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Abstract

We recently reported that the transcription factor ARID3a is expressed in a subset of human 

hematopoietic progenitor stem cells in both healthy individuals and in patients with systemic lupus 

erythematosus. Numbers of ARID3a+ lupus hematopoietic stem progenitor cells were associated 

with increased production of autoreactive antibodies when those cells were introduced into 

humanized mouse models. Although ARID3a/Bright knockout mice died in utero, they exhibited 

decreased numbers of hematopoietic stem cells and erythrocytes, indicating ARID3a is 

functionally important for hematopoiesis in mice. To explore the requirement for ARID3a for 

normal human hematopoiesis, hematopoietic stem cell progenitors from human cord blood were 

subjected to both inhibition and over-expression of ARID3a in vitro. Inhibition of ARID3a 

resulted in decreased B lineage cell production accompanied by increases in cells with myeloid 

lineage markers. Over-expression of ARID3a inhibited both myeloid and erythroid differentiation. 

In addition, inhibition of ARID3a in hematopoietic stem cells resulted in altered expression of 

transcription factors associated with hematopoietic lineage decisions. These results suggest that 

appropriate regulation of ARID3a is critical for normal development of both myeloid and B 

lineage pathways.

Introduction

ARID3a is a member of a large family of ARID (A+T Rich Interaction Domain) proteins 

that bind to A+T rich DNA sequences. Members of this evolutionarily conserved family 

have been implicated in the control of a variety of processes, including embryonic 

development, chromatin remodeling, and cell cycle regulation (reviewed in (1–4)). Human 
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ARID3a and the mouse orthologue, Bright (B cell regulator of immunoglobulin heavy chain 

transcription) bind to sequences 5′ of some IgH promoters and to the matrix attachment 

regions (MARs) that flank the intronic IgH enhancer (5–9), where, in association with 

Bruton’s tyrosine kinase (Btk) and the transcription factor II-I (TFII-I), they upregulate IgH 

transcription in activated B cells (10, 11). Additional studies with transgenic mice that over-

expressed Bright/ARID3a indicated roles for this protein in marginal zone versus follicular 

B cell fate decisions, and as a contributing factor for production of autoantibodies (12, 13).

Although ARID3a expression in adults was originally thought to be limited to B lymphocyte 

lineage cells (reviewed in 14), it is clearly expressed in multiple fetal and embryonic tissues, 

as well as in adult hematopoietic stem cells (15–17). Knockouts of the Xenopus, Drosophila 
and mouse ARID3a orthologues resulted in embryonic lethality, suggesting critical roles for 

ARID3a during early development (17–20). In the mouse, lethality resulted from failed 

erythropoietic events between days 9 and 12 of fetal development (17). Furthermore 

hematopoietic stem cells were reduced by >90% in those mice, suggesting an important role 

for Bright/ARID3a in early hematopoiesis (17). Although we recently showed that ARID3a 

was variably expressed in multiple human hematopoietic subsets in healthy individuals and 

in lupus patients (16, 21), the functions of ARID3a during normal human hematopoiesis 

have not been studied.

To address the role of ARID3a in human hematopoiesis, we used lentiviral and retroviral 

constructs to inhibit, or constitutively over-express, ARID3a in lineage negative, CD34+ 

hematopoietic stem progenitor cells (HSPCs) in several in vitro systems that allow 

hematopoietic differentiation. Our data indicate that ARID3a promotes early B lineage 

decisions and that constitutive expression of ARID3a in early human HPSCs negatively 

impacts differentiation of myeloid lineage cells.

Methods and Materials

Cloning and expression of ARID3a

Full length expression constructs of human native and dominant-negative (DN) ARID3a 

were derived identically to the described mouse vectors (11, 22) and ligated into the 

polylinker site of the retroviral plasmid LZRSpBMN-linker-IRES-EGFP (23) (kind gift from 

Linda Thompson, OMRF) using T4 ligase (Invitrogen) following the manufacturer’s 

protocol. All constructs were verified by sequencing at the OMRF sequence facility. Viral 

vectors (native or wild type (WT) ARID3a, DN ARID3a, or a control GFP-only vector) were 

transfected individually into amyotrophic Phoenix viral packaging cells, as previously 

described (24). After 48 hours, viral supernatants were harvested.

Progenitor cells and cell lines

All cytokines were purchased from R&D Systems. MS-5 murine stromal cells were 

maintained in α-MEM (Cellgro) supplemented with 10% FCS, 10 units/ml penicillin-

streptomycin, and 2 mM L-Glutamine (Invitrogen) (25, 26). Human cord blood was 

graciously provided with informed consent according to institutional Investigation Review 

Board protocols (IRB# 02-29) by Dr. Teresa Folger (Women’s Hospital, OK) or was 
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purchased as mononuclear cells from Precision Bioservices or Stem Cell Technologies. 

Mononuclear cells were isolated by Ficoll-Hypaque gradient and enriched for CD34+ cells 

using magnetic column separation as per manufacturer’s directions (Miltenyi Biotech). 

CD34 enriched cells were used immediately or stored in RPMI based freezing medium 

containing 20% FCS and 5% DMSO at −80° C until further use. In some cases, cells were 

sorted for CD34+, lin− (CD19, CD33, CD13, CD7, CD56, and CD10) cells using a MOFLO 

flow cytometer (Becton Dickenson), cultured for 48 hours with Stem Pro media (Invitrogen) 

supplemented with 100 U penicillin and 100 μg streptomycin and a cytokine cocktail 

including stem cell factor (SCF) (100ng/ml), FLT3 ligand (50ng/ml), and thrombopoietin 

(TPO) (10ng/ml) (R&D Systems) to allow for maximal proliferation before viral 

transduction.

