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Abstract

Purpose: Treatment outcomes for childhood acute lymphoblastic leukemia (ALL) have 

improved steadily, but a significant proportion of patients still experience relapse due to drug 

resistance, which is partly explained by inherited and/or somatic genetic alternations. Recently, we 

and others have identified genetic variants in the ARID5B gene associated with susceptibility to 

ALL and also with relapse. In this study, we sought to characterize the molecular pathway by 

which ARID5B affects antileukemic drug response in patients with ALL.
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Experimental Design: We analyzed association of ARID5B expression in primary human ALL 

blasts with molecular subtypes and treatment outcome. Subsequent mechanistic studies were 

performed in ALL cell lines by manipulating ARID5B expression isogenically in which we 

evaluated drug sensitivity, metabolism, and molecular signaling events.

Results: ARID5B expression varied substantially by ALL subtype, with the highest level being 

observed in hyperdiploid ALL. Lower ARID5B expression at diagnosis was associated with the 

risk of ALL relapse, and further reduction was noted at ALL relapse. In isogenic ALL cell models 

in vitro, ARID5B knockdown led to resistance specific to antimetabolite drugs (i.e., 

mercaptopurine and methotrexate), without affecting sensitivity to other antileukemic agents. 

ARID5B downregulation significantly inhibited ALL cell proliferation and caused partial cell-

cycle arrest. At the molecular level, the cell-cycle checkpoint regulator p21 (encoded by 

CDKN1A) was most consistently modulated by ARID5B, plausibly as its direct transcription 

regulation target.

Conclusions: Our data indicates that ARID5B is an important molecular determinant of 

antimetabolite drug sensitivity in ALL, in part through p21-mediated effects on cell-cycle 

progression.
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Introduction

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

cause of disease-related death in childhood (1,2). Although aggressive and fatal if not 

treated, ALL responds remarkably well to cytotoxic agents (e.g., glucocorticoids, 

methotrexate [MTX], and mercaptopurine [6-MP]) when compared to other hematological 

malignancies and most solid tumors (3). Contemporary combination chemotherapy can 

induce complete remission in nearly all children with ALL, and more than 85% of patients 

achieve sustained disease-free survival after ~ 2 years of risk-adapted treatment. Even with 

the introduction of molecularly targeted agents (e.g., imatinib), conventional 

chemotherapeutics remain the mainstay of ALL therapy and have proved indispensable for 

long-term survival (4). However, the exact mechanisms by which these cytotoxic agents 

exert their antileukemic effects are not completely understood. For example, a significant 

proportion of patients with ALL respond to initial induction therapy but nevertheless 

experience relapse (5,6), and many eventually succumb to their disease (7). The disparity 

between early response and long-term survival is a significant clinical issue for which the 

underlying biology is largely unknown. Identifying genetic factors that drive inherent or 

acquired drug resistance would not only inform more rationally designed ALL treatment 

regimens but could also improve fundamental understanding of the biology of leukemia drug 

sensitivity.

Recent genomic profiling studies have discovered a number of novel pathways involved in 

leukemia pathogenesis and/or treatment response. For example, genome-wide association 

studies by us and others have identified ARID5B as one of the top loci associated with 
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susceptibility to ALL in children (8–18). ARID5B variants were particularly over-

represented in patients with hyperdiploid ALL and also correlated with MTX metabolism in 

ALL cells (13,15). We have subsequently identified additional variants at this locus that 

influence both ALL risk and treatment outcome (16,17). ARID5B is a member of the ARID 
gene family characterized by a shared DNA-interacting motif (19–23). ARID genes are 

generally described as chromatin-remodeling factors (20,24,25), and somatic mutations in 

these genes have recently been described in multiple solid tumors (e.g., ARID1A) (26), 

signifying their importance in tumorigenesis. There is a particular paucity of functional 

studies of ARID5B, although the limited data available suggest that it functions as a 

transcription factor (19,22). In liver cells, ARID5B interacts with PHF2 as part of the 

chromatin-remodeling complex involved in histone methylation at genes related to 

chondrogenesis and glucogenesis (27). Arid5b null mice showed signs of defective 

lymphocyte development, especially during the first 3 months after birth (19). However, the 

exact role of the ARID5B gene in hematologic malignancy is largely uncharacterized, 

particularly in the context of antileukemic drug responses.

