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The most frequently occurring genetic abnormality in pediatric B-lymphocyte-lineage

acute lymphoblastic leukemia is the t(12;21) chromosomal translocation that results in

a ETV6-RUNX1 (also known as TEL-AML1) fusion gene. Expression of ETV6-RUNX1

induces a preleukemic condition leading to acquisition of secondary driver mutations,

but the mechanism is poorly understood. SPI-B (encoded by SPIB) is an important

transcriptional activator of B-cell development and differentiation. We hypothesized

that SPIB is directly transcriptionally repressed by ETV6-RUNX1. Using chromatin

immunoprecipitation, we identified a regulatory region in the first intron of SPIB that

interacts with ETV6-RUNX1. Mutation of the RUNX1 binding site in SPIB intron 1

prevented transcriptional repression in transient transfection assays. Next, we sought

to determine to what extent gene expression in REH cells can be altered by ectopic

SPI-B expression. SPI-B expression was forced using CRISPR-mediated gene activation

and also using a retroviral vector. Forced expression of SPI-B resulted in altered gene

expression and, at high levels, impaired cell proliferation and induced apoptosis.

Finally, we identified CARD11 and CDKN1A (encoding p21) as transcriptional targets

of SPI-B involved in regulation of proliferation and apoptosis. Taken together, this

study identifies SPIB as an important target of ETV6-RUNX1 in regulation of B-cell

gene expression in t(12;21) leukemia. © 2019 ISEH – Society for Hematology and Stem

Cells. Published by Elsevier Inc. All rights reserved.
Acute lymphoblastic leukemia (ALL) is the most fre-

quently occurring type of cancer in young children.

Despite a better than 90% cure rate, ALL is still the lead-

ing cause of leukemia-related deaths in children [1]. Eighty

percent of pediatric ALLs are cancers of the B-lymphocyte

lineage (B-ALL), and two-thirds of these involve mutation

or chromosomal translocation of genes encoding transcrip-

tion factors [2]. The most frequently occurring genetic
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abnormality in pediatric B-ALL is the t(12;21) chromo-

somal translocation that results in an ETV6-RUNX1 (also

known as TEL-AML1) fusion gene [3]. This occurs in 22%

of patients [1]. ETV6 and RUNX1 are transcription factors

that normally function as transcriptional activators during

B-cell development. Fusion of a portion of ETV6 to the

DNA binding domain of RUNX1 results in altered activity

and transcriptional reprogramming of affected cells [4].

Ectopic expression of ETV6-RUNX1 in mice is not suffi-

cient to drive leukemogenesis by itself, but strongly coop-

erates with various mutations to induce leukemia [5,6]. For

example, an insertional mutagenesis screen demonstrated

that mutation of genes important for transition through

pro-B− and pre-B−cell stages of development, including
by Elsevier Inc. All rights reserved.

mailto:rdekoter@uwo.ca
https://doi.org/10.1016/j.exphem.2019.03.004
https://doi.org/10.1016/j.exphem.2019.03.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.exphem.2019.03.004&domain=pdf
https://doi.org/10.1016/j.exphem.2019.03.004


L.S. Xu et al. / Experimental Hematology 2019;73:50−63 51
SPIB, cooperated with ETV6-RUNX1 to induce B-ALL

[6].

SPI-B (encoded by SPIB) is a transcription factor of

the ETS family that is highly related to the myeloid

and B-cell transcriptional regulator protein PU.1

(encoded by SPI1). SPI-B is an important transcrip-

tional activator of genes encoding proteins functioning

in the B-cell receptor (BCR) signaling pathway

[7−10]. Deletion of Spib cooperates with deletion of

Spi1 to induce B-ALL at 100% incidence in mice

[11,12]. Disruption of Spib, using a Sleeping Beauty

transposase screen, shows that mutagenesis of Spib

strongly cooperates with ETV6-RUNX1 in mice to

induce B-ALL [6]. Therefore several lines of evidence

suggest that SPI-B is a tumor suppressor for B-ALL.

SPIB is directly activated by RUNX1 during B-cell

development [13]. SPIB mRNA transcript levels are

expressed at low levels in 12;21 (ETV6-RUNX1)

leukemia relative to other leukemia subtypes, and at

low levels compared with normal human pre-B cells

[14]. When RNA interference was used to knock down

ETV6-RUNX1 in REH and AT-2 cell lines carrying

the 12;21 translocation, SPIB was the top upregulated

gene [15]. These results suggest that SPIB is an impor-

tant target gene that is transcriptionally repressed by

ETV6-RUNX1 in developing B cells carrying the

12;21 translocation.