Viral transductions

For knockdown of ARID3a, Lin− CD34+ cells (HSPCs) or HSCs were treated with lentivirus 

containing shRNA for ARID3a or an unrelated shRNA scrambled control as previously 

described (27), using a multiplicity of infection (MOI) of 0.5 and 6μg/ml polybrene for 24 

hours. Half of the medium was replaced with fresh medium containing lentivirus at an MOI 

of 0.5 for another 24 hours. Following virus treatment, HSPCs were seeded into stromal-free 

cultures for differentiation of B lineage cells. Over-expression of dominant negative (DN) 

human ARID3a or native (wild type, WT) ARID3a was accomplished using retroviral 

vectors that co-expressed GFP with ARID3a as described (10). Briefly, Retronectin (Takara) 

coated, 96-well EIA/RIA plates (Corning) were blocked with PBS containing 2% BSA 

overnight at 4° C and incubated with viral supernatants for 3 hours. HSPCs were transduced 

by addition to virus-coated plates, followed by incubation for 48 hours at 37° C with 5% 

CO2. Transduced cells were harvested by gentle pipetting, and sorted for GFP+ cells using a 

MOFLO flow cytometer. Cells were either placed onto a confluent layer of MS-5 stromal 

cells, or were plated in semi-solid medium.

In vitro Cultures

For stromal-cell free B lineage cultures, HSPCs were plated in triplicate at 10,000 cells per 

well as described (28, 29). Briefly, cells were cultured in QBSF®60 (Quality Biological, 

Inc.) supplemented with 10% FBS (Atlanta Biologicals), 100U Penicillin/Streptomycin 

(Gibco), 10% human mesenchymal stem cell (hMSC) conditioned media (LaCell LLC) and 

containing 10ng/ml SCF, 10ng/ml granulocyte stimulating factor (G-CSF), 5ng/ml FLT3 

ligand, and 5ng/ml IL-7 (R&D Systems). Cells were cultured for 4 weeks, fed weekly with 

half volumes of fresh, cytokine supplemented media, harvested, counted and assessed by 

flow cytometry.

Stromal cell co-cultures were performed as previously described (30, 31) with slight 

modification. Briefly, 1×104 MS-5 murine stromal cells/well were plated in 96-well plates 

for 24 hours, prior to seeding with 200 GFP+, virally transduced HSPCs. Cells were grown 

in α-MEM supplemented with 10% FCS, 100 ng/ml SCF, 10 ng/ml G-CSF, and 1×10−7 M 

Dup697 (Cayman Chemical). To assess NK cell development, cells were grown with 5 

ng/ml IL-15 and 10ng/ml FLT3 ligand (25). Cultures were fed weekly by removal of half of 
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the medium and replacement with fresh cytokine-containing medium for a period of 3 to 4 

weeks.

Monocytic, granulocytic and erythrocytic lineage cells were assessed using a 

methylcellulose colony assay. Assays were initiated similarly with 1000 GFP+ virally 

transduced or control HSPCs using Methocult GF (Stemcell Technologies), according to the 

manufacturer’s directions. Cultures were incubated for 12 days, after which time colonies 

were analyzed visually and counted using an Axiovert 25 inverted microscope. Pictures were 

acquired with an AxioCam HRc (Zeiss).

Flow Cytometry

Cord blood cells were harvested, stained, and confirmed to be lineage negative by flow 

cytometry using human hematopoietic lineage markers (CD2, CD3, CD14, CD16, CD19, 

CD56, CD235a) allophycocyanin (APC) (eBioscience). Other fluorescent antibodies used 

were: CD19 BV510, streptavidin (SA) PerCP-Cy5.5 (BD Biosciences), CD10 Biotin 

(Caltag), CD34 PE, CD38 Alexa Fluor 700, CD7 PE-Cy5, CD135 (FLT-3) PE-Cy5, CD10 

PE-Cy7, CD127 (IL7Rα) PE-Cy7, CD49f PerCP-Cy5.5, c-Kit Brilliant Violet 421, 

CD45RA Brilliant Violet 570, CD135 Biotin, SA APC-Cy7 (BioLegend), CD34 PE, CD10 

Pacific Blue, CD19 PE-Cy5, CD19 PE-Cy7 (BioLegend), CD56 FITC and CD33 APC (BD 

Biosciences), CD19 APC, CD13 APC, CD7 APC and CD14 APC, CD106 Biotin (Caltag). 

SA PE-Texas Red, and the 7AAD viability marker were purchased from Ebiosciences. 

Following surface marker staining, cells were fixed with 2% paraformaldehyde, 

permeabilized with 0.1% Tween-20 and stained with goat anti-human ARID3a antibody 

(15), followed by rabbit anti-goat FITC (Invitrogen). Appropriate isotype controls (BD 

Biosciences, eBiosciences, BioLegend) were used for determining negative staining of 

hematopoietic progenitor subsets as described (32, 33). Doublet exclusion was used to 

ensure analyses of single cells prior to forward/side scatter gating. Murine CD106 was used 

to gate out murine stromal cells from stromal cell culture analyses, and 7AAD or propidium 

iodide were used to gate and measure cell viability in cultures. Data were collected using an 

LSRII (BD Biogenics) and FACSDiva (BD Biosciences) software version 4.1, and were 

analyzed using FlowJo (Tree Star) software version 10.