In this study, we systematically evaluated the expression pattern of ARID5B in pediatric 

ALL and its relation leukemia relapse. In vitro manipulation of ARID5B expression directly 

influenced the sensitivity of ALL cells to 6-MP and MTX, plausibly via p21-mediated 

effects on the cell cycle. Collectively, these data point to ARID5B as a potential prognostic 

factor in ALL and novel mechanisms related to antileukemic drug resistance.

Materials and Methods

Patients and ALL genomics

The pattern of ARID5B gene expression in newly-diagnosed ALL and its variation by 

molecular subtype were analyzed using two global gene expression profile datasets: 446 

children from St. Jude Children’s Research Hospital (GSE33315) (28) and 106 patients from 

the German Cooperative Study Group for Childhood ALL and the Dutch Childhood 

Oncology Group (GSE13351) (29). These patients represent consecutively enrolled cases or 

were selected to represent the diversity of ALL subtypes (28,29).

The association of ARID5B expression with ALL relapse was examined first in 59 patients 

with high-risk B-ALL treated on the COG 1961 protocol (GSE7440) (30), of whom 28 

experienced complete remission for at least 4 years and 31 experienced a bone marrow 

relapse within 3 years of diagnosis. In a second cohort of 49 patients with matched 

diagnosis-relapse ALL pairs (GSE28460) (31), we compared the ARID5B expression in the 

diagnostic bone marrow to that in relapsed leukemia in the same individual. For these 

analyses, patients were included primarily on the basis of sample availability (30,31).

This study was approved by the Institutional Review Board at St. Jude Children’s Research 

Hospital. Informed consent was obtained from parents, guardians, or patients as appropriate. 

This study was conducted in accordance with the U.S. Common Rule and all applicable 

legal regulatory requirements.
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ALL cell culture and ARID5B knockdown

ALL cell lines (Nalm6, SEM, and UOC-B1 cells) were grown in culture in RPMI 1640 

medium (GIBCO, Life Technologies) supplemented with 10% heat-inactivated FBS and 2 

mM L-glutamine, at 37°C in 5% CO2. Stable knockdown of ARID5B was performed using 

lentiviral shRNAs cloned on the pLKO backbone (Sigma-Aldrich): shRNAs 

TRCN0000151040, TRCN0000155854, TRCN0000151281, TRCN0000152535, and 

TRCN0000155468 were used to target ARID5B, with shRNA SHC016 as the non-target 

control. Lentiviral particles containing shRNAs were produced by transient transfection of 

HEK293T cells with calcium phosphate (32). ALL cells were incubated with lentiviral 

supernatants for 48 h then subjected to selection with puromycin (2 μg/mL) for 3 days. Two 

hundred transduced leukemia cells were plated in methylcellulose colony-selection medium 

(STEMCELL Technologies) and incubated for 10 to 20 days to form single-cell colonies. 

Clones with shRNAs TRCN0000151040 (targeting the 3′ UTR) and TRCN0000155854 

(targeting the coding region) exhibited the strongest ARID5B knockdown and remained 

stable for at least 10 passages (Supplementary Figure 1) and were thus selected for use in the 

subsequent experiments. For ARID5B re-expression, we ectopically expressed the ARID5B 
coding sequence in knockdown clones with shRNA TRCN0000151040 only (targeting the 

3′ UTR), such that knockdown was restricted to endogenous AIRD5B with no effect on 

ectopic ARID5B expression. For inducible knockdown of ARID5B, shRNA 

TRCN0000151040 was cloned into the pLKO-Tet-On vector (Sigma-Aldrich), and 

transduced ALL cells were exposed to doxycycline (2 μg/mL) for ARID5B downregulation.

