed 48 hours later and the number of viable cells was monitored 

daily by Trypan blue. The NRAS G12D and CRLF2 constructs were gifts from Dr. Charles 

Mullighan at St. Jude Children’s Research Hospital. Retroviral particles were produced 

using ecotropic HEK293T cells (American Type Culture Collection) (Xu et al. 2015). 

Each experiment was performed three times. 

HAT activity assay and global histone acetylation   

Wildtype (full-length) and truncated EP300 and CREBBP, EP300-ZNF384 fusion, and 

CREBBP-ZNF384 fusion were cloned into the pFastBac™/HBM-TOPO® vector with a 

C-terminus His tag. Each protein was ectopically expressed in Sf9 cells and purified to 

homogeneity by affinity chromatography (Invitrogen, Supplemental Fig. S17) 

(Delvecchio et al. 2013). His-tag was removed by AcTEV™ protease (Invitrogen) for all 

recombinant proteins and HAT activity was then measured using HAT assay kit (Active 

Motif). The recombinant wildtype EP300 HAT domain (Active Motif) was included as a 

positive control.  

In transformed Ba/f3 cells, ZNF384 fusion gene expression and histone H3 acetylation 

were evaluated by Western blot (anti-acetyl-Histone H3 antibody [Millipore, 06-599, 

1:1,000 dilution]), anti-histone H3 antibody [Cell Signalling, 4499S, 1:1,000 dilution], 

anti-histone H3 (acetyl K9) antibody [Abcam, ab4441, 1:1,000 dilution, anti-histone H3 
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(acetyl K27) antibody [Abcam, ab4729, 1:1,000 dilution]. Histone H3 was used as a 

loading control. The relative quantification of immunoblots were analyzed using Image 

Studio Lite version 4.0.21 (LI-COR Biosciences). Following the same procedures, 6 

human ALL cell lines (JIH5, Nalm6, SEM, 697, SUP-B15, and REH) representative of 

major molecular subtypes were also assayed for histone acetylation by Western 

blotting. ALL cell lines were obtained from American Type Culture Collection or DSMZ 

unless otherwise indicated.  

Vorinostat cytotoxicity  

NRASG12D-transformed Ba/f3 cells over-expressing EP300-ZNF384 or CREBBP-

ZNF384, and 6 human ALL cells described above were incubated with increasing 

concentrations of vorinostat for 48 hours, after which cell viability was measured using 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Experiments 

were performed in triplicate and repeated at least three times and results were plotted 

using Graph Prism® 6. 

Statistical analysis 

All statistical analyses were performed using Graphpad Prism® and/or R (R Core Team, 

2015); all tests were two-sided and the level of statistical significance was P < 0.05. 

Data access 

Sequencing data have been submitted to the European Genome-Phenome Archive 

(EGA; http://www.ebi.ac.uk/ega), which is hosted by the European Bioinformatics 

Institute (EBI), under accession number EGAS00001001858. 
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Figure Legends 

Figure 1. Whole transcriptome sequencing of childhood ALL.  

(A) Unsupervised hierarchical clustering of global gene expression profile from 231 

children with newly-diagnosed ALL using 490 most variably-expressed genes. Columns 

indicate ALL patients and rows are genes; gene over-expression and under-expression 

are shown in red and green, respectively. ALL immunophenotype, cytogenetics, and 

selected chromosomal translocations are indicated for each sample above the heatmap 

and the text below denotes 7 major ALL subgroups identified on the basis on gene 

expression profiles. “Predominant fusion” refers to likely functional and driver fusion 

event, as defined in Methods and Supplemental Fig. S3A. (B) Pie chart of major gene 

fusions and cytogenetic abnormalities identified in B-ALL and T-ALL. Percentage 

indicates prevalence in the entire cohort, B-ALL and T-ALL are discriminated by solid fill 

and dot pattern, respectively. (C) Circos plot of the predominant fusions involving 

frequently translocated genes (i.e., genes with ≥3 different translocation partners 

identified). The line links the two partner genes in a fusion with line width indicative of 

the prevalence of the specific fusion. 

 

Figure 2. Genomic abnormalities in ZNF384-rearranged ALL.  

(A) Schematic representation of ZNF384 rearrangement in ALL. The left panel shows 

the wildtype proteins and their domain structures. Arrows indicate breakpoints observed 

in ALL samples and colored blocks represent protein functional domains. The right 

panel depicts the predicted ZNF384 fusion proteins. Dashed vertical lines mark the 

junction between fusion partners and are color-coded according to the breakpoint 

(arrows) in the left panel. (B)  ZNF384-rearranged cases were also subjected to whole 
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exome sequencing and putative functional genomic lesions (translocation, frameshift 

and missense mutations) in selected genes are indicated for each case (left panel). Bar 

graph denotes the cumulative frequency of genomic lesion in each gene in ZNF384-

rearranged ALL (right panel). (C) Heatmap shows the top 50 differentially expressed 

genes. Columns indicate genes and rows are patients or patient groups. Expression 

value is indicated for individual patient with ZNF384-rearrangement; for cases without 

ZNF384 rearrangement (wildtype), expression is shown as the mean expression value 

for each ALL subgroup. The normalized expression level for each gene (z-score) is 

indicated by a color (red and green for over- and under-expression, respectively). 

 

Figure 3. ZNF384 fusions transactivated CLCF1 and BTLA expression.  