Microarray Analyses

RNA was isolated from sorted GFP positive cells using Trireagent (MRC, Cincinnati, OH), 

was quantified on a Nanodrop scanning spectrophotometer, and cDNA preparation and 

Microarray analyses were performed by the Oklahoma Medical Research Foundation 

Microarray Core Facility by hybridizing cDNA to a human microarray library containing 

21,329 genes (34). Four independent microarrays were analyzed from four independent 

transfection experiments and allowed detection of expression of 6000 genes. Data were 

normalized and differentially expressed genes were identified as described in detail 

previously (35). Data are available at the Gene Expression Omnibus (GEO) under series 

number GSE33777 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE33777).
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HSPC Transcript Analyses

CD34-enriched cells were sorted for HSCs (CD34+CD38−CD45RA−CD49f+) using a 

FACSAria II (BD Biosciences). Viral infections were performed as described above, and 

RNA was isolated from sorted GFP positive cells using Trireagent (MRC) after 48 hours. 

RNA concentration and quality were assessed using the Agilent Total RNA Pico Chips on 

the 2100 Bioanalyzer (Agilent, Böblingen, Germany). Primers were generated using the 

DeltaGene Assay designer (Fluidigm) optimized for DeltaGene assays on the BiomarkHD 

system, and primer pair specificity was determined via melting curve analyses for use at 400 

nM. Primer sequences and gene names are shown in Supplementary Table S1. cDNA was 

prepared with Fluidigm PreAmp Master Mix (PM100-5580), and preamplification of cDNA 

was performed with the DeltaGene Assay Kit (Fluidigm) and used at a final 1:10 dilution in 

DNA suspension buffer (TEKnova, PN: T0221). Quantitative PCR was conducted on the 

BioMark™ HD system and transcript expression was assessed using the Gene Expression 

(GE) 96.96 IFC chip (Fluidigm) using the standard DeltaGene Assay. Thermocycling 

parameters included an initial phase of 98°C for 40 s followed by 40 cycles, consisting of 

95°C for 10 s and 60°C for 40 s. Raw Cq (Ct) values were obtained from the Fluidgm 

Biomark software, along with quality control calls. Ct values that failed quality control were 

dropped from subsequent analyses. GAPDH was used as a housekeeping standard, and ΔΔCt 

values were calculated from averaged duplicates as previously described (27).

Statistics

Data were statistically evaluated using the student T test to compare distribution of variables 

between pairs of groups. The non-parametric ANOVA (Kruskal-Wallis) followed by Dunn 

post hoc tests were used for 3 group comparisons. Statistical analysis was performed with 

Prism (Graphpad) software version 6.03. P values of less than 0.05 were considered 

significant.

Results

ARID3a is expressed in the majority of hematopoietic stem cells in human cord blood

We previously showed that ARID3a was differentially expressed in multiple subsets of adult 

peripheral blood HSPCs in lupus patients versus healthy controls (16). To better define the 

normal roles for ARID3a in early hematopoiesis, we assessed expression in multiple 

hematopoietic subsets of lineage negative, CD34+ cord blood HSPCS as defined by Notta et. 

al. (33). Using flow cytometry, HSPCs were gated to allow identification of hematopoietic 

stem cells (HSCs), multi-myeloid progenitors (MMPs), multi-potent progenitors (MPP), and 

multi-lymphoid progenitors (MLP) (Fig. 1A) (16). Analysis of these subsets for numbers of 

ARID3a+ cells revealed that 74% of HSCs and MMPs expressed ARID3a, while only 43% 

of MLPs and 20% of MPPs were ARID3a positive (Fig. 1B). Thus, ARID3a expression is 

highest in the earliest HSC progenitors, but is not limited to a specific HSPC subset.

ARID3a-expressing HSPCs express hematopoietic cytokine receptors

We noted that ARID3a expression was highest in a small subset of HSPCs (26%) that 

expressed high levels of CD34 (Fig 2A). Further analyses for hematopoietic cytokine 
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receptors commonly observed on HSCs revealed that the majority of ARID3a+ HSPCs 

expressed the IL7 receptor α (IL7Rα), FLT3 and c-kit (Fig. 2B–D). These data suggest that 

ARID3a+ HSPCs may contribute to early hematopoietic events.

Normal B lymphopoiesis requires ARID3a

Because ARID3a was originally described as a B lineage-specific protein (reviewed in 3), 

we determined if ARID3a contributed to B lineage development. Therefore, we assessed the 

ability of HSPCs transduced with shRNA against ARID3a or an unrelated control shRNA to 

develop into B lineage cells in vitro under conditions that allow B lineage development. 

ARID3a was effectively knocked down after two days, while scramble control shRNAs did 

not affect ARID3a expression (Fig. 3A). Although ARID3a-specific shRNA and control 

shRNA-treated cultures developed pre-pro, pro, pre and immature B lineage cells as defined 

by the surface markers indicated in Fig. 3B, cell cultures derived from ARID3a-deficient 

HSPCs resulted in a 75% reduction in total B lineage cells compared to scramble shRNA 

treated cultures (Fig. 3C). Cultures of ARID3a-deficient cells showed increased proportions 

of pro-B cells versus pre-B cells compared to ratios of these subsets in the untreated and 

scramble-control treated cultures. Numbers of pre-B cells in the ARID3a-deficient cultures 

were decreased by 86%, suggesting ARID3a may contribute to maturation of cells from the 

pro-B to pre-B cell stage, or to expansion of the pre-B cell stage itself. Together, these data 

suggest ARID3a is important for human B lineage commitment and maturation.