We hypothesized that SPIB is directly transcription-

ally repressed by ETV6-RUNX1. To test this hypothe-

sis, we investigated transcriptional regulation of SPIB

in a human ETV6-RUNX1 cell line, REH. We identi-

fied a regulatory region in the first intron of SPIB that

interacts with ETV6-RUNX1. Mutagenesis of the

RUNX1 binding site in SPIB intron 1 prevented tran-

scriptional repression in transient transfection assays.

Next, we sought to determine to what extent gene

expression in REH cells could be altered by ectopic

SPI-B expression. SPI-B expression was forced using a

retroviral vector and also from the endogenous locus

using CRISPR-mediated gene activation. Depending on

the level of expression, forced expression of SPI-B

resulted in altered gene expression, impaired cell

proliferation, and apoptosis. Finally, we identified

CARD11 and CDKN1A (encoding p21) as transcrip-

tional targets of SPI-B involved in regulation of prolif-

eration and apoptosis. Taken together, this study

identifies SPIB as an important target of ETV6-

RUNX1 in programming of B-cell gene expression in t

(21;21) leukemia.
Methods

Cell culture and flow cytometry

REH cells [16] were obtained from the American Type Cul-

ture Collection (ATCC, Manassas, VA) and were maintained
in complete ATCC-formulated RPMI-1640 medium (Wisent,

St. Bruno, QC, Canada). OCI-LY3 cells [17] were maintained

in Iscove’s modified Dulbecco’s medium (IMDM, Wisent).

Complete medium was supplemented with 10% bovine serum

(Wisent), 1£ penicillin/streptomycin/L-glutamine (Wisent),

and 5£ 10−5 mol/L b-mercaptoethanol (bME) (Sigma-

Aldrich, St. Louis, MO). Flow cytometry analysis was per-

formed using an FACSCanto (BD Biosciences, Franklin

Lakes, NJ), and cell sorting was performed using a FACSA-

ria III (BD Biosciences). Proliferation assays were performed

using CellTrace Violet (Thermo-Fisher) according to the

manufacturer’s instructions. Flow cytometry analysis was

performed using FlowJo 10 (TreeStar, Ashland, OR).
Luciferase assays

REH cells were electroporated using the Bio-Rad Gene

Pulser II with capacitance extender (Bio-Rad, Mississauga,

ON, Canada) at settings of 220 V and 950˚F. LY3 cells were

electroporated at settings of 170 V and 950˚F. Five million

cells were electroporated with 10 mg pGL3-based reporter

plasmid DNA and 0.5 mg pRL-TK control plasmid (Promega,

Madison, WI). Twenty-four hours after electroporation, cells

were lysed with passive lysis buffer, and firefly and renilla

luciferase activity was measured using a Dual Luciferase

Assay reagent kit (Promega) and a Biotek Cytation 5 imaging

reader (BioTek, Winooski, VT).
Chromatin immunoprecipitation analysis

REH cells were cross-linked with formaldehyde for 10 min at

room temperature. Crosslinked cells were neutralized with

125 mmol/L glycine, then washed with cold phosphate-buff-

ered saline. Fixed cells were lysed with buffer (50 mmol/L

Tris-HCl [pH 8.1], 10 mmol/L EDTA, 1% sodium dodecyl

sulfate [SDS]) containing HALT protease inhibitors

(Thermo-Fisher). Samples were sonicated using a Bioruptor

instrument (Diagenode, Denville, NJ) to an average DNA

size of 200−1,000 bp. Sonicated chromatin was incubated

with rabbit anti-RUNX1, or control rabbit anti-IgG (ChIP

grade, ABCAM), which were coupled to protein G Dyna-

Beads overnight at 4˚C. Beads were washed once with low-

salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mmol/L

EDTA, 20 mmol/L Tris-Cl, 150 mmol/L NaCl). Then, beads

were washed once with high-salt buffer (0.1% SDS, 1% Tri-

ton X-100, 2 mmol/L EDTA, 20 mmol/L Tris−HCl,

500 mmol/L NaCl). Next, beads were washed with LiCl

buffer (0.25 mol/L LiCl, 1% Nonidet P-40, 1% Na deoxycho-

late, 1 mmol/L EDTA, 10 mmol/L Tris-Cl). Finally, beads

were washed twice with Tris-EDTA buffer at pH 8. After

washing, antibody, beads, and chromatin complex were

eluted with elution buffer (1% SDS, 0.1 mol/L NaHCO3).

