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Abstract: 

Acute lymphoblastic leukemias (ALL) are the most frequent cancer in children and derive 

most often from B-cell precursors. Current survival rates roughly reach 90% at 10 years 

from diagnosis. However, 15-20% of children still relapse with a significant risk of death. 

Our previous work showed that the transmembrane protein CD9 plays a major role in 

lymphoblasts migration into sanctuary sites, especially in testis, through the activation of 

RAC1 signaling upon blasts stimulation with C-X-C chemokine ligand 12 (CXCL12). Here, 

we identified common factors shared by the bone marrow and extramedullary niches 

which could upregulate CD9 expression and function. We found that low oxygen levels 
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enhance CD9 expression both at mRNA and protein levels. We further determined that 

Hypoxia Inducible Factor 1α (HIF1α), the master transcription factor involved in hypoxia 

response, binds directly CD9 promoter and induce CD9 transcription. We also showed that 

CD9 protein is crucial for leukemic cell adhesion and migration at low oxygen levels, 

possibly through its action on RAC1 signaling. Mouse xenograft experiments indicate that 

HIF1α signaling pathway promotes ALL cells dissemination in a CD9-dependent manner. 

The present work increments our understanding of CD9 implication in ALL pathogenesis. 
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Introduction 

Approximately 15% of children relapse from acute lymphoblastic leukemia (ALL)[1]. Most 

relapses occur in the bone marrow (BM), but extramedullary relapses, such as those of the 

testes or central nervous system, account for approximately 15% of pediatric B-ALL 

relapses[1–3]. It was shown that leukemic cells can migrate into these sites during early 

stages of the disease[4], where some remain initially in quiescence and are relatively 

protected from chemotherapy[5]. Hence, after treatment, either the initial leukemic clone 

(chemoresistant) or a leukemic clone derived from a common ancestor[6] may give rise to 

a relapse. We decided to address the issue of lymphoblast dissemination with the aim of 

preventing relapses. Following our previous work, showing that the CD9 transmembrane 

protein is differentially expressed in ETV6-RUNX1 B-ALL[7,8], we demonstrated that CD9 

promotes leukemic cell migration into CXCL12-containing tissues, such as the testes, one 

of the major extramedullary sites of relapse, through activation of the RAC1 signaling 

pathway[9]. CD9 belongs to the tetraspanin superfamily and is involved in cell migration 

and adhesion of several cancers, including leukemia[10]. Here, we specifically focused on 

the regulation of CD9 expression. BM and extramedullary niches, such as the testes, 

share low oxygen (O2) conditions[11–13]. We thus hypothesized that hypoxia may regulate 

CD9 expression and subsequently control cell dissemination. 

 

Material and Methods 

Cell lines and patients’ cells 

The human REH cell line (ATCC® CRL-8286TM) is a pre-B ALL cell line initiated from the 

peripheral blood of a patient with pre-B acute lymphoid leukemia ALL in first relapse. REH 
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cells carry the chromosomal translocation t(12;21) and chromosomal deletion del(12) 

producing respective ETV6-RUNX1 fusion gene and deletion of residual ETV6 gene. 501-

mel cell line is a melanoma cell line derived from a lymph node metastasis of a patient, 

and which presents the V600E mutation in the BRAF gene. REH and 501-mel cells were 

maintained in RPMI 1640 medium (Gibco, Thermo Fisher Scientific) containing 10% heat-

inactivated fetal calf serum (FCS) (Eurobio) that was supplemented with antibiotics (100 

U/mL penicillin-G and 100 U/mL streptomycin, Gibco). The cells were maintained at 37°C 

in a humidified incubator under a 5% CO2 atmosphere at 20% O2. To induce hypoxia in 

the indicated experiments, cells were incubated in a Binder CO2 CB160 incubator at 0.2% 

O2. The human embryonic kidney cells 293 (HEK293) (ATCC® CRL-1573TM) were 

maintained in DMEM/10% FCS/1% antibiotics. The cells were maintained at 37°C in a 

humidified incubator under a 5% CO2 atmosphere at 20% O2. Bone marrow mononuclear 

cells from BCP-ALL patients were collected at diagnosis, after informed consent had been 

obtained, in accordance with the declaration of Helsinki. The protocol was approved by the 

ethic committee of Rennes Hospital (Rennes, France). Vital mononuclear cells were 

isolated from bone marrow by successive centrifugations through lymphocytes separation 

medium (Eurobio), resuspended in HP01 medium (MACO biotech) supplemented with 10 

ng/mL, human IL-3 (Miltenyi Biotech), 10 ng/mL human IL-7 (Miltenyi Biotech) and 100 

ng/mL human Stem Cell Factor (SCF) (Miltenyi Biotech) and cultured for 24h in 0.2% O2 or 

20% O2 before cell lysis and RNA extraction (cf. below). 