ARID3a inhibition results in increased numbers of myeloid lineage cells

Although B lineage cells were decreased in ARID3a shRNA treated cultures, total numbers 

of cells were not reduced compared to the shRNA control virally treated cultures (not 

shown). Rather, numbers of CD33+ myeloid lineage cells were dramatically increased in the 

ARID3a-deficient cultures (Fig. 4A–D). Cultures of ARID3a-deficient cells contained 

nearly 80% CD33+ cells versus the >80% B lineage development observed in both the 

untreated and control shRNA-treated cultures (Fig. 4A, 3C) indicating that ARID3a-

deficiency increases myeloid development at the expense of B lineage development. Because 

retention of CD34+ cells was also increased in ARID3a-deficient cultures relative to 

scramble control treated cultures, (Fig. 4B) we hypothesized that some of the CD33+ cells 

we observed might also co-express CD34. Indeed, the majority of the CD33+ cells retained 

expression of CD34 in this culture (Fig. 4C). These results are consistent with the hypothesis 

that inhibition of ARID3a may allow cells to preferentially initiate development into 

myeloid lineage cells.

Over-expression of ARID3a resulted in decreased numbers of myeloid lineage cells

We next asked if over-expression of native (wild type, WT) ARID3a, and a dominant 

negative (DN) form of ARID3a containing two point mutations in the DNA-binding domain 

(22), adversely affected myelopoiesis. ARID3a binds DNA as a dimer and hence over-

expression of the mutant ARID3a dimerizes with endogenous ARID3a and blocks its DNA-

binding function (22). Both retroviral vectors encoding these proteins allowed simultaneous 

expression of ARID3a and the fluorescence tracker, GFP. HSPCs were transduced with 

either the GFP-only expressing control virus, or virus expressing WT or DN ARID3a with 

equivalent transduction efficiencies (Fig. 5A). GFP+ HSPCs from each set of transductions 
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were sorted to allow culture initiation with equivalent numbers of transduced cells. Cells 

were then allowed to differentiate on murine MS-5 stromal cell layers for three weeks using 

standard conditions designed to support development of both myeloid and B lineage cells 

(25, 26). Although total numbers of native (WT) ARID3a-expressing cells were only slightly 

lower than those expressing DN ARID3a or the control viral vector, all three sets of cells 

expanded more than 10-fold (Fig. 5B). Numbers of B lineage cells obtained under these 

culture conditions in all cultures was low compared to those obtained in liquid cultures and 

did not allow consistent evaluation (not shown). Strikingly, expression of WT ARID3a led to 

reduced numbers of both immature (60% fewer) and mature myeloid lineage cells (nearly 

80% fewer) compared to control vector cultures, suggesting ARID3a expression inhibited 

development of myeloid lineage cells (Fig. 5C and D). As predicted from the shRNA 

knockdown data in Fig. 3, cultures expressing DN ARID3a showed 2–3 times more myeloid 

cells compared to control vector cultures, despite the presence of equivalent cell numbers at 

the end of culture (Fig. 5B-D). Numbers of CD14+ cells appeared to be even more 

dramatically affected by ARID3a over-expression than did those analyzed using CD33/13 

surface expression with increases of 3.4-fold (Fig. 5D). These data indicate that over-

expression of ARID3a inhibits myeloid lineage cell expansion in vitro while blocking 

endogenous ARID3a expands numbers of myeloid lineage cells.

Liquid co-cultures initiated with the addition of IL-15 (5ng/ml) and FLT3 ligand (10ng/ml) 

to allow the development of NK cells were assessed for the presence of the NK marker, 

CD56, after 4 weeks (25). Although only small numbers of NK cells developed (10–14%), 

there was no apparent difference in the numbers among control, DN or WT ARID3a 

expressing cultures (data not shown). These data indicate that NK cell development in this 

culture system was not affected by ARID3a levels.

ARID3a over-expression inhibits development of multiple mature cell types derived from 
the myeloid lineage

The data above indicate ARID3a has a negative impact on myeloid cells in liquid co-cultures 

that can differentiate down non-lymphoid pathways. To further assess the effects of ARID3a 

expression on myeloid lineage cell development, an alternate semi-solid assay that supports 

the development of myeloid, granulocytic and erythroid lineage cells was used (36). 

Cultures were initiated with 1000 virally infected GFP+ HSPCs cells, and were analyzed 

after 12 days for numbers and types of colonies formed. Although both control virus and DN 

ARID3a transduced cultures typically yielded 100 colonies per culture (Fig. 6A), cultures 

that over-expressed ARID3a gave rise to fewer than 20 colonies per dish, a more dramatic 

effect than we had observed in liquid cultures (Fig. 5B). Therefore, ARID3a over-expression 

appeared to affect colony maturation of monocyte lineage cells.