The efficacy of ARID5B knockdown was determined by quantitative PCR and Western blot 

analysis. Quantitative PCR assays were performed using the SYBR reagent (Roche 

Diagnostics) and an Applied Biosystems 7900 Fast Real-Time PCR System (Applied 

Biosystems). The primer sequences for ARID5B were 

AAGGTTGCCATTGGTGAAGAGTGC and GACGGCGGGCTGTTATTGTTTCAT, and 

the human β-actin gene was used as internal control (primer sequences: 

GTTGTCGACGACGAGCG and GCACAGAGCCTCGCCTT). An anti-ARID5B antibody 

was purchased from Sigma-Aldrich (HPA015037) and used at a 1:1000 dilution.

Orthogonally, we also performed ARID5B knockdown using the CRISPR-dCas9-KRAB 

system, following previously published CRISPRi method (33). Nalm6 cells were first 

letivirally transduced with the dCas9-KRAB-Blast plasmid (#89567, Addgene) to establish 

stable expression of dCas9 fusion protein. sgRNA specifically targeting ARID5B promotor 

(TAGAAAGAGGAGCAGCGCCC) was then introduced by a second lentiviral transduction. 

After selection with blasticidin and puromycin, expression of ARID5B was determined by 

RT-PCR described above.

Nalm6, SEM and UOC-B1 cells were obtained from the American Type Culture Collection 

or the German Collection of Microoganisms and Cell Cultures in 2012, respectively. Cells 

were authenticated by STR profiling regularly tested for mycoplasma contamination by 

using MycoAlert Mycoplasma Detection Kit (Lonza # LT07–118). All cell line-based 

experiments were completed within three weeks after thawing.
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Antileukemic drug sensitivity assay and drug metabolite measurement

Antileukemic drug sensitivity was tested in ALL cells, using the MTT assay (34). Briefly, 

cells were seeded in 96-well plates at a density of 20,000 cells/well then treated with 

different concentrations of drugs (i.e., prednisone, dexamethasone, vincristine, daunorubicin, 

asparaginase, MTX, or 6-MP) in triplicate. After 48 h of incubation, cell viability was 

quantified using the MTT assay and the LC50 (concentration at which drugs kill 50% of 

leukemia cells) was estimated using the Prism software (GraphPad Software).

MTX and 6-MP metabolite assays were performed in accordance with our established 

HPLC-based procedures (35,36). Briefly, cells were plated at a density of 0.5 million 

cells/mL and incubated at 37°C with MTX (1 μM) in the presence of glycine (670 μM), 

adenosine (37 μM), and thymidine (41 μM) for 24 h. Five million cells were washed twice 

with ice-cold PBS, resuspended in water, and boiled for 5 min. The cell pellets were then 

analyzed and quantified for polyglutamated MTX (MTXPG) by using HPLC (35). For 6-MP 

metabolites, cells were incubated with 6-MP (10 μM) for 24 h, after which lysates were 

prepared by sonication. Intracellular thioguanine nucleotides were dephosphorylated, and 

thioguanine ribonucleosides were measured by HPLC (36).

ALL cell proliferation and cell-cycle analysis

ALL cell proliferation (for Nalm6, SEM, and UOC-B1 cells) was monitored by daily viable 

cell counts during a 4-day culture period. Cell growth was also examined by using the BrdU 

assay: cells were pulsed with 10 μM BrdU for 10 h, then BrdU uptake was quantified using 

flow cytometry. Cell-cycle analysis was performed by using propidium iodide staining. For 

each experiment, at least 10,000 events per sample were recorded by flow cytometry and 

data analysis was performed using FlowJo software.

Western blot analysis was performed to quantify the levels of p53, p21, p27, cyclin D, cyclin 

E, CDK2, and phosphorylated Rb in ALL cells under various conditions, with GAPDH as 

the loading control. All antibodies were purchased from Cell Signaling Technologies and 

were diluted at 1:1000 or according to the manufacturer’s instructions.