Eluted solution was incubated at 65˚C overnight to reverse

cross-linking. DNA was purified using the Qia-Quick PCR

purification kit (Qiagen, Toronto, ON, Canada). Quantitative

polymerase chain reaction (PCR) was used to measure the

fold enrichment and percentage input enrichment of the

immunoprecipitated DNA using specific primers designed to

amplify the predicted RUNX1 binding sites (Supplementary

Table E1, online only, available at www.exphem.org).

http://www.exphem.org
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Immunoblot analysis

Whole-cell lysates were prepared using Laemmli buffer,

resolved by sodium dodecyl sulfate−polyacrylamide gel elec-

trophoresis (SDS-PAGE), and transferred to nitrocellulose

(Thermo-Fisher). Immunoblotting was performed using rabbit

anti-SPI-B (a kind gift from Dr. Reuben Tooze), horseradish

peroxidase (HRP)-conjugated mouse monoclonal anti-FLAG

(M2, Sigma-Aldrich), rabbit polyclonal anti-CAS9 (Santa

Cruz SC-392737, Santa Cruz, CA), or HRP-conjugated rabbit

polyclonal anti-actin (Santa Cruz SC-47778). Secondary anti-

bodies included HRP-conjugated anti-rabbit or HRP-conju-

gated goat anti-rabbit IgG (Santa Cruz SC-2004).

Immunoblots were visualized with Supersignal West Pico

reagent (Thermo-Fisher) and Amersham HyperFilm ECL (GE

Healthcare Inc., Mississauga, ON, Canada).
Quantitative polymerase chain reaction

RNA was prepared using an RNEasy kit (Qiagen) and

employed to synthesize cDNA using an iSCRIPT kit and ran-

dom priming (Bio-Rad). Quantitative real-time reverse tran-

scription PCR (RT-qPCR) was performed using SensiFAST

SYBRGreen Supermix (Bioline, Taunton, MA) and an

Applied Biosystems QuantStudio 5 thermal cycler (Thermo-

Fisher). Absolute quantitation of PCR for SPIB and GAPDH

was determined by interpolation based on a standard curve

generated from a dilution series of plasmid of known concen-

tration. Primers used to amplify segments of the SPIB and

GAPDH cDNA, as well as all primers used for RT-qPCR or

qPCR analysis, are described in Supplementary Table E1.
Plasmid construction

A 469-bp fragment of SPIB intron 1 and a 921-bp fragment

of the SPIB promoter were amplified by PCR from REH cell

genomic DNA and cloned using a PCR cloning kit (Agilent,

Santa Clara, CA) before ligation into pGL3-basic or pGL3-

promoter vectors (Promega, Madison, WI) using standard

cloning techniques. pU6-sgRNA-CXCR4 and lenti-dCAS9-

VP64 lentiviral vectors [18] were obtained from AddGene.

Single guide RNA sequences were designed using the Zhang

lab CRISPR design tool [19]. The Q5 site-directed mutagene-

sis kit (New England Biolabs, Ipswich, MA) was used to

delete CXCR4 synthetic guide RNA (sgRNA) sequence to

generate pU6-sgRNA and to insert sgRNA sequences directed

to the SPIB promoter into pU6-sgRNA, as well as to perform

site-directed mutagenesis. pLVX-EF1a-ZsGreen lentiviral

vector was obtained from TaKaRa Bio (Mountain View,

CA). Lentiviral vectors encoding 3XFLAG-tagged human

SPI-B (pLVX-hSPIB) and PU.1 (pLVX-hPU.1), as well as

mutants that are unable to bind DNA (pLVX-hSPIB

R229,232A or pLVX-hPU.1 R230,233A), were constructed

using standard cloning techniques. All primers used for PCR

are described in Supplementary Table E1.
Lentiviral production

Lentiviral packaging was performed with HEK-293T packag-

ing cells transfected using PEIPro reagent (PolyPlus, New

York, NY). Cells at 80% confluence in 10-cm tissue culture

dishes were transfected with 24 mg total plasmid DNA

including lentiviral vector, pDR8.2, and pMD2 vectors
encoding gag, pol, and VSVg env. Virus-containing superna-

tants were collected 48 hours after transfection. Infections

were performed using spinoculation of 106 cells with 1 mL

virus-containing supernatant in the presence of 4 mg/ml poly-

brene for 2 hours at 3,000g. Infection frequencies were deter-

mined by flow cytometry at 48 hours.

Bioinformatic analyses

Previously published Affymetrix microarray analysis of 132

diagnostic bone marrow aspirates or peripheral blood samples

from pediatric patients with leukemia [20] was re-analyzed

using the PARTEK genomics suite (PARTEK, St. Louis,

MI). One-way analysis of variance was used to identify

groups for which differences from ETV6-RUNX1 were sig-

nificant at p < 0.05. MatInspector [21] was used to identify

predicted RUNX1 binding sites within the SPIB and POLD1

loci using a 0.8 matrix score cutoff. Multiple alignments of

the intron one region of SPIB were performed using the

CLUSTALW method in Macvector (Accelrys, San Diego,

CA). Visualization of published ChIP sequencing data was

performed using GALAXY (SPI-B, SRR346333) [22].

Statistical analysis

Statistical analysis was performed using Graphpad Prism 6

(Graphpad, San Diego, CA, USA). Specific statistical tests

used are described in the figure legends.