Each colony was individually evaluated microscopically by its morphology and color to 

allow identification of mature colony subtypes as described previously (37). Erythroid (E), 

monocyte (M), granulocyte/monocyte (GM), mixed granulocyte/erythroid/megakaryocyte/

monocyte (GEMM) and erythroid burst-forming unit (BFU-E) colonies were present in 

similar numbers in control and DN ARID3a transduced cultures (Fig. 6B). As expected from 

the stromal cell liquid cultures used in Fig. 5C, monocyte colonies in DN ARID3a cultures 
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were slightly increased relative to control cultures with the use of a DN protein. However, all 

types of colonies were decreased in cultures initiated from ARID3a over-expressing cells. 

Mature erythroid colonies were present at such low levels in all cultures that the effect of 

ARID3a on those cells was difficult to evaluate. Nonetheless, numbers of erythroid burst 

forming units were significantly decreased in ARID3a over-expressing cultures suggesting 

that ARID3a levels may influence both erythroid and mature myeloid cell development. 

Colonies were also evaluated under a fluorescent microscope to assess GFP expression. 

While >95% of the vector control and DN ARID3a colonies were GFP+, only 6% of the 

total WT ARID3a colonies were GFP+. This suggests that most of the colonies that were 

present in the WT ARID3a transduced cultures had lost GFP, and presumably, ARID3a, 

expression. Thus, these semi-solid assays not only verified the previous co-culture data, but 

also indicated that over-expression of WT ARID3a inhibited colony formation and 

maturation of myeloid lineage cells. These data are consistent with the idea that loss of 

ARID3a is important for normal myeloid lineage development.

Expression of ARID3a in a mature B cell line identifies potential ARID3a gene targets in B 
cells

We asked if expression of ARID3a in a human B cell line (Raji) that lacked endogenous 

ARID3a activity might identify potential genes affected by ARID3a levels. RNA was 

isolated from control transfected and ARID3a-expressing cells, and microarray analyses 

were performed from four independent cultures. Only 15 new genes were expressed above 

background control levels and 37 more were upregulated by ARID3a. ARID3a expressing 

cells had 491 down-regulated genes compared to control cells, and an additional 217 genes 

which were no longer expressed above background. IgM heavy chain RNA was induced 5-

fold, consistent with previous in vitro reporter experiments (10, 11), while SOX2, a stem 

cell-associated gene, was down-regulated by ARID3a expression, consistent with our 

previous findings that inhibition of ARID3a increased SOX2 expression (27). Semi-

quantitative RT-PCR of several differentially regulated genes, including TCEB2 (elongin B) 

and TLR6, experimentally validated the microarray data (not shown). Differentially 

expressed genes also included TLR6, TLR7, IL5RA, FCGR3B, TNFRSF13C (BAFFR), 

TNFRSF17 (BCMA) and TNFSF13 (APRIL) (Table 1), all of which have been associated 

with B lymphocyte and/or myeloid lineage functions. Further analyses of these data for 

relevant signaling pathways affected by ARID3a expression revealed a high percentage of 

differentially expressed genes were associated with TGF-β signaling pathways, consistent 

with studies of the Xenopus orthologue of ARID3a (18), and data suggesting roles for this 

pathway in HSPC maintenance, proliferation, and differentiation (38). These data show that 

ARID3a expression leads to both enhanced and decreased expression of multiple 

immunoregulatory genes in human cells, and provide a new source for identifying gene 

targets that contribute to the effects we observed when ARID3a levels are dysregulated 

during hematopoiesis.

ARID3a inhibition in cord blood HSCs increases myeloid lineage gene expression 
transcripts

To directly assess the effects of ARID3a expression on genes important for lymphocyte 

versus myeloid lineage development (reviewed in (32, 39, 40)), we performed qRT-PCR on 
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isolated HSCs treated with control or ARID3a-specific shRNAs. A total of 36 genes, in 

addition to several housekeeping genes were successfully evaluated and the results of those 

genes with the most significant changes in expression are shown in Fig. 7. Knockdown was 

effective as shown by downregulation of ARID3a in shRNA treated samples (Fig. 7). As 

expected from our previously published data (27, 41), the stem cell-associated genes 

LIN28A and NANOG, were increased in ARID3a inhibited versus control cells. ARID3a 

inhibition resulted in upregulation of CEBPB, ID2, RUNX1 and CSF1, all genes associated 

with myelopoiesis compared to cells treated with control shRNAa (Fig, 7). STAT3, an 

intracellular signaling factor important in myelopoiesis (42), was also upregulated in 

ARID3a inhibited cells. Conversely, TCF3 (E2A) and PBX1, genes associated with B 

lineage development (43, 44), were downregulated in ARID3a-inhibited HSCs. Interestingly, 

TAL1 (also called SCL), a gene for which expression is reported to be important for 

megakaryocyte and erythrocyte development (45), was also downregulated. Together, these 

data support conclusions from our in vitro culture data suggesting that lower levels of 

ARID3a expression in HSCs affect gene expression patterns correlated with promotion of 

myelopoiesis and suppression of lymphopoiesis.

Discussion

The data presented here suggest new roles for ARID3a function in early human 

hematopoiesis, and particularly in B lymphocyte lineage commitment and development. 

ARID3a inhibition suggests that this transcription factor is important for B lineage 

commitment, and the differentiation of pro-B lineage cells to pre-B cells. Conversely, our 

data indicate that down-regulation of ARID3a is important for development of mature 

myeloid lineage cells in vitro, because over-expression of native ARID3a resulted in 

inhibition of myeloid lineage differentiation. Together, these data imply that ARID3a plays 

important functions at several independent stages of human hematopoiesis.