Gene expression profiling of ARID5B-knockdown ALL cells

Total RNA was extracted using an RNA Isolation Kit (Qiagen). Complementary DNA was 

synthesized from mRNA with Superscript III Reverse Transcriptase (Invitrogen, Life 

Technologies). Microarray experiments were performed by the Hartwell Center at St. Jude 

Children’s Research Hospital, using the Affymetrix Human GeneChip 1.0 ST Array 

(ThermoFisher). The expression of each probe-tagged gene was determined by Affymetrix 

Expression Console software, and pathway analyses were performed using the Gene Set 

Enrichment Analysis algorithm (37).

ARID5B binding to the CDKN1A cis-regulatory element

ARID5B ChIP assay was performed using the ChIP-IT High Sensitivity kit (53040; Active 

Motif) according to the manufacturer’s instructions. A total of 2 × 107 Nalm6 cells were 

fixed with formaldehyde, and sonicated chromatin was incubated with anti-ARID5B 

antibody (NBP1–83622; Novus Biologicals) or anti-IgG antibody (3900S; Cell Signaling 
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Technology) overnight at 4°C. This was followed by immunoprecipitation with Protein G 

agarose beads for 3 h at 4°C. Precipitated DNA was analyzed by qRT-PCR with the 

following primers: CDKN1A forward primer 1: CACACTGCTCTATGCCAGATAC; 

CDKN1A reverse primer 1: CCTTAACAAGTCGGCCTGAA; CDKN1A forward primer 2: 

GCCTGGCTTTGAAGGTTATTG; CDKN1A reverse primer 2: 

AGTCATTGCTTTCCCTCAACTA; CDKN1A forward primer 3: 

GCACTCATGGATTCTCTCCTTTA; CDKN1A reverse primer 3: 

TGATCCCAGGCAAGTTGTTTA.

Additionally, we also performed CRISPRi experiments to specifically disrupt the purported 

interaction of ARID5B with the CDKN1A cis-regulatory element (33). Briefly, Nalm6 cells 

with stable dCas9-KRAB expression were lentivirally infected with a sgRNA plasmid 

(TTTAATCACCTTGGCCCCCG). CDKN1A expression was then quantified by RT-PCR 

(primer sequences: TGTCCGTCAGAACCCATGC and AAAGTCGAAGTTCCATCGCTC).

Statistical analysis

Variation in ARID5B expression across subtypes were significant in both cohorts (St. Jude 

and DCOG), as evaluated using the ANOVA test (38). ARID5B expression association with 

relapse in the COG P1961 cohort was tested using the logistic regression model, after 

adjusting co-variables as needed. Analysis of ARID5B level in diagnosis-relapse ALL pairs 

was performed using paired t-test.

Results

ARID5B expression in ALL and its association with treatment outcome

In an unselected cohort of 446 children with newly diagnosed ALL from St. Jude Children’s 

Research Hospital, ARID5B expression was highly variable by molecular subtype, with the 

highest level observed in patients with a hyperdiploid karyotype and the lowest level in 

patients with T-ALL (28) (Figure 1A). This subtype-dependent ARID5B expression pattern 

was also confirmed in an independent cohort of 106 pediatric patients with ALL from the 

Dutch Childhood Oncology Group (Figure 1B) (29). ARID5B expression differed by age at 

leukemia diagnosis (P = 0.001 for comparing age groups <10 years vs. ≥10 years; P = 5.5 × 

10−6 for age treated as a continuous variable; ARID5B expression was higher in younger 

patients) and by gender (P = 0.02; ARID5B expression was higher in female patients), but 

was not related to genetic ancestry (P > 0.05). Of interest, the frequency of germline ALL 

risk variant in ARID5B also varies greatly by subtype, highest in the hyperdiploid subtype 

and least common in T-ALL (15,39,40).