Results

Identification of a RUNX1 site in SPIB intron 1

SPIB is expressed at low levels in 12;21 (ETV6-

RUNX1) leukemia compared with normal human pre-B

cells or other leukemia types [14]. Reanalysis of pub-

lished microarray data [20] provided further evidence

that SPIB transcripts were reduced in ETV6-RUNX1

leukemia compared with leukemia associated with

MLL, E2A-PBX1, or hyperdiploid chromosomal abnor-

malities (Fig. 1A). Next, quantitative RT-qPCR analy-

sis, using a standard curve of cloned GAPDH and SPIB

transcripts, was used to measure SPIB mRNA levels in

REH cells relative to OCI-LY3 and OCI-LY10 diffuse

large B-cell lymphoma cells. REH cells have a t

(12;21) translocation fusing one RUNX1 and one

ETV6 allele, have one intact RUNX1 allele, and have

deleted the second ETV6 allele [16]. Quantitative PCR

analysis revealed that SPIB was expressed at low levels

in REH cells relative to OCI-LY3 and OCI-LY10 cells

(Fig. 1B). Taken together, these results suggested that

SPIB might be transcriptionally repressed by ETV6-

RUNX1.

To determine if ETV6-RUNX1 can directly interact

with the regulatory regions in the SPIB locus, MatIns-

pector analysis was used to identify potential RUNX1

interaction sites. We also considered the 30 half of the

POLD1 gene for RUNX1sites, because the 30 end of

this gene is located less than 1,000 bp away from the

first coding exon of SPIB (Fig. 1C). A site upstream of

https://doi.org/10.1016/j.exphem.2019.03.004


Figure 1. Identification of an ETV6-RUNX1 binding site in SPIB intron 1. (A) SPIB transcripts are expressed at low levels in ETV6-RUNX1

leukemia. Relative levels of SPIB transcripts are represented on the y-axis in RNA samples from 20 ETV6-RUNX1 leukemia patients compared

with 20 samples from three other leukemia subtypes indicated on the x-axis. Statistics were performed using one-way analysis of variance

(ANOVA, *p < 0.05) (B) SPIB transcripts are expressed at low levels in REH cells relative to B lymphoma cells. Quantitative PCR using stan-

dard curves was used to determine copy numbers of SPIB and GAPDH mRNA transcript levels in cell lines shown on the x-axis. Statistics were

performed using one-way ANOVA (****p < 0.001). (C) Schematic of the human SPIB locus. Exons of the SPIB gene and the neighboring

POLD1 gene are indicated as vertical bars. Predicted RUNX1 binding sites located in phylogenetically conserved regions are indicated as circles

and labeled P1−P5. The SPIB promoter region is indicated by a thin dotted line, and intron 1 is indicated by a thin solid line. P = position. (D)

RNA sequencing analysis of transcription of the SPIB gene in REH cells. (E) RUNX1 interacts with P3 in the SPIB gene. Chromatin immuno-

precipitation analysis was performed using anti-RUNX1 antibody and chromatin prepared from REH cells. Primer sets for qPCR are indicated

on the x-axis. Fold enrichment means enrichment using anti-RUNX1 antibody compared with nonspecific IgG antibody. C4ORF11 is a negative

control gene. Statistics were performed using one-way ANOVA for six independent experiments (*p < 0.05). (F) Multiple-species alignment of

the sequence inset of the P3 region. A canonical RUNX1 binding site is marked with a box (G) ETV6 interacts with P3 in the SPIB gene. ChIP

was performed as described for € using anti-ETV6 antibody. Statistics were performed using one-way ANOVA for four independent experiments

(*p < 0.05).
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SPIB exon 1 was confirmed to be a major transcription

start site (TSS) in REH cells based on RNA sequencing

analysis of this cell line (Fig. 1D) [23]. MatInspector

analysis predicted five potential RUNX1 binding sites

(numbered position [P] 1−5 in Fig. 1C). To determine
if RUNX1 interacts with any of these sites, anti-

RUNX1 chromatin immunoprecipitation was performed

in REH cells. P3 was more than 12-fold enriched using

anti-RUNX1 antibody compared with control IgG anti-

body (Fig. 1E). P3 was located in SPIB intron 1, in a

https://doi.org/10.1016/j.exphem.2019.03.004
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region that is highly conserved among mammalian spe-

cies and contained the consensus RUNX1 binding site

TGTGGNNN [24] (Fig. 1F). Importantly, anti-ETV6

ChIP indicated that P3 was also associated with ETV6

in REH cells (Fig. 1G). Therefore, RUNX1 or ETV6-

RUNX1 protein directly interact with P3 in the SPIB

gene in REH cells. Taken together, these results sug-

gest that RUNX1 and ETV6-RUNX1 interact with a

conserved region at P3 of SPIB intron 1.