As indicated in the schematic diagram in Fig. 8, ARID3a was variably expressed in multiple 

subtypes of HSPCs, with the highest expression in the multipotent, self-renewing HSC 

subset. This finding is consistent with data from fetal liver cells obtained from ARID3a/

Bright knockout mice which showed 90% reductions in the HSC subset suggesting the 

majority of those cells required ARID3a for development (17). MPPs, which maintain 

multipotency but are no longer self-renewing also showed some ARID3a-expressing cells, 

but were greatly reduced relative to HSCs (Fig. 8). However, ARID3a expression was more 

abundant in both MLPs, which are lymphoid lineage committed and myeloid lineage 

committed MMPs, (reviewed in (32, 46–48). These data suggest that ARID3a functions may 

be important at multiple points during early hematopoiesis.

Interestingly, ARID3a expression in HSPCs was associated with expression of FLT3, c-kit 

and the IL7Rα (Fig. 2). Human, but not murine, hematopoietic progenitor cells express 

FLT3, where it may be a potent survival signal (reviewed in 49). FLT3 is expressed on 40–

80% of early hematopoietic progenitors, from HSCs to lymphoid and myeloid progenitors, 

and it has been reported to function as a survival signal for all stages (46, 49, 50). SCF, 

which binds to c-kit, has also been implicated in early progenitor survival ((reviewed in 51)). 

Although ARID3a, FLT3 and c-kit were co-expressed at the initiation of culture (Fig. 2), 
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ARID3a inhibition did not affect cell expansion in vitro, suggesting that ARID3a is not itself 

involved in survival signals. Our qRT-PCR data also suggest ARID3a levels do not affect 

survival since CDKN1A, BAK1 and BCL2 were not changed in cells without ARID3a (Fig. 

7, legend). While the role of IL-7 signaling on early human hematopoietic progenitors and B 

lineage development remains controversial, our previous data link IL-7Rα expression with 

proliferation of HSPCs in vitro (16). Furthermore, the IL7Rα gene shows putative ARID3a 

binding by ChIP-seq analysis (our unpublished data and data available from the ENCODE 

group), indicating a potential role for ARID3a in IL7Rα expression.

Although the role of IL-7 in human versus mouse B lymphopoiesis has been controversial 

(52–54), IL-7 signaling may be particularly important at the pro-B cell stage (54). We found 

that inhibition of ARID3a in total HSPCs resulted in a 75% decrease in B lineage cells, and 

cells that did commit to the B lineage showed impairment of progression from the proB to 

pre-B cell stage when compared to both the non-transfected controls and the scramble 

lentiviral controls (Fig. 3C). This is consistent with our previous findings indicating tight 

regulation of ARID3a transcription during B lineage differentiation and increased expression 

of ARID3a in pre-B cells (15). Interestingly, the microRNA miR-125b is differentially 

expressed during B lineage differentiation and its expression affects B cell differentiation 

(55). In other studies (56), ARID3a was identified as a target for miR-125 in progenitor B 

cells, although it is unclear if the effects of miR-125 on pre-B cell development are solely 

mediated through ARID3a. Together, these data indicate functionally important roles for 

ARID3a during human B lineage differentiation.

Inhibition of ARID3a function in HSPCs under stromal free B lineage culture conditions 

substantially decreased numbers of B lineage cells with a concomitant increase in cells 

expressing the myeloid lineage marker CD33 (Fig. 4). However, NK cell numbers were not 

affected implying effects on B lineage development may be most prominent after the MLP 

developmental stage (Fig. 8). The majority of myeloid lineage cells maintained expression 

of the early lineage marker CD34, suggesting they were not fully committed myeloid lineage 

cells. However, in stromal cell cultures, ARID3a inhibition with DN ARID3a also led to 

increases in myeloid cell numbers, including those that expressed the mature myeloid 

lineage marker CD14 (Fig. 5). Conversely, elevation of ARID3a function by over-expression 

was detrimental for maturation of multiple types of mature myeloid lineage cells (Figs. 5 

and 6). These two independent experimental approaches suggest that down-regulation of 

ARID3a is an important event for maturation of multiple myeloid lineage cell types.

It is now possible to evaluate lineage potential of HSPCs using humanized mouse models 

(16, 57). However, HSPCs are a heterogeneous population of progenitors that express 

variable levels of ARID3a within those subpopulations. Our previous studies revealed that 

some patients with systemic lupus erythematosus (SLE) had large numbers of ARID3a+ 

HSPCs compared to ARID3a expression levels in HSPCs from healthy controls (16). 

Therefore, we sought to determine if high levels of ARID3a expression in progenitor cells 

might be associated with differences in engraftment and hematopoietic development. 

Although patient cells with increased expression of ARID3a exhibited abnormal features in 

in vitro cultures, SLE HSPCs with high ARID3a expression did not differ in hematopoietic 

development of B cells or myeloid populations from HSPCs with normal levels of ARID3a 
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(16). Differences between effects observed in vitro and in vivo could result from 

homeostatic events over the 16–20 week engraftment period, and/or to the mixed nature of 

the progenitor populations. ARID3a/Bright knockout mice showed defects in early 

hematopoiesis without a total loss of all B lineage cells (17). Therefore, ARID3a levels may 

contribute to lineage choices without being required for development of all B lineage cells.