To examine the relation between ARID5B and ALL relapse, we first evaluated its expression 

in diagnostic leukemia blasts in 59 patients on the Children’s Oncology Group CCG1961 

trial who had different treatment outcomes. The ARID5B transcript level in ALL cells was 

significantly lower in patients who experienced relapse than in those who remained in 

complete remission (P = 0.01), and this difference was significant even after adjusting for 

ALL molecular subtype, age at diagnosis, and sex (P = 0.04) (Figure 2A). Furthermore, in a 

cohort of 49 patients who experienced ALL relapse, we observed significant downregulation 
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of ARID5B transcription at disease recurrence compared to the levels in matched ALL 

blasts at diagnosis (P = 0.0009) (Figure 2B). Taken together, these results show that ARID5B 
expression varied by ALL subtypes and was associated with relapse.

ARID5B influences ALL sensitivity to antimetabolite drugs

Given the observed downregulation of ARID5B expression at relapse, we hypothesized that 

loss of ARID5B may render ALL cells resistant to chemotherapeutic agents. To determine 

the effects of ARID5B on sensitivity to specific antileukemic drugs, we first established 

stable knockdown of this gene in a panel of human ALL cell lines, with which we tested the 

dose-dependent cytotoxicity of antimetabolite drugs (6-MP and MTX), glucocorticoids 

(prednisone, dexamethasone), daunorubicin, vincristine, and asparaginase (Figure 3 and 

Supplementary Table 1). In Nalm6 cells (DUX4-rearranged with ERG alternation), a 60% 

downregulation of ARID5B expression led to 19.4- and 30.2-fold increases in the LC50 of 

MTX and 6-MP, respectively (Figure 3A), with only modest effects on the sensitivity to 

other chemotherapeutic agents (Supplementary Table 1). In a series of Nalm6 clones with 

varying degrees of ARID5B knockdown, we observed a gradual increase in drug resistance 

as ARID5B expression decreased, with an inverse correlation between ARID5B expression 

and the LC50s of MTX and 6-MP (r2 = 0.5 and 0.64, respectively) (Supplementary Figure 

2). Furthermore, the resistance of ARID5B-knockdown cells to MTX and 6-MP was 

reversed by re-expressing ARID5B (Supplementary Figure 3), indicating that the effects on 

drug sensitivity were specifically driven by ARID5B. Both MTX and 6-MP need to be 

activated intracellularly to exert cytotoxic effects. Therefore, we also examined the effects of 

ARID5B on drug metabolism. Upon ARID5B knockdown, the levels of MTX and 6-MP 

active metabolites (polyglutamated MTX and thioguanine nucleotides, respectively) were 

reduced significantly (Supplementary Figure 4), consistent with ALL cell resistance to these 

two drugs. Similar patterns of drug sensitivity and resistance were observed when ARID5B 
was knocked down in two other ALL cell lines (Figure 3B and C), namely SEM (MLL-

rearranged) and UOC-B1 (TCF3-HLF fusion) cells. These results suggest that ARID5B 
selectively regulates antimetabolite drug sensitivity in ALL, with lower expression of this 

gene directly linked to resistance to MTX and 6-MP. The selective effects of ARID5B on 6-

MP and MTX sensitivity are highly relevant because prolonged exposure to these 

antimetabolite drugs is indispensable to the cure of ALL, and 6-MP resistance in particular 

is a major cause of ALL relapse (41,42).

To further validate these findings, we also performed ARID5B knockdown in Nalm6 cells 

using the CRISPR-dCas9 system (33), in which gene transcription was inhibited by sgRNA-

mediated targeting of suppressor protein KRAB to the ARID5B promoter. Again, resistance 

to antimetabolite drugs was observed in ALL cells with ARID5B downregulation 

(Supplementary Figure 5).