Chemicals and plasmid vectors 

DiMethylOxalylGlicine (DMOG) was purchased to Cayman Chemical (#71210). DiMethyl 

SulfOxyde (DMSO) was purchased to Sigma-Aldrich. Lentiviral vector bearing MISSION 

pLKO.1 shRNA-puro constructs targeting human HIF1 (TRCN0000003808; targeting 

sequence: 

CCGGCCGCTGGAGACACAATCATATCTCGAGATATGATTGTGTCTCCAGCGGTTTTT) 

was purchased to Sigma-Aldrich. pLVX-SV40-Neo-CD9 vector was purchased to Creative 

Biogene Biotechnology. pGL4.10-luc plasmid vector was purchased to Promega. HA-

HIF1 P402A/P564A-pcDNA3 plasmid vector was a gift from William Kaelin (Addgene 

plasmid #18955). MSCV Luciferase PGK-hygro vector was a gift from Scott Lowe 

(Addgene plasmid #18782). pLenti-CMV-Puro-DEST (w118-1) was a gift from Eric 

Campeau (Addgene plasmid # 17452). pCMV-VSV-G was a gift from Bob Weinberg 

(Addgene plasmid # 8454). p-Gag-pol vector was kindly given by Dr. Didier Negre. The 

plasmid psPAX2 was a gift from Didier Trono (Addgene plasmid # 12260).  

RNA extraction, cDNA synthesis, and RT-qPCR 
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RNA was extracted using the NucleoSpin RNA II (Macherey Nagel) and cDNA was 

synthesized using High capacity cDNA RT kit (Life Technologies) according to the 

manufacturers’ protocol. Real-time PCR was carried out in sealed 384-well microtiter 

plates using the SYBR Green PCR Master Mix (Applied Biosystems), according to Applied 

Biosystems gene amplification specifications (40 cycles of 15 sec at 95°C and 1 min at 

60°C). The forward (F) and reverse (R) primers (synthesized by Eurogentec) sequences 

are described in Table 1. Data analysis was performed using the DDCT-method2. The 

housekeeping gene ABL was used to normalize the data. The log2 fold change of all 

genes of interest compared to control cells was calculated. 

Immunoblotting 

Cells were cultured overnight in experimental conditions as described in Figure 2. Cells 

were then centrifugated at 2000 rpm for 3 minutes and lysed directly in Laemmli 1X buffer. 

Obtained samples were then quickly sonicated to reduce viscosity and heated at 95°C for 

5 minutes. The samples were subjected to sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE), transferred to 0.45 µM nitrocellulose membranes (GE 

Healthcare), blocked in TBS/0.05% Tween-20 (TBST)/5% non-fat dry milk and incubated 

overnight at 4°C with either a specific HIF1 (Abcam ab2185) antibody or a specific 

HSC70 (Santa Cruz biotechnology, sc-7298) antibody as control. The membranes were 

washed and incubated 1 h at room temperature in TBST/5% non-fat dry milk containing 

the secondary antibody. The membranes were then washed again and incubated with a 

chemiluminescent substrate (Immobilion Western, Millipore) before immunoblots 

visualization with an Amersham imager 680 (GE Healthcare Life Sciences) according to 

the manufacturer's instructions. 

Flow cytometry 

One million of indicated cells were cultured in the indicated conditions, washed in 

phosphate buffer saline (PBS) and stained with either an allophycocyanin (APC)-

conjugated anti-CD9 specific antibody (M-L13; Becton Dickinson - BD) or an APC mouse 

IgG1  isotype control (clone MOPC-21, BD Biosciences) diluted at 1:100 in PBS 

supplemented with 2% FCS for 20 minutes. Cells were then washed again and 

resuspended in PBS. CD9 membrane expression was compared in each condition by 

analyzing fluorescence intensity of cells with a BD FACS Fortessa cytometer (Biosit, SFR 

UMS CNRS 3480 - INSERM 018, Rennes, France). Data were analyzed using BD 

FACSDiva Software. 

Transient transfection and luciferase assay 
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Genomic DNA fragments derived from the human CD9 gene promoter at -2kb (chr12: 

6,198,225 – 6,198,330 from GRCh37/hg19), -3 kb (chr12: 6,197,222 – 6,197,321), -30 kb 

(chr12: 6,168,395 – 6,168,722) and from the human VEGF gene promoter at -1 kb (chr6: 

43,769,130 – 43,769,349) were cloned with a minimal promoter (5’-

AGACACTAGAGGGTATATAATGGAAGCTCGACTTCCAG-3’) into a luciferase reporter 

vector (pGL4.10-luc; Promega) by PCR from REH genomic DNA samples. In the same 

way, the mutated counterparts of these fragments were generated by PCR-directed 

mutagenesis and cloned into pGL4.10-luc. Biological replicates of HEK293 cells were 

plated into 12-well plates and co- transfected with 0.25 µg of pGL4.10-luc plasmid DNA, 

together with 0.25 μg of HA-HIF1P402A/P564A-pcDNA3, using lipofectamine 3000 

(L3000015, Invitrogen) following manufacturer’s indications. pCMV-renilla luciferase vector 

was also transfected as an internal control for transfection efficiency. Forty-eight hours 

after transfection, cells were lysed and assayed for luciferase activity using the dual 

luciferase reporter system (Promega) according to the manufacturer's protocol and a LB 