Identifying the genetic pathways by which ARID3a affects myeloid versus B lineage 

development will require more detailed analyses. However, introduction of ARID3a into the 

ARID3a negative human B cell line Raji revealed multiple genes with immunomodulatory 

functions that are affected by ARID3a levels (Table I). Mature B lineage markers that are 

differentially expressed during B cell development, including TNFRSF17 (BCMA) and 

BAFFR (58), were identified as potential targets for ARID3a consistent with our findings 

that ARID3a is important for B cell maturation. Conversely, FcBR3B and the M-CSF 

receptor (CSF1R), genes often associated with the myeloid lineage, were down-regulated. 

Expression of CSF1, was upregulated in ARID3a-inhibited HSCs (Fig. 7), and was observed 

by others to be more highly expressed in progenitors in the myeloid versus lymphoid lineage 

pathway (59). Furthermore, studies in humanized mice indicated CSF1 is required for 

appropriate development and function of macrophages and monocytes following adoptive 

transfer of human HSPCs (60). Intriguingly, ARID3a levels affected the transcription of a 

number of TLRs (Table I). Expression of TLR2 was increased in ARID3a-inhibited HSCs 

(Fig. 7). Others showed that TLR stimulation through TLR1/2 (often co-expressed with 

TLR6), biased lineage commitment of human HSCs toward the myeloid lineage at the 

expense of B lymphocyte lineage cells (61, 62).

While over-expression of ARID3a in Raji cells resulted in down regulation of CEBPB, 

inhibition of ARID3a in HSCs led to increased CEBPB expression (Fig. 7). CEBPB is 

required for macrophage differentiation and myeloid versus lymphoid development in mice, 

and has also been implicated as a transcription factor important for maintenance of human 

myeloid lineage cells (63–65). RUNX1 has been reported to be required for megakaryocyte 

and platelet development (reviewed in 66), and was increased in ARID3a-inhibited HSCs, 

while our in vitro data showed decreased megakaryocyte development in vitro with ARID3a 

over-expression. Further, we found a marked decrease in TCF3 expression following loss of 

ARID3a expression. TCF3 has been shown to be necessary for development of B lineage 

committed cell types (reviewed in 44). Based on these data, ARID3a expression likely plays 

a role in the regulation of multiple genes important for hematopoiesis. Because our data 

indicate that ARID3a can act to suppress, as well as enhance transcription (27), the functions 

of ARID3a may differ in various cell types. Additional experiments will be required to 

assess the role ARID3a has in the regulation of each of these genes.

Although hematopoietic development schemes in the mouse have been described in detail 

due to the ease with which those cells can be grown in culture, human systems have lagged 

behind. Furthermore, while murine model systems provide important new information about 

many disease systems, there are increasing examples suggesting human hematopoietic 

events do not always mimic mouse models. Therefore, studies to better understand early 

hematopoietic events in human HSPCs and the factors that contribute to lineage decisions in 

human cells are important, particularly for manipulation of this important system in both 
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regenerative medicine and transplantation. The data presented in this report indicate an 

important role for ARID3a in hematopoiesis lineage commitment and differentiation events, 

likely with differing functions depending on the developmental stage of the subsets. Studies 

of the mechanisms by which ARID3a expression functions in fate choice and differentiation, 

as well as consequences of aberrant expression of ARID3a in early hematopoietic 

progenitors are currently underway.
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Figure 1. 
Human cord blood HSPC subsets express variable levels of ARID3a. A. Cord blood HSPCs 

were stained and analyzed by flow cytometry to show representative proportions of the 

following HSPC subpopulations: HSC (Lin− CD34+ CD38− CD49f+ CD45RA−), MPP (Lin− 

CD34+ CD38− CD49f− CD45RA−), MLP (Lin− CD34+ CD38− CD10+ CD7−) and MMP 

(Lin− CD34+ CD38+ CD135+ CD7−). Gates used for each population are shown. Dashed 

box indicates isotype controls. B. Percentages of cells in each progenitor subset and 

percentages of cells within each subset that co-stained for intracellular ARID3a are 

indicated, and representative flow cytometry data are shown. Means and standard error bars 

are shown from two independent experiments.
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Figure 2. 
A subset of ARID3a+ HSPCs exhibit increased expression of CD34 and cytokine receptors. 

A. Flow cytometric analyses of HSPCs for CD34 and ARID3a expression indicate a subset 

of cells express increased levels of CD34. Lin−CD34+ HSPCs were also assessed for 

expression of IL7Ra (B), FLT-3 (C) and c-kit (D) with ARID3a. Quadrants are based on 

isotype controls.

Ratliff et al. Page 17

J Immunol. Author manuscript; available in PMC 2017 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Loss of ARID3a impairs B lineage development from human cord blood HSPCs. A. HSPCs 

were seeded into HSC culture media supplemented with SCF, FLT3 and TPO (triplicates of 

10,000 cells/well) for 48 hours, prior to treatment with polybrene only, or lentivirus 

containing either ARID3a-specific, or scramble-control shRNA. A portion of cells were 

assessed for ARID3a knockdown after 48 hours. B. Following virus treatment, cells were 

maintained for one month in media supplemented with conditioned feeder media, G-CSF, 

IL7, SCF, and FLT3 for B lineage development. Representative flow cytometry data indicate 

the gating strategy used for B lymphocyte subsets and monocytes from virus treated 

samples. C. Percentage of B lineage pre-pro B cells (CD34+ CD33− CD10+ CD19−), pro-B 
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cells (CD34+ CD33− CD10+ CD19+), pre-B cells (CD34− CD33− CD10+ CD19+) and B 

cells (CD34− CD33− CD10− CD19+)) for no virus control, ARID3a shRNA, and scramble 

control cultures are shown. Means and SE for 4 independent experiments are shown. 