ARID5B regulates the cell cycle and p21 signaling

Because the cytotoxic effects of MTX and 6-MP are highly dependent on cell proliferation, 

we postulated that ARID5B expression affected cell-cycle. Across three ALL cell lines, cell 

growth was significantly impeded upon ARID5B knockdown (Figure 4, top panel). The 

decrease of cell growth was also confirmed by the BrdU-uptake assay (Supplementary 
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Figure 6). When ARID5B expression was repressed, we observed partial but consistent 

blockade of cell cycling, with a significant increase in cells in the G0/G1 phase and a 

concurrent reduction of the S and G2/M population (Figure 4, middle panel). At the 

molecular level, the cellular machinery involved in cell-cycle checkpoint control was 

affected in ARID5B-knockdown cells, particularly those related to G1/S transition (Figure 4, 

bottom panel). For example in Nalm6 cells, ARID5B knockdown led to a dramatic 

upregulation of p21 and had a modest effect on p27; both of these proteins are master 

regulators of cyclin/CDKs during G1/S transition. Cyclin D and E levels were only modestly 

affected, but a reduction in CDK2 and phosphorylated Rb was readily detectable, consistent 

with the partial blockade of S-phase entry. The profound change in p21 and phosphorylated 

Rb levels following ARID5B knockdown was also confirmed in SEM and UOC-B1 cells.

To test the hypothesis that p21 was a direct transcription target of ARID5B, we established 

cell line models with inducible ARID5B knockdown. Upon the addition of doxycycline, the 

ARID5B level started to decline within 7 h, at which time p21 expression increased slightly. 

By 24 h, ARID5B was knocked down by 58% and p21 was upregulated 2.4 fold, as 

compared to the levels at time zero. Between 24 and 48 h, the level of p21 continued to 

increase and that of ARID5B remained low (Figure 5A). When doxycycline was removed 

from the culture medium, ARID5B expression recovered within 24 h and, consequently, the 

p21 level largely returned to that seen in the parental cells (Figure 5B). Subcellularly, 

ARID5B was restricted to the nuclei of ALL cells, but its downregulation led to an increase 

in both nuclear and cytoplasmic p21 (Figure 5C). When ALL cells were treated with 

increasing concentrations of MTX or 6-MP, the p21 level decreased gradually and became 

undetectable once the cells had entered apoptosis (as indicated by the cleavage of PARP) 

(Supplementary Figure 7). Therefore, p21 upregulation (as seen in ARID5B-knockdown 

cells) might directly antagonized MTX/6-MP–induced apoptosis in ALL.

Querying the CDKN1A locus for an ARID motif (43), we identified a potential ARID5B 

binding site 25kb distal to the transcription start site of CDKN1A. Interestingly, this locus 

overlaps with an open chromatin segment in a number of hematopoietic cells (lymphoid-

primed multipotential progenitors, granulocyte-monocyte progenitors, monocytes, and B 

cells) on the basis of ATAC-seq signal (44) and histone modification marks (H3K27Ac, 

H3K4me1, and H3K4me3) (Supplementary Figure 8). Using ARID5B ChIP-qPCR, we 

experimentally verified ARID5B binding to this putative cis-regulatory element (Figure 5D). 

More importantly, targeting dCas9-KRAB to interrupt ARID5B binding at this site, using 

the CRISPRi method (33), resulted in a 1.58-fold change in CDKN1A expression (Figure 

5E). Collectively, our results suggest that ARID5B is a putative transcription suppressor of 

CDKN1A.

Discussion

ARID5B was first linked to ALL in a series of reports in which germline intronic variants of 

the ARID5B gene were identified as modifying the risk of developing leukemia (13,15). 

Despite repeated validation in independent studies across diverse populations 

(8,9,11,12,14,16–18,45–47), the exact effects of these genetic polymorphisms on ARID5B 

activity and more importantly the biological processes by which this protein regulates 
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normal and malignant hematopoiesis remain largely unknown. Our current study, therefore, 

represents one of the first attempts to characterize ARID5B signaling in ALL. ARID5B 

appeared to be abundantly expressed in ALLs, with the exception of T-ALL. Its particularly 

elevated transcription in hyperdiploid ALL is consistent with the observation that children 

with ARID5B risk alleles were most likely to develop this specific subtype of ALL.

When we downregulated ARID5B in a panel of ALL cells of diverse subtypes, there was a 

consistent decrease in proliferation, partly due to cell-cycle blockade at the G1/S checkpoint. 