960 Centro luminometer (Berthold technologies). 

Generation of stable cell lines 

The REHTRE-HIF1-ODDmut, the REHshCTL, the REHshCD9 and the REHshRAC1 were generated as 

previously described[9,14]. The REHMSCVluc stable cell line was obtained from retroviral 

transduction. To produce retrovirus, HEK293 cells were co-transfected with MSCV 

Luciferase PGK-hygro and pCMV-VSV-G and p-Gag-pol vector plasmids for packaging 

using Lipofectamin 3000 transfection reagent (Thermo Fisher Scienharvested, filtered and 

added to REH cells with 8 µg/mL polybrene, and transduced cells were selected in 

medium containing 300 μg/mL hygromycin (Invivogen). The REHshHIF1, REHMSCVluc-shHIF1, 

REHshHIF1+CD9 stable cell lines were obtained from lentiviral transduction. To produce 

lentivirus, HEK293 cells were co-transfected with either MISSION pLKO.1-shHIF1 

bearing shHIF1 or pLVX-SV40-Neo-CD9 and pCMV-VSV-G and psPAX2 plasmids for 

packaging using Lipofectamine 3000 transfection reagent (Thermo Fisher Scientific). After 

48h, supernatant was harvested, filtered and added to REH cells, REHshHIF1 and 

REHMSCVluc with 8 µg/mL polybrene. REHshHIF1 cells were selected in medium containing 

0.5 μg/mL puromycin (Invivogen).  REHMSCVluc-shHIF1 cells were selected in medium 

containing 0.5 μg/mL puromycin and 300 μg/mL hygromycin (Invivogen). REHshHIF1+CD9 

cells were selected in medium containing 0.5 μg/mL puromycin (Invivogen) and 500 µg/mL 

neomycin (Sigma-Aldrich). 

Chromatin immunoprecipitation followed by quantitative PCR (ChIP-qPCR) 
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One hundred million REH cells were cultured at 2.106/mL at 0.2% O2 for 24h and fixed 

exactly 10 minutes in 1% formaldehyde (648336, Polysciences) PBS solution. Fixation 

reaction was interrupted by adding glycine 0.1 M for 1 minute. Cells were washed in PBS 

twice before snap freeze in liquid nitrogen. Cells were then lysed and lysates were 

sonicated to shear DNA to lengths between 200 and 600 base pairs and centrifuged at 

10,000 g for 10 min at room temperature. The sonicated cell supernatants were diluted 6-

fold in ChIP Dilution Buffer (20 mM tris-HCl pH 8.1/150 mM NaCl/0.1% triton) and then 

separated in two parts, precleared with 20 µL/tube of dynabeads protein G (10004D, 

Invitrogen) for at least 2h and incubated overnight with either a specific rabbit polyclonal 

anti-HIF1α antibody (abcam ab2185) or an unspecific rabbit polyclonal IgG antibody 

(15006, Sigma-Aldrich) and yeast tRNA (R5636, Sigma Aldrich). Samples were then 

incubated for at least 4h with 40 µL/tube of dynabeads protein G under agitation. Beads 

were washed 4 times and immunoprecipitated DNA was eluted with elution buffer 

containing 0.1M NaHCO3 1% SDS solution. Protein-DNA crosslink was reversed by 

incubating the samples at 65°C overnight. Immunoprecipitated DNA was then purified and 

processed in qPCR with specific primers targeting genomic regions as indicated (Table 1).  

Migration assays  

Two million alive cells that had been cultured at either 20%, 1% or 0.2% O2 for 72h were 

resuspended in 100 µL RPMI 1640 supplemented with 1% bovine serum albumin and 

loaded into the upper chamber of a migration system equipped with 8-μm Transwell 

microporous polycarbonate membranes (Corning-Costar). We added 0.6 mL of RPMI 

1640 containing 100 ng/mL of CXCL12 (Miltenyi Biotec) to the lower chamber. After 5 

hours of incubation at 37°C at either 20% or 1% or 0.2% O2, the migrated cells were 

subjected to trypan blue exclusion and counted. The migration rate was determined as the 

percentage of cells from the input that had migrated. 

Adhesion assays 

We coated 24-well plates with 0.1 μg of superfibronectin diluted in PBS (Sigma-Aldrich), by 

incubation 2h at 37°C. Five hundred thousand cells that had been cultured at either 20%, 

1% or 0.2% O2 for 72h were resuspended in medium supplemented with 5% FCS and 

allowed to adhere to the fibronectin for 90 minutes at 37°C by distributing them in triplicate 

into the fibronectin-coated wells. Nonadherent cells were removed by thoroughly washing 

and wells were examined with a DMIRB Leica microscope. Images from ten randomly 

selected microscopic fields were acquired from each well and adherent cells were 

automated counts using ImageJ software. 