(A-B) Expression of the CLCF1 (A) and BTLA (B) genes in 7 ALL subgroups identified 

from hierarchical clustering. Each sample is represented by a dot and is color-coded 

according to the subgroups it belongs to. (C-D) Luciferase reporter gene assay of BTLA 

and CLCF1 promoter/enhancer activity. HEK293T cells were transiently transfected with 

pGL3 construct (luciferase gene with BTLA or CLCF1 promoter [PR] and/or enhancer 

[EN]), pcDNA construct (wildtype ZNF384 [wtZNF384] or EP300-ZNF384 [EPZ]) and 

pGL-TK (Renilla luciferase) (Panel C). Similar sets of reporter gene assay were 

performed in ALL cell lines Nalm6 (wtZNF384) and JIH-5 (EPZ) (Panel D). Firefly 

luciferase activity was measured 24 hours post-transfection and normalized to Renilla 

luciferase activity. Relative luciferase activity indicates the ratio over the value from 

pGL3 basic vector alone. All experiments were performed in triplicate and repeated at 

least three times. Promoter, PR; enhancer, EN; wildtype ZNF384, wtZNF384; EP300-
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ZNF384 fusion, EPZ. Statistical significance was evaluated by using two-sided student 

t-test, with *, **, and *** signifying P < 0.05, < 0.01, and < 0.001, respectively. 

 

Figure 4. EP300- and CREBBP-ZNF384 fusions influenced hematopoiesis and 

hematopoietic progenitor cell transformation in vitro.  

(A-B) Effects of fusion genes on mouse hematopoiesis in vitro. Mouse Lin-Sca1+c-Kit+ 

cells were lentivirally transduced with empty vector (grey), EP300-ZNF384 (red), or 

CREBBP-ZNF384 (blue). Cells were then cultured in methylcellulose medium 

supplemented with cytokines for myelopoisis (Panel A) or preB cell differentiation (Panel 

B), and colonies formation was assessed 12-14 days later. (C-D) ZNF384 fusion genes 

and proliferation of mouse hematopoietic progenitor cell Ba/f3. Ba/f3 cells were 

lentivirally transduced with empty vector (grey), EP300-ZNF384 (red), or CREBBP-

ZNF384 (blue) and then cultured in the presence of IL3 (10 ng/ml). After 48 hours, cell 

density was examined using Trypan Blue (C) and cell cycle distribution was evaluated 

using standard  PI staining protocol (D). (E-F) Effects of fusion genes on Ba/f3 

transformation. Following transduction of empty vector or ZNF384 fusion genes, Ba/f3 

cells were cultured in IL3 depleted medium with cytokine-independent cell growth as a 

measure of oncogenic transformation. Number of viable cells was evaluated daily (E). 

Similar set of experiments were performed with co-transduction of oncogenic NRASG12D 

(F). All experiments were performed in triplicate and repeated twice. Empty vector, EV; 

EP300-ZNF384 fusion, EPZ; CREBBP-ZNF384 fusion, CPZ; Colony-Forming Unit- 

Granulocyte, Macrophage, CFU-GM; Colony-Forming Unit-Granulocyte, Erythrocyte, 

Macrophage, Megakaryocyte, CFU-GEMM; Burst-Forming Unit-Erythroid, BFU-E; 

Colony-Forming Unit-Erythroid, CFU-E. Statistical significance of the differences 
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between EPZ vs. EV or CPZ vs. EV were estimated by using two-sided student t-test (A, 

B, and C) or two-way analysis of variance (E and F), with *, **, and *** signifying P < 

0.05, < 0.01, and < 0.001, respectively. 

 

Figure 5. EP300- and CREBBP-ZNF384 fusions resulted in loss of HAT activity, 

global histone acetylation deregulation, and sensitivity to HDAC inhibition.  

(A-B) HAT enzymatic activity was measured for various EP300 and CREBBP proteins: 

wildtype, truncated, and ZNF384 fusions. Proteins were expressed in Sf9 insect cells 

and purified to homogeneity. HAT activity was determined for each protein individually 

(A). In parallel, wildtype EP300 was mixed with increasing amount of EP300-ZNF384 

fusion protein to examine dominate negative effects of the latter on HAT activity (B). (C) 

Global H3, H3K9 and H3K27 acetylation were evaluated by western blot in Ba/f3 cells 

overexpressing EP300-/CREBBP- ZNF384 fusion, with total H3 as a loading control. (D) 

Cytotoxicity of HDAC inhibitor vorinostat was examined in NRASG12D-transformed Ba/f3 

cells expressing EP300-ZNF384 (red) or CREBBP-ZNF384 (blue) or transduced with 

empty vector (gray). Cells were incubated with vorinostat for 48 hours and viability was 

then measured using MTT assay. Experiments were performed in triplicate and 

repeated at least three times. Wildtype EP300, wtEP300; truncated EP300, trEP300; 

wildtype CREBBP, wtCREBBP; truncated CREBBP, trCREBBP; EP300-ZNF384 fusion, 

EPZ; CREBBP-ZNF384 fusion, CPZ; Empty vector, EV. EPZ or CPZ-transduced cells 

were significantly more sensitive to vorinostat than EV, as determined by two-way 

analysis of variance (P < 0.001). Statistical significance (A-B) was evaluated by using 

two-sided student t-test with ** and *** signifying P < 0.01 and < 0.001, respectively.  

 

 Cold Spring Harbor Laboratory Press on May 15, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


 Cold Spring Harbor Laboratory Press on May 15, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


 Cold Spring Harbor Laboratory Press on May 15, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


 Cold Spring Harbor Laboratory Press on May 15, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


 Cold Spring Harbor Laboratory Press on May 15, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


 Cold Spring Harbor Laboratory Press on May 15, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com