The RUNX1 binding site in SPIB intron 1 is repressive

in REH cells

If P3 is a functional binding site for ETV6-RUNX1 in

REH cells, then this site would be predicted to be

repressive for SPIB transcription in REH cells. To test

this idea, a conserved 469-bp region of SPIB intron 1

encompassing P3 was amplified by PCR, cloned, and

ligated upstream of a minimal SV40 promoter driving

firefly luciferase (Fig. 2A). Upon transient transfection

into REH cells, this reporter vector did not have higher

levels of luciferase activity than a vector containing

the minimal SV40 promoter alone (Fig. 2B). However,

mutation of two nucleotides in the conserved region

depicted in Figure 1E (TGTGGTGG! TGTCCTGG),

which are known to be required for RUNX1 binding to

DNA [24], resulted in significantly higher luciferase

activity (Fig. 2B). Next, the function of the 469-bp

SPIB intron 1 regulatory element was tested in combi-

nation with the SPIB promoter. A 921-bp segment of

the SPIB promoter was amplified by PCR, cloned, and

ligated into pGL3-basic either alone, in combination

with the SPIB intron 1 regulatory element, or in combi-

nation with the SPIB intron 1 RUNX1 mutant element

(Fig. 2C). The SPIB promoter by itself exhibited sig-

nificant activity in REH cells compared with the

pGL3-basic control (Fig. 2D). Combination of the

SPIB promoter with the SPIB intron 1 regulatory ele-

ment exhibited no significant enhancement of activity

over the SPIB promoter alone (Fig. 2D). However,

mutation of the RUNX1 binding site in the intron 1

regulatory element resulted in significantly increased

luciferase activity (Fig. 2D). Taken together, the results

in Figures 2B and 2D suggested that a functional

RUNX1 binding site in SPIB intron 1 is negatively reg-

ulated by ETV6-RUNX1 in REH cells. To test this idea

further, SPI-B promoter luciferase reporter vectors

were transfected into OCI-LY3 (LY3), an activated B-

cell-diffuse large-B-cell lymphoma cell line that does

not have an ETV6-RUNX1 translocation and expresses

high SPI-B levels as a result of chromosomal transloca-

tion to the SPIB locus [25]. In LY3 cells, mutation of

the RUNX1 binding site in the intron 1 regulatory ele-

ment did not increase luciferase activity of the

SPIB + intron 1 reporter (Fig. 2E). These results sug-

gest that the RUNX1 binding site functions as a
negative regulatory element in cells with an ETV6-

RUNX1 translocation, but not in other types of malig-

nant cells.

Finally, control experiments were performed to deter-

mine whether SPIB intron 1 might act as a promoter on its

own. SPIB intron 1 was ligated into the pGL3-basic lucif-

erase reporter vector and tested for activity in either for-

ward or reverse orientation in REH and LY3 cells. SPIB

intron 1 did not have detectable transcription activation on

its own (Fig. 2F−H). In summary, SPIB intron 1 acts as a

regulatory element for the SPIB promoter that is repressed

by ETV6-RUNX1.

Activation of endogenous SPIB using CRISPRa

Because SPI-B is a tumor suppressor gene for mouse

B-ALL [6,11] and a key activator of gene expression

important for B-cell function [7−10], we set out to

determine if ectopic expression of SPI-B would be suf-

ficient to alter gene expression in REH cells. The

CRISPR-Cas9 system has been adapted for use as a

programmable transcriptional regulator, using a nucle-

ase-deactivated Cas9 protein (dCas9) fused to a syn-

thetic VP64 transcriptional activation domain or KRAB

transcription repression domain [18,19,26]. dCAS9 pro-

tein can be guided to regulatory regions of endogenous

target genes using sgRNAs [27]. We recently showed

that the transcriptional repressor dCAS9-KRAB could

silence endogenous SPIB expression in lymphoma cells

if directed to an IKAROS binding site located in the

first intron [27]. We set out to determine if dCAS9-

VP64 could be used to activate endogenous SPIB tran-

scription in REH cells.

First, REH cells were infected with a lentiviral vector

encoding dCAS9-VP64 [27] and selected for blasticidin

resistance (Fig. 3A, top). Anti-Cas9 immunoblotting was

performed on blasticidin-resistant cells after passage to

confirm expression of cCAS9-VP64 protein (Fig. 3B).

Next, single guide RNAs (sgRNA) were designed to target

the proximal promoter region of SPIB. Analysis of

ENCODE data [28] suggested that a number of transcrip-

tion factors target the SPIB promoter region (Fig. 3C,

bottom). Eight sgRNAs were designed to target the proxi-

mal promoter region of SPIB (Fig. 3C, top) and ligated

into pU6-sgRNA [27] (Fig. 3A, bottom). Plasmid vectors

encoding sgRNAs were transfected into REH-dCAS9-

VP64 cells using electroporation, in combination with the

pGL3-SPIB promoter-luciferase reporter vector, and lucif-

erase activity was measured 24 hours later. With this

assay, sgRNA-10 exhibited significant activity (Fig. 3D).

Next, pU6-sgRNA10 lentivirus was produced and used to

infect REH-dCAS9-VP64 cells. After selection in puromy-

cin, anti-hSPIB immunoblot exhibited increased SPI-B

expression (Fig. 3E). Finally, RNA was prepared and used

to determine gene expression with RT-qPCR analysis.

REH cells expressing sgRNA10 expressed ninefold higher

https://doi.org/10.1016/j.exphem.2019.03.004


Figure 2. Mutation of a RUNX1 binding site increases transcriptional activation by a regulatory region in SPIB intron 1. (A) Schematics of

luciferase reporter vectors utilizing the SV40 promoter. (B) Results of dual luciferase assays expressed as firefly/renilla ratio. Transfections were

performed with plasmids including pGL3-basic (Basic), pGL3-SV40p (SV40 Pro), pGL3-SV40p-SPIB-intron 1 (Pro + Intron 1), and pGL3-

SV40p-SPIB-intron 1 RUNX1 mutant (RUNX1 Mut). (C) Schematics of luciferase reporter vectors utilizing the SPIB promoter. (D) Results of

dual luciferase assays performed in REH cells expressed as firefly/renilla ratio. Transfections were performed with plasmids including pGL3-

basic (Basic), pGL3-SPIBp (SPIB Pro), pGL3-SPIBp-SPIB-intron 1 (SPIB Pro + Intron 1), and pGL3-SPIBp-SPIB-intron 1 RUNX1 mutant

(RUNX1 Mut). (E) Results of dual luciferase assays performed in LY3 cells expressed as firefly/renilla ratio using the same plasmids as listed

for (D). (F) Schematics of promoterless luciferase reporter vectors utilizing SPIB intron 1. (G) Results of dual luciferase assays performed in

REH cells expressed as firefly/renilla ratio. Transfections were performed with plasmids including pGL3-basic (Basic), pGL3-SV40p (SV40

Pro), pGL3-SPIB-intron 1 (Intron 1 FWD), and pGL3-SPIB-intron 1 reverse orientation (Intron 1 REV). (H) Results of dual luciferase assays

performed in LY3 cells expressed as firefly/renilla ratio using the same plasmids as listed for (G). Results are expressed as the mean § standard

deviation. Statistics were performed by one-way ANOVA with Tukey’s posttest. n = 5.
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Figure 3. Modulation of gene expression in REH cells by induction of endogenous SPIB transcription using CRISPRa. (A) Schematic of lentivi-

ral vectors used in this study. (B) Anti-Cas9 immunoblot of REH cells infected with Lenti-dCAS9-VP64-blast vector. In the bottom row is an

anti-beta-actin immunoblot. (C) Schematic showing target site locations of sgRNAs used in this study. The location of ENCODE transcription

factors interacting with the SPIB promoter region is shown in the lower part of the figure. (D) Activation of luciferase activity following tran-

sient transfection of pGL3-SPIBp (Fig. 2C) in combination with pU6-sgRNA vectors indicated on the x-axis into REH cells. Statistics were per-

formed using one-way ANOVA with Tukey’s multiple comparisons test (***p < 0.001). (E) Increase of endogenous SPI-B protein expression

upon infection of REH Lenti-dCAS9-VP64 cells with sgRNA10. The control is an anti-beta-actin immunoblot. (F) Induction of endogenous

SPIB and target gene transcription using sgRNAs 10. On the y-axis is fold induction using B2M as a reference gene. Statistics were performed

using one-way ANOVA (***p < 0.001).
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levels of SPIB mRNA transcripts than control cells

expressing only dCAS9-VP64 (Fig. 3F). RAC2 and

CARD11 were previously identified as target genes of SPI-

B in B cells using a combination of ChIP sequencing and

gene expression analyses [22], and we previously identi-

fied Nfkb1 as an activation target of Spi-B in murine B

cells [29]. RT-qPCR analysis revealed that mRNA tran-

script levels of CARD11, NFKB1, and RAC2 were

increased in REH cells infected with sgRNA10 (Fig. 3F).

In summary, endogenous SPIB and target gene expression

could be increased using a synthetic transcriptional activa-

tor in the t(12;21) cell line REH.