This is relevant because multiple therapeutic agents for ALL (e.g., MTX and 6-MP) target 

DNA synthesis and nucleotide metabolism with cell cycle–dependent cytotoxic effects. For 

example, reduced cell cycling would decrease the incorporation of 6-MP metabolites into 

DNA, leading to lower levels of DNA damage and subsequent apoptosis (48). Indeed, it has 

long been postulated that the remarkable response of ALL to MTX/6-MP–based therapy is 

at least partly due to the rapid cycling of ALL leukemia cells. Because prolonged exposure 

to these chemotherapeutic agents is essential for long-term remission in children with ALL, 

genetic factors modulating their sensitivity are likely to influence ALL relapse, as seen in the 

case of ARID5B. Interestingly, low expression of ARID5B was associated with high rates of 

relapse, and ARID5B expression was also downregulated at relapse, suggesting that 

ARID5B suppression may confer inherent drug resistance at ALL diagnosis and may also be 

responsible for acquired drug resistance at ALL relapse. It should be noted, however, that the 

exact degree to which ARID5B contributes to MTX and 6-MP resistance in ALL remains 

unclear, and it is plausible that this gene represents a component of a larger network or 

pathway of genes governing ALL sensitivity to the antimetabolite drugs.

Our results also shed important light on possible functions of ARID5B in hematopoietic 

tissue, particularly the effects of this gene on cell-cycle regulation. Although the expression 

of several cell-cycle and checkpoint genes changed significantly upon ARID5B knockdown, 

the most consistent alteration across ALL cell lines of different subtypes was the 

upregulation of p21. As a master regulator of both G1/S and G2/M checkpoints, p21 

expression is itself tightly regulated via p53-dependent mechanisms and also via pathways 

that do not involve p53 (49–51). Upregulation of p21 occurs rapidly upon exposure to 

chemotherapeutics as a means of delaying the initiation of apoptosis, and it may be involved 

in the decision between cell-cycle arrest and apoptosis (52). Inducible ARID5B knockdown 

in ALL cell lines led to p21 suppression in a time-dependent fashion within 24 h, suggesting 

a possible direct link. It is, therefore, reasonable to hypothesize that the downregulation of 

ARID5B activates p21 expression, which in turn blocks cyclin and CDK signaling and 

eventually triggers cell-cycle arrest. There is some evidence that the AT-rich interactive 

(ARID) domain in ARID5B possesses sequence-specific DNA-binding affinity and can 

interact with and guide epigenetic regulators (e.g., PHF2) (19,21–23,27). Combining motif 

analysis, histone modification, ATAC-seq data, and ChIP-qPCR, we indeed identified an 

ARID5B binding site within a putative cis-regulatory element upstream of CDKN1A 
(Supplemental Figure 8 and Figure 5D), and the disruption of which altered CDKN1A 
transcription.

It is entirely plausible that p21 is one of many ARID5B target genes and thus is only 

partially responsible for the effects of ARID5B knockdown on cell-cycle and drug 
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resistance. In fact, our global expression profiling studies in ALL cell lines identified other 

genes that were differentially expressed upon ARID5B knockdown, with an enrichment of 

components of the p53 signaling pathway (Supplemental Figure 9). These results provide 

interesting leads for further mechanistic studies in the future. Leung et al. recently reported 

that ARID5B is a direct target of TAL1 and functions as an activator of MYC transcription 

in T-ALL (53). Interestingly, ARID5B knockdown also led to significant delay in cell 

growth in T-ALL, but this was primarily the result of increased apoptosis, with only modest 

effects on the cell-cycle distribution.