Xenograft transplantation, bioluminescence imaging and survival analysis 
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NOD/scid IL2 Rgnull mice (Charles River Laboratories) were maintained in the ARCHE 

Animal Center (Biosit, SFR UMS CNRS 3480 - INSERM 018, Rennes, France) at Rennes 

1 University. Animal experiments are performed after authorization from French Research 

Ministery, and according to European regulation. Four-week-old mice received 2 

intraperitoneal injections of 20 μg/g busulfan (Busilvex; Pierre Fabre) on 2 days. They 

were then allowed to rest for 2 days before the IV injection of 100,000 cells as previously 

described[9]. For bioluminescence imaging, mice were injected with 150 mg/kg of D-

luciferine (Cayman chemical) intraperitoneally before immediate counting of emitted 

photons with a PhotonIMAGER OPTIMA device. Dorsal luminescences were determined 

by quantifying photon flux through the whole mouse. Mice were imaged at the indicated 

time points. The general condition of the mice was monitored daily until their death. When 

they presented too many or too intense signs of suffering (points limit), we sacrificed them 

for ethical reasons. 

Statistical analysis 

Statistical analyses were performed with GraphPad Prism 5.0 software. Statistical 

significance was analyzed using nonparametric tests (Wilcoxon or Mann-Whitney), with 

values of p <0.05 considered significant. For survival studies, Kaplan-Meier curves were 

generated with Prism 5 software and analyzed with Mantel-Cox tests. 

 

Results  

1. Hypoxia upregulates CD9 expression in B lymphoblasts 

We collected human leukemic cells from BM at diagnosis and further cultured them for 24 

hours in 20% or 0.2% oxygen. Because hematopoietic stem cells and their malignant 

counterparts may reside in niches where oxygen concentration is very low, we chose this 

low level of O2 for illustrating our hypothesis to reproduce oxygen concentration observed 

in BM or sanctuary niches[11,12,15,16]. The low O2 concentration increased CD9 mRNA 

levels in six of nine patient samples tested as observed for VEGF, the canonical marker of 

exposition to hypoxia condition (Figure 1A). We confirmed this result by performing similar 

experiments with the REH cell line, a CD9-positive B-ALL[9] cell line established from an 

ETV6-RUNX1-positive late relapse (Figure 1B). The expression of CD9 protein was also 

higher by flow cytometry in REH cells cultured in 0.2% O2 (viability > 95%) than those 

cultured in 20% O2 for 72 hours (Figure 1C), showing that hypoxia increases CD9 protein 

membrane expression in these cells.  

 

2. Hypoxia-induced CD9 upregulation involves the HIF1α pathway 
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The transcription factor hypoxia inducible factor 1α (HIF1α) is the master regulator of the 

cellular response to hypoxia[17]. We thus modulated HIF1α expression in our cell model 

using various molecular and chemical means (Supplemental Figure S1). Chemical 

stabilization of HIF1α with dimethyloxalylglycine (DMOG) increased both CD9 mRNA and 

membrane protein expression (Figure 2 A-B). We performed experiments with the 

previously described REH-TRE-HIF1α-ODDmut cell line[14], in which a stable form of 

HIF1 is produced upon doxycyline addition in the culture medium. Induction of an 

undegradable form of HIF1α increased both CD9 mRNA levels and CD9 membrane 

expression (Figure 2 C-D). Conversely, downregulation of HIF1α with a short hairpin RNA 

(shRNA) decreased CD9 expression, confirming that HIF1α is involved in the regulation of 

CD9 expression (Figure 2 E-F).  

 

3. HIF1α binds to CD9 promoter to induce its transcription  

We further asked whether HIF1α directly regulated CD9 expression. HIF1α dimerizes with 

HIF1ꞵ under low O2 conditions. The heterodimer translocates into the nucleus to bind 

chromatin at specific sequences called ―hypoxia responsive elements‖ (HREs) and 

induces transcription[17]. We identified three putative HREs within the CD9 promoter. 

These HRE-containing elements were cloned upstream of a luciferase reporter gene and 

luciferase assays were performed in the 501Mel cell line, because this cell line does not 

constitutively express CD9 (Figure 3A). A specific HRE-containing sequence from the 

VEGF promoter was used as a positive control (Supplemental Figure S2). Luciferase 

activity was lower when the HRE located -3 kb from the CD9 transcription start site was 

mutated (Figure 3B), suggesting that HIF1α can bind to the CD9 promoter at this site. We 

confirmed the binding of HIF1α on the -3 kb HRE by performing chromatin 

immunoprecipitation assays with anti-HIF1α antibody followed by qPCR (ChIP-qPCR) in 

REH cultured at 0.2% O2 or 20% O2 (Figure 3C). Overall, these experiments show that 

CD9 expression is upregulated by conditions of low O2 through the direct involvement of 

the HIF1α pathway in our model. 