Statistical significance was determined by unpaired t test: **, p=0.0032; ***, p=0.0002; 

****, p<0.0001.
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Figure 4. 
Loss of ARID3a in HSPCs generates cells expressing myeloid lineage markers. A. Flow 

cytometric analyses of cells as shown in Fig. 3 was used to evaluate expression of CD33 in 

no virus control, shRNA, and scramble shRNA cultures. B. Cultures were further evaluated 

for retention of CD34 on total cells and without other lineage markers (CD34 only: CD34+ 

CD33− CD10− CD19−) in each set of cultures. C. Percentages of cells expressing the 

myeloid lineage marker CD33 with CD34 (CD34+ CD33+ CD19−) and without CD34 

(CD34− CD33+ CD19−) are indicated. D. Representative flow cytometry data show 

increased CD33 expression in ARID3a shRNA cultures. All data indicate means and SE for 

4 experiments. Statistical significance was determined by unpaired t test: *, p<0.014; **, 

p=0.0032; ***, p=0.0002; ****, p<0.0001.
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Figure 5. 
Over-expression of ARID3a in HSPCs inhibits myeloid lineage development. A. HSPCs 

were transduced with GFP-only (CON), dominant negative (DN) or wild type (WT) 

ARID3A expressing virus and were sorted for GFP expression 48 hours after transduction 

using the indicated. Representative percentages of GFP+ cells FACS sorted for in vitro 

assays are shown. B. GFP+ cells (200 cells/well) were cultured for three weeks under 

conditions that support myelopoiesis. Total cell numbers were counted via flow cytometric 

analyses and data for each culture are expressed as fold expansions over the starting 

numbers of cells. C. Numbers of CD33/13+cells from control (Ctrl), DN and native (WT) 

ARID3a-expressing cultures were enumerated by flow cytometry and are graphed as the 

averages of triplicate wells. D. Numbers of CD14+ cells mature myeloid lineage cells were 

similarly evaluated from the same cultures. Standard error bars are shown. Data are 

representative of eight independent experiments. Kruskal-Wallis evaluation for three-group 

analyses of CD33/13+ and CD14+ populations were P=0.0063 and p<0.0001 respectively, 

with significances of DN compared with WT (**, p=0.0087) for CD33/13+, and significance 

of Ctrl compared with DN and WT (***, p=0.001 and ****, p<0.0001), and DN compared 

with WT (****, p<0.0001).
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Figure 6. 
ARID3a over-expression inhibits differentiation of multiple myeloid lineage colony types. 

A. Total numbers of colonies Control expressing Sorted HSPCs expressing control (CON), 

DN and WT ARID3a virus were plated (1000 cells per dish) in methylcellulose cultures and 

analyzed after twelve days for total numbers of myeloid lineage colony forming units. Data 

indicate means from triplicate dishes and aregraphed with standard error bars. B. Individual 

colony phenotypes were identified microscopically and average numbers of erythroid (E), 

monocyte (M), granulocyte/monocyte (GM), granulocyte/erythroid/megakaryocyte/

monocyte (GEMM) and erythroid burst blast (BFU-E) colony forming units from triplicate 

dishes are presented graphically with standard error bars. Examples of the phenotypes of 

three prominent colony types identified are shown at the right at 50x magnification. Data are 

representative of two independent experiments.
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Figure 7. 
Inhibition of ARID3a expression in CB HSCs affects expression of transcription factors 

implicated in myeloid versus lymphoid lineage development. RNA from CB HSCs seeded 

into HSC culture media supplemented with SCF, FLT3 and TPO and treated with ARID3a-

specific or scramble-control shRNA for 48 hours was assessed for expression of 36 genes. 

Data for genes showing changes > 2-fold are indicated with standard error bars. Genes with 

increased expression but not shown here were: IFI44, IFIT3, OAS3, IFNA2, IFNB1, IRF1 
and Oct4. Genes assessed with no changes in expression were IFI6, PLSCR1, CXCL13, 
ICOS, IFNRA1, MYD88, PTGS2, TNFA, CDKN1A, SH2B3, BAK1, BCL2, IL10RA, and 

TLR9. Data are representative of 4 replicates. Statistical significance was determined by 

unpaired t test: *, p<0.04
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Figure 8. 
Schematic diagram for ARID3a functions during human hematopoiesis. Degrees of shading 

represent the proportion of cells initially expressing ARID3a in HSPC subsets HSC, 

hematopoietic stem cell; MPP, multipotent progenitor, MLP, multi-lymphoid progenitor and 

MMP, multi-myeloid progenitor. ARID3a inhibition resulted in increased development of 

myeloid lineage cells (1, thicker arrow) versus lymphocyte lineages, and inhibited B 

lymphocyte lineage development without affecting natural killer (NK) cells (2). Conversely, 

ARID3a over-expression blocked myeloid lineage development at unidentified stages 

resulting in decreased maturation of erythroid (E), monocyte (M), granulocyte/monocyte 

(GM), granulocyte/erythroid/megakaryocyte/monocyte (GEMM) and erythroid burst blast 

(BFU-E) colonies (3).
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