Reduced proliferation in REH cells with ectopic

expression of SPI-B or PU.1

Next, we set out to determine if ectopic expression of

SPI-B can alter “fitness” in REH cells. Although

increased expression of SPIB induced by CRISPRa

altered gene expression in REH cells, there was no

detectable effect on proliferation under standard culture
conditions. Therefore, we set out to ectopically express

SPI-B at higher levels than could be achieved with

CRISPRa. Because PU.1 is highly related to SPI-B and

is also a strong transcriptional activator, we also tested

ectopic expression of PU.1 in these experiments. We

constructed lentiviral vectors encoding 3XFLAG-

tagged human SPI-B (pLVX-hSPIB) or PU.1 (pLVX-

hPU.1), as well as mutants that are unable to bind

DNA (pLVX-hSPIB R229,232A [hSPIB R-A]) or

pLVX-hPU.1 R230,233A [hPU.1 R-A]) [30] (Fig. 4A).

VSVg-pseudotyped lentivirus was produced with con-

trol or cDNA-encoding pLVX vectors and used to

infect REH cells. Infected cells were enriched by cell

sorting based on ZsGreen expression. After enrichment,

REH cells infected with pLVX-SPIB expressed >100-
fold higher levels of SPIB mRNA than cells infected

with pLVX-PU.1, whereas REH cells infected with

pLVX-SPIB R-A expressed 50-fold higher levels of

SPIB mRNA than cells infected with pLVX-PU.1 R-A

(Fig. 4B, left). REH cells infected with pLVX-PU.1

https://doi.org/10.1016/j.exphem.2019.03.004
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Figure 4. Reduction of REH cell “fitness” on ectopic expression of SPI-B or PU.1. (A) Schematic of pLVX-hSPIB and pLVX-hPU.1 vectors.

IRES = internal ribosome entry site. (B) Detection of SPIB or PU.1 mRNA expression following infection. REH cells were infected with pLVX

vectors encoding wild-type SPIB (SPIB), wild-type PU.1 (PU.1), SPIB R229, 232A (SPIB R-A), or PU.1 R230, 233A (PU.1 R-A) followed by

cell sorting. On the y-axis is fold induction of SPIB (left) or PU.1 (right) mRNA levels after sort and RNA preparation. Statistics were per-

formed using the t test for three independent experiments (*p < 0.05, **p < 0.01, ***p < 0.001). (C) Detection of hSPI-B protein using anti-

FLAG immunoblot (top). An anti-beta-actin immunoblot (bottom) was used as control. (D) Reduced competitiveness of REH cells upon infection

with SPI-B or PU.1. REH cells were infected with vectors indicated in the legend on the right. Infected cells were enriched by cell sorting and

placed in culture, and the frequency of GFP+ cells was determined every 5 days, normalized to the frequency determined at 5 days. Statistics

were performed using repeated-measures ANOVA with Dunnett’s multiple comparisons test for four independent experiments (**p < 0.01,

***p < 0.001).
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expressed >25-fold higher levels of SPI1 mRNA than

cells infected with pLVX-SPIB, whereas REH cells

infected with pLVX-PU.1 R-A expressed 22-fold

higher levels of PU.1-SPI1 mRNA than cells infected

with pLVX-SPIB R-A (Fig. 4B, right). SPI-B protein

was detectable using anti-FLAG immunoblot in pLVX-

hSPIB-infected REH cells, but not in control cells

(Fig. 4C).

REH cells infected with retroviral vectors were

enriched by cell sorting to similar infection frequen-

cies. Enriched cells were placed in culture, and flow

cytometry was used to determine frequencies of

ZsGreen-expressing cells upon passage at 5-day inter-

vals. Infection with control vector or vectors encoding

DNA-binding mutants resulted in sustained GFP

expression over 20 days in culture (Fig. 4D). In con-

trast, infection with SPI-B or PU.1 caused a reduction
in the frequency of ZsGreen-expressing cells with each

passage, indicating that hSPI-B- or PU.1-infected cells

competed poorly with uninfected cells. REH cells

infected with SPI-B divided less frequently than cells

infected with pLVX control, as determined by Cell-

Trace Violet staining (Supplementary Figure E1, online

only, available at www.exphem.org). In summary,

ectopic expression of SPI-B or PU.1 reduced prolifera-

tion of REH cells relative to control cells.

Induction of apoptosis by PU.1 and SPI-B in REH cells

To determine if increased apoptosis also plays a role in

reduced fitness, we determined the difference in fre-

quency of cells in early apoptosis (Annexin V+, PI−)

or late apoptosis (Annexin V+ PI+) for cells infected

with SPI-B, PU.1, or mutant SPI-B or PU.1, compared

with cells infected with pLVX control vector (gating

http://www.exphem.org
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strategy illustrated in Fig. 5A). REH cells were

infected and enriched for GFP+ cells after 48 hours by

cell sorting; then apoptosis was measured after 5 days

of culture. Apoptosis was determined as the difference

(fold increase) in frequency of apoptotic cells in

infected pools of enriched cells relative to pLVX-

infected cells. DNA-binding mutants of SPI-B or PU.1

did not induce apoptosis relative to pLVX control vec-

tor (Fig. 5B,C). However, infection with SPI-B or PU.1

induced apoptosis in a significant fraction of cells rela-

tive to pLVX control (Fig. 5B,C). PU.1 induced the

greatest frequency of early (Fig. 5B) and late (Fig. 5C)

apoptotic cells after infection. These results suggest

that both SPI-B and PU.1 induce increased apoptosis in

REH cells, although PU.1 was the more potent inducer

of apoptosis.
Figure 5. Induction of apoptosis in REH cells upon infection with SPI-B o

were infected with pLVX-hSPI-B before analysis at 48 hours. The plot re

axis). Boxes indicate gates for no apoptosis (lower left), early apoptosis

induce early apoptosis in REH cells. Frequencies of cells in early apopto

compared with pLVX control-infected cells. Statistics were determined us

SPI-B and PU.1 induce late apoptosis in REH cells. Frequencies of cells

fold increase compared with pLVX control-infected cells. Statistics were

experiments.
Modulation of CARD11 and CDKN1A expression by

SPI-B and PU.1 in REH cells

Finally, we set out to determine what target genes

might be modulated by ectopic expression of SPI-B or

PU.1 to regulate cell cycle progression and apoptosis

in REH cells. CARD11 (encoding caspase recruitment

domain/membrane-associated guanylate kinase protein

11) regulates NF-kB pathway-mediated survival of B

lymphoma cells [31]. CARD11 is a direct activation

target of SPI-B [22,32]. To determine if CARD11 is

activated by SPI-B or PU.1, we determined mRNA

transcript levels after infection with lentiviral vectors

encoding SPI-B, PU.1, or DNA-binding mutants of

SPI-B and PU.1. RNA was prepared from infected cells

enriched by cell sorting for GFP 48 hours after infec-

tion. RT-qPCR analysis revealed that CARD11 was
r PU.1. (A) Gating strategy for measurement of apoptosis. REH cells

veals staining with propidium iodide (PI, y-axis) and Annexin V (x-

(lower right) and late apoptosis (upper right). (B) SPI-B and PU.1

sis were determined as shown in (A) and measured as fold increase

ing Kruskal−Wallis ANOVA for four independent experiments. (C)

in late apoptosis were determined as shown in (A) and measured as

determined using the Kruskal−Wallis ANOVA for four independent

https://doi.org/10.1016/j.exphem.2019.03.004
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strongly activated by SPI-B and PU.1 in infected REH

cells (Fig. 6A).

P21WAF1/Cip1 (encoded by CDKN1A) is a cyclin-depen-

dent kinase inhibitor that inhibits cell cycle progression

[33]. PU.1 has previously been suggested to activate

CDKN1A transcription to induce cell cycle arrest [34]. In

REH cells, PU.1 was found to interact with p53 protein

such that knocking down PU.1 led to increased p53-depen-

dent activation of CDKN1A transcription and cell cycle

arrest [35]. Interestingly, p21 also functions as a regulator

of apoptosis, inhibiting apoptosis in most contexts [33].

To determine if p21 is regulated by SPI-B or PU.1, we

determined mRNA transcript levels of CDKN1A after

infection with lentiviral vectors described above. RT-

qPCR analysis indicated that CDKN1A mRNA transcript

levels were reduced by infection with SPI-B or PU.1 rela-

tive to DNA binding-domain mutant SPI-B or PU.1

(Fig. 6B). CDKN1B (encoding p27Kip1) mRNA transcript

levels were increased by infection with PU.1, but not

changed in response to SPI-B (Fig. 6C). To determine if

PU.1 or SPI-B might regulate CDKN1A directly, we re-

analyzed ChIP sequencing data from HBL1-activated B-

cell-diffuse large-B-cell lymphoma cells in which anti-bio-

tag SPI-B ChIP sequencing analysis had been performed

[22]. In HBL1 cells, SPI-B interacted strongly with a site

in the CDKN1A promoter located at position ¡325 bp

from the transcription start site (Fig. 6D). A conserved

consensus predicted PU.1/SPI-B binding site (indicated by

the asterisk in Fig. 6E) was located at this site, as were

two less conserved sites. These results suggest that SPI-B

and PU.1 may directly interact with regulatory regions in

the CDKN1A gene to regulate transcription. Taken

together, these results suggest that SPI-B and PU.1 acti-

vate CARD11 and repress CDKN1A to modulate cell cycle

progression and cell survival in REH cells.
Discussion

In this study, we hypothesized that SPIB is directly

transcriptionally repressed by ETV6-RUNX1 in t

(12;21) leukemia. In support of this hypothesis, we

identified a regulatory region in the first intron of SPIB

that is bound by ETV6-RUNX1 protein in REH cells