 

4. Low oxygen alters CD9-mediated adhesion and migration of lymphoblasts 

Giving that CD9 is involved in the dissemination of lymphoblasts through the RAC1 

pathway[9], we next tested whether hypoxia modify CD9-related cellular adhesion and 

migration properties. We performed adhesion and migration assays under various O2 

culture conditions with previously described9 REH cells transduced with either a shRNA 

targeting CD9 or a non-targeted control shRNA. Our previous work showed that CD9 
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expression modulation did not affect cell proliferation while affecting cell adhesion and cell 

migration properties[9]. In the current work, adhesion was lower and the migration capacity 

higher under conditions of low O2 (Figure 4A-B). In addition, CD9 was critical for cell 

adhesion, regardless of the O2 level, confirming its importance for cell adhesion. Moreover, 

the reduction in migration resulting from CD9 under-expression was inversely proportional 

to the O2 concentration. We also observed a decrease in migration rate with previously 

described[9] REH cells transduced with a shRNA targeting RAC1 (Figure 4C). Considering 

these findings with our previous results showing the role of CD9 on RAC1 activation in B 

lymphoblasts[9], we can hypothesize here that the RAC1 downstream signaling may be 

also involved in leukemic cell migration under hypoxic conditions.  

 

5. HIF1α is involved in CD9-mediated migration and dissemination of lymphoblasts in 

vivo 

To address the role of HIF1α in CD9-mediated leukemic cell migration, we performed 

migration assays with REH cells transduced with a shRNA targeting HIF1α alone (REH 

shHIF1α) or with REH shHIF1α additionally transduced with a CD9 expression vector 

(REH shHIF+CD9) in 0.2% O2. While REH shHIF1α cells showed a lower migration rate 

than control, REH shHIF+CD9 cells showed a migration rate similar to control, suggesting 

that the role of HIF1α in leukemic cell migration is at least partly mediated through its 

regulation on CD9 (Figure 5A). We further addressed the potential role of CD9 in the 

dissemination of leukemic cells towards hypoxic niches. We first generated REH cells to 

stably express luciferase and modulate HIF1α expression at the same time. We next 

performed xenograft studies to assess the dissemination of leukemic cells in vivo, 

depending on level of HIF1α expression. Our previous work showed that the lower CD9 

expressed, the longer mice survived[9]. Here, HIF1α downregulation significantly delayed 

leukemic cell engraftment (Figure 5B). Consequently, mice transplanted with REH 

shHIF1α showed prolonged survival, but this effect was lost when mice were transplanted 

with REH shHIF1α additionally transduced with a CD9 expression vector (REH 

shHIF1α+CD9) (Figure 5C). These results suggest that migration and dissemination 

capacities of lymphoblasts in low O2 conditions are mediated by HIF1α signaling and CD9.  

 

Discussion 

The prognostic impact of CD9 and its role in ALL pathogenesis have previously been 

studied. CD9 expression has been associated with poor prognosis in B-ALL[18–20]. CD9 

expression may provide stem cell properties and enhance invasion capacities of leukemic 
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cells into bone marrow and extramedullary tissues. In a model of Philadelphia 

chromosome positive acute lymphoblastic leukemia, CD9 inhibition decreased cell 

migration and adhesion as well as promoting apoptosis and increasing sensitivity to 

imatinib[21]. CD9 inhibition with specific antibodies in mice xenografted with B 

lymphoblasts enhanced chemosensitivity and reduced leukemic burden. Leung et al. 

showed that CD9 blockade with a specific antibody reduce leukemic testicular and 

leptomeningeal infiltration. The use of a CD9 specific antibody enhanced chemosensitivity 

of ALL cells in vitro, suppressed disease progression and was superior in combination with 

chemotherapy than chemotherapy alone in xenografted mice[20]. Thus, targeting CD9 

appears to be an interesting therapeutic option. Better understanding CD9 role in leukemia 

pathogenesis and the regulation mechanisms of its expression would help to refine anti-

CD9 therapeutic strategies. 

In this study, we hypothesized that low O2 as found in niches may regulate CD9 

expression in lymphoblasts thereby enhancing their migration and dissemination 

properties. We found that low O2 concentration upregulated CD9 expression through the 

activation of the HIF1α pathway in B-ALL lymphoblasts. HIF1α directly bound to CD9 

promoter at – 3 kb from the transcription start site to induce its transcription. We also found 

that CD9 protein is critical for leukemic cell migration and adhesion under conditions of low 

O2. Our results further suggest that CD9-mediated leukemic cell engraftment is favored by 

hypoxia in vivo. 

The potential role of hypoxia on CD9 expression regulation has been poorly studied so far. 

However, our results contrast with those obtained with normal keratinocytes in which 

hypoxia downregulated CD9 expression through the p38/MAPK signaling pathway[22]. An 

other tetraspanin, CD151, was found downregulated by low oxygen conditions through the 

direct binding of HIF1α on CD151 promoter in a colon carcinoma model[23]. These 

discrepancies may be explained by the use of different study models and suggest that the 

regulation of CD9 expression is a complex phenomenon depending on several factors 

including cellular context and microenvironmental factors. 

Our previous work demonstrated that CD9 is differentially underexpressed in ETV6-

RUNX1 B-ALL cells[8]. ETV6-RUNX1 B-ALL tends to relapse late in the testicular 

extramedullary sites[24], where oxygen content is low[13]. Since our subsequent work 

showed that the more CD9 expressed, the more ETV6-RUNX1 B-ALL cells migrate and 

adhere[9], we hypothesized that low O2 may upregulate CD9 expression, which may favor 

blast cells migration and local retention in hypoxic tissues like testis. Once settled, 

leukemic cells may become quiescent for a long time and then be responsible for late 
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relapse. Indeed, hypoxia promotes quiescence of hematopoietic progenitor cells and 

enhance B lymphoid development[25]. Furthermore,  BM microenvironment favors 

quiescence and chemoresistance of ALL cells by changing their gene expression profile, 

notably with upregulation of genes involved in the hypoxia signaling pathway and cell 

adhesion[26,27]. Here, our results show that low O2 levels regulate CD9 expression 

through HIF1α signaling and favor leukemic cell migration and engraftment in an ALL 

model. As hypoxia regulates the expression of hundreds of genes, we wondered whether 

the phenotype observed in our experiments could also be explained by the effects of low 

O2 on targets other than CD9. For instance, two independent works suggested that 

VEGFA may play an important role in the infiltration of CNS by ALL cells[28,29]. 

Nevertheless, our experiments using shRNA targeting CD9, and the rescue experiment of 

shHIF1α with CD9 enforced expression, demonstrated that migration and engraftment 

properties of leukemic cells was altered by CD9 expression modulation.  

We propose a model in which ALL blasts that express sufficient CD9 protein at the cell 

surface are prone to migrate to sites with low O2 tension that express CXCL12, such as 

the testes. Upon binding of CXCL12 to CXCR4, CD9 activates RAC1 signaling to promote 

cell migration, as previously shown[8]. When O2 levels are sufficiently low, HIF1α is 

stabilized and translocates into the nucleus, where it binds to the CD9 gene promoter at -3 

kb to initiate transcription (Figure 6). 

 

Conclusion 

To conclude, we propose a model in which low O2 levels upregulate CD9 expression, 

promote CD9-dependent cell adhesion and migration and could promote local retention 

and survival. Better understanding of the role of CD9 in leukemia pathogenesis and of the 

regulation mechanisms of its expression would help to refine anti-CD9 therapeutic 

strategies, which may be beneficial in several cancer models including leukemia[20,21,30]. 
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Figure Legends 

 

Figure 1. Low oxygen upregulates CD9 expression. A. Low oxygen (O2) increases CD9 

mRNA levels in leukemia cells from patients. Bone marrow childhood B-ALL cells were 

collected at diagnosis and cultured either in 20% or 0.2% O2 for 24 h before RNA 

extraction, reverse transcription, and analysis by quantitative PCR. VEGF was used as a 

positive control. Bars represent the mean +/- standard error of the mean (SE). B. Low O2 

increases CD9 mRNA levels in an ETV6-RUNX1 positive REH cell line. REH cells were 

cultured in 20% or 0.2% oxygen for 24 h. Relative CD9 mRNA levels are shown and 

compared to those of EGFL7 (negative control) and VEGF and CXCR4 (positive controls). 

Bars represent the mean value of at least four independent experiments +/- SE and each 

dot represents one experiment. *p < 0.05, **p < 0.01, ***p < 0.001 by the Wilcoxon test, 

NS = non-statistically significant. C. Low O2 increases CD9 surface expression in the REH 

cell line. REH cells were cultured in 20% or 0.2% O2 for 72 h, washed, and stained with 
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either allophycocyanin (APC)-conjugated anti-CD9 specific antibody or a nonspecific IgG 

for 20 min. The cells were washed again and CD9 membrane expression assessed under 

each condition by flow cytometry. The mean fluorescence intensities of seven independent 

paired experiments are shown in the dot plot. *p < 0.05 by a paired Wilcoxon test.  

 

Figure 2. Hypoxia-induced CD9 upregulation involves HIF1α. A. REH cells were 

treated with 200 µM DMOG or 0.2% DMSO (vehicle) for 24 h at 20% O2 before RNA 

extraction, reverse transcription, and analysis by quantitative PCR. Relative mRNA levels 

of CD9, the negative control EGFL7, and the positive controls VEGF and CXCR4 were 

compared. Bars represent the mean value of at least four independent experiments +/- 

standard error of the mean (SE) and each point represents one experiment. *p < 0.05, **p 

< 0.01, ***p < 0.001 by the Wilcoxon test, NS = non-statistically significant. B. REH cells 

were treated with 200 µM DMOG or 0.2% DMSO (vehicle) for 72 h at 20% O2, washed, 

and stained with either an allophycocyanin (APC)-conjugated anti-CD9 specific antibody or 

a nonspecific IgG and analyzed by flow cytometry. Histograms show the results of a 

representative experiment. Mean fluorescence intensities of seven independent paired 

experiments are shown in the dot plot. *p < 0.05 by a paired Wilcoxon test. C. Previously 

described REH-TRE-HIF1α-ODDmut was used for this experiment. Expression of an 

undegradable form of HIF1α was induced by treating the cells with 1 µg/L doxycycline for 

24 h at 20% O2 before RNA extraction, reverse transcription, and analysis by qPCR. 

Relative mRNA levels of CD9, the negative control EGFL7, and the positive controls VEGF 

and CXCR4 were compared. Bars represent the mean value of at least three independent 

experiments +/- SE and each point represents one experiment. *p < 0.05, **p < 0.01, ***p 

< 0.001 by the Wilcoxon test, NS = non-statistically significant. D. Expression of an 

undegradable form of HIF1α was induced by treating REH-TRE-HIF1α-ODDmut cells with 

1 µg/L doxycycline for 72 h at 20% O2 and the cells were washed and stained with either 

an APC-conjugated anti-CD9 specific antibody or a nonspecific IgG and analyzed by flow 

cytometry. Histograms show the result of a representative experiment. Mean fluorescence 

intensities of seven independent paired experiments are shown in the dot plot. **p < 0.01 

by a paired Wilcoxon test. E. Downregulation of HIF1α decreases CD9 mRNA levels by 

REH cells. RNA extraction, reverse transcription, and analysis by quantitative PCR were 

performed on REH cells transduced with either a shRNA targeting HIF1α or a nonspecific 

shRNA (CTL). Relative mRNA levels of CD9, the negative control EGFL7, and the positive 

controls VEGF and CXCR4 were compared. Bars represent the mean value of at least 

three independent experiments +/- SE and each point represents one experiment. F. REH 
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cells transduced with either a shRNA targeting HIF1α or a nonspecific shRNA (CTL) were 

washed and stained with either an APC-conjugated anti-CD9 specific antibody or a 

nonspecific IgG and analyzed by flow cytometry. Histograms show the results of a 

representative experiment. Mean fluorescence intensities of five independent paired 

experiments are shown in the dot plot. **p < 0.01 by a paired Wilcoxon test. 

 

Figure 3. HIF1α binds to CD9 promoter. A. Scheme of plasmid constructs used in Figure 

3B. Three boxes representing hypoxia-responsive elements (HRE) are shown upstream of 

the CD9 transcription initiation site and the mutated HRE-containing fragment of the CD9 

promoter is shown in red (native HRE in yellow). B. Luciferase assays performed with a 

plasmid vector encoding an undegradable form of HIF1α in the 501-mel cell line suggest 

HIF1α binding to the CD9 promoter at -3 kb. Bars represent the mean value of luciferase 

levels (firefly luciferase/renilla luciferase) from at least four independent experiments +/- 

SE and each point represents one experiment and the mean of three replicates. **p < 0.01 

by the Wilcoxon test, NS = non-statistically significant. C. Chromatin immunoprecipitation 

using specific anti-HIF1α antibodies followed by qPCR (ChIP-qPCR) in REH cells cultured 

at 20% or 0.2% O2 confirms HIF1α binding to the CD9 promoter. Bars represent the mean 

+/- SE of at least three independent experiments. 

 

Figure 4. Low O2 alters CD9-mediated adhesion and migration of lymphoblasts. A. 

Low O2 and CD9 downregulation impair adhesion of the REH leukemic cell line. REH cells 

expressing either a control (CTL) shRNA or specific CD9 shRNA were cultured in 20%, 

1%, or 0.2% O2 for 72 h and further seeded onto superfibronectin-coated 96-well plates to 

adhere for 90 min in 20%, 1%, or 0.2% O2. Adherent cells were counted using ImageJ 

software. Each dot represents the count obtained for one well. Bars represent the mean 

value of at least three independent experiments +/- SE. *p < 0.05, **p < 0.01, *** p< 0.001 

by the Wilcoxon test, NS = non-statistically significant. B. Low O2 increases CD9-

dependent migration of the REH leukemic cell line. REH cells expressing either a control 

(CTL) shRNA or specific CD9 shRNA were cultured in 20%, 1%, or 0.2% O2 for 72 h and 

chemotactic migration towards CXCL12 measured for alive cells in a Boyden chamber for 

5 h in 20%, 1%, or 0.2% O2. The migration rate was determined by calculating the ratio 

between the total number of seeded cells and that of the migrating cells. Each dot 

represents the count obtained for one well. Bars represent the mean value of at least three 

independent experiments +/- SE. *p < 0.05, **p < 0.01, ***p < 0.001 by the Wilcoxon test, 

NS = non-statistically significant. C. Low O2 increases RAC1-dependent migration of the 
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REH leukemic cell line. Same experiment as in Figure 4B was performed with REH cells 

expressing either a control (CTL) shRNA or a specific RAC1 shRNA cultured in 20%, 1%, 

or 0.2% O2. Each dot represents the count obtained for one well. Bars represent the mean 

value of at least three independent experiments +/- SE. *p < 0.05, **p < 0.01, ***p < 0.001 

by the Wilcoxon test, NS = non-statistically significant.  

 

Figure 5. HIF1α is involved in migration and dissemination capacities of 

lymphoblasts through its effects on CD9. A. HIF1α is involved in REH cell migration 

probably through its regulation on CD9 expression. REH cells expressing either a control 

(CTL) shRNA or a specific HIF1α shRNA, or a specific HIF1α shRNA and a CD9 

expression vector were cultured in 0.2% O2 for 72 h and chemotactic migration towards 

CXCL12 measured in a Boyden chamber for 5 h in 0.2% O2. The migration rate was 

determined by calculating the ratio between the total number of seeded cells and that of 

the migrating cells. Each dot represents the count obtained for one well. Bars represent 

the mean value of at least three independent experiments +/- SE. *p < 0.05, **p < 0.01, 

***p < 0.001 by the Wilcoxon test, NS = non-statistically significant.  

 

B. HIF1α inhibition delays ALL cell engraftment in xenografted mice. NOD/scid IL2 Rgnull 

mice were transplanted with either an REH cell line stably expressing luciferase alone or 

stably expressing both luciferase and a specific shRNA targeting HIF1α. Engraftment was 

then monitored at the indicated timepoints by quantifying photon flux through the entire 

mouse with a photonIMAGER Optima. A representative example of an experiment is 

shown. The graph shows the quantification of bioluminescence measured as the number 

of counts per minute (cpm) per cm2. Each dot represents the mean value measured for at 

least four mice +/- SE. All mice transplanted with the control cell line spontaneously died 

shortly after D21 acquisition. In the shHIF1α subset, mice were sacrificed after the last 

acquisition at D31 regarding their advanced symptoms of acute leukemia. C. HIF1α 

inhibition prolongs the survival of mice xenografted with the ALL cell line. NOD/scid IL2 

Rgnull mice were transplanted with either an REH cell line stably expressing a shRNA 

targeting HIF1α +/- a CD9 expression vector or a control REH cell line and mice monitored 

daily until sacrifice (in presence of too many signs of suffering) or spontaneous death. All 

mice developed signs of leukemia. Kaplan-Meier curves were plotted. Mantel-Cox tests 

gave a p-value < 0.05 when the shHIF1α curve was compared with either the 

shHIF1α+CD9 or control curves.  
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Figure 6. Proposed model for hypoxia-associated CD9 regulation and function. In 

this model, ALL blasts that express sufficient CD9 protein at the cell surface are prone to 

migrate to sites with low O2 concentration that express CXCL12, such as the testes. Upon 

binding of CXCL12 to CXCR4, CD9 activates RAC1 signaling to promote cell migration, as 

previously shown and represented in the upper frame1. When O2 levels are sufficiently 

low, HIF1α is stabilized and translocates into the nucleus, where it binds to the CD9 gene 

promoter at -3 kb to initiate transcription. In this model, low O2 levels upregulate CD9 

expression, promote CD9-dependent cell adhesion and migration and could promote local 

retention and survival. 

 

 

 

Tables 

Table 1. List of primers used in this study 

Applicatio
n 

Gene Forward Reverse 

RT-qPCR 

ABL CCAAGAAGGGGCTGTCCT ATGCTACTGGCCGCTGAA 

CD9 
CAACAAGCTGAAAACCAAG
GA 

CAAACCACAGCAGTTCAACG 

CXCR4 
CTACACCGAGGAAATGGGC
T 

AACCCATGACCAGGATGACC 

VEGF 
AAGGAGGAGGGCAGAATCA
T 

CACACAGGATGGCTTGAAGA 
 

EGFL7 
TTGCCAGTCAGATGTGGAT
GA 

CTCCCTTGGGCACACAGAGT 

HIF1α 
TCGCATCTTGATAAGGCCT
CT  

GCAATTCATCTGTGCTTTCAT
GT 

ChIP 
qPCR 

CD9_HRE_-
2kb 

AATTCCCTCCTCCGCATTG
A 

AGGGAGAGATCAGAGGCAG
A 

CD9_HRE_-
3kb 

GTCTCGATCTCCTCACCTC
G 

AAAGCTATGCACTTCTCGGC 

VEGF_HRE_-
1kb 

AGGAACAAGGGCCTCTGTC GTTTGTGGAGCTGAGAACGG 

CXCR4_HRE
_-1.3kb 

CCTCTCCTCGGGACCATTT
C 

CTGGCTGAGGTTTGCAGTG 

ETV6 
(negative 
control) 

GCAGGCCAACATACCCTTT
A 

GATGAACGGGTGCAGTTTTT 
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Highlights 

 Tetraspanin CD9 expression is regulated by low O2. 

 The Hypoxia Inducible Factor 1α (HIF1α) signaling pathway is directly involved. 

 CD9-mediated migration and dissemination depends on the HIF1α signaling 

pathway. 
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