There is still much to learn about the functions of ARID5B in blood cell development and 

diseases, especially the functional consequences of disease-related genetic variants in this 

gene. In addition to ALL, ARID5B variants have also been implicated in genetic 

susceptibility to autoimmune diseases (e.g., lupus, rheumatoid arthritis, type 2 diabetes, and 

Graves disease) (54–57). Elucidating ARID5B biology may therefore have significance in 

improving our understanding of immune regulation in general.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

The past decades have seen increasing survival in children with ALL, but relapse still 

occurs in approximately 20% of patients, primarily as a result of de novo or acquired 

drug resistance. ARID5B has been identified by us and others to be associated with 

susceptibility to ALL and treatment outcomes, although the biological mechanisms by 

which ARID5B contributes to normal hematopoiesis and leukemogenesis are largely 

unknown. We found that downregulation of ARID5B led to cell proliferation inhibition, 

cell-cycle arrest, and resistance to antimetabolite drugs (mercaptopurine and 

methotrexate). At the molecular level, CDKN1A is a plausible direct transcription 

regulation target of ARID5B and might be an important mediator of antimetabolite drug 

sensitivity in ALL. Taken together, our findings point to a new mechanism of drug 

resistance in ALL and may aid the development of new therapies for this group of 

patients.
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Figure 1. ARID5B expression varies significantly by ALL subtype.
Gene expression was estimated by Affymetrix U133A [for the St. Jude cohort] (A) or U133-

plus 2.0 [for the Dutch cohort (25)] (B) chips. ARID5B expression was consistently highest 

in hyperdiploid B-ALL subtypes and lowest in T-ALL than in other subtypes in both 

cohorts. P values were estimated by using the ANOVA test.
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Figure 2. Low ARID5B expression is related to ALL relapse.
(A) ARID5B expression was significantly lower (P = 0.01 by logistic regression test) in 

diagnostic leukemia cells of patients who experienced relapse than in cells from relapse-free 

patients enrolled on the CCG1961 protocol (26). (B) ARID5B expression levels were 

significantly decreased (P = 0.0009 by paired t-test) in leukemia cells at relapse compared 

with matched diagnostic leukemia cells from the same individual.
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Figure 3. ARID5B and antimetabolite drug sensitivity in ALL Cells.
Stable knockdown of ARID5B was established using shRNA in Nalm6, SEM, and UOC-B1 

cells, and its expression level was determined by Western blot analysis (top panel). GAPDH 

was used as a loading control. Drug sensitivity was determined using the MTT assay for 

MTX (middle panel) and 6-MP (bottom panel). Each experiment was performed at least 

three times in triplicate.
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Figure 4. ARID5B as a regulator of cell-cycle progression.
The proliferation of ALL cells was monitored by counting viable cells daily (top panel), and 

the cell-cycle distribution was determined by propidium iodide staining and flow cytometry 

(middle panel). Compared to non-target control cells, ARID5B knockdown cells had higher 

percentages of cells in the G0/G1 phases but lower percentages in the S and G2/M phases. 

At the molecular level, ARID5B knockdown led to consistent upregulation of p53 and p21 

and downregulation of phosphorylated Rb in ALL cell lines (bottom panel). Experiments 

were performed in Nalm6, SEM, and UOC-B1 cells (A, B, and C, respectively).
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Figure 5. ARID5B is a direct transcriptional regulator of p21.
To identify whether p21 was a transcription regulation target of ARID5B, we established 

doxycycline-dependent inducible knockdown of ARID5B in Nalm6 cells. The levels of 

ARID5B and p21 at different time points after doxycycline treatment were determined by 

Western blot analysis. The ARID5B level decreased steadily as a function of time, with a 

concomitant increase in p21 (A). The removal of doxycycline led to the recovery of 

ARID5B expression and a consequently decrease in p21 (B). Both nuclear and cytoplasmic 

p21 were affected by ARID5B knockdown (C). LaminB and β-actin were used as loading 

controls for nuclear and cytoplasmic proteins, respectively. Direct binding of ARID5B to a 

potential regulatory element 25 kb upstream of CDKN1A was confirmed by ARID5B ChIP-

qPCR in Nalm6 cells. The ChIP assays were performed three times. The results are shown 

as the percentage of the input (D). To directly examine the effects of ARID5B binding, 

Nalm6 cells were transduced with CRISPR/dCas9-KRAB (CRISPRi) with single-guide 

RNA targeting ARID5B binding site. CDKN1A expression was subsequently determined by 

RT-PCR (E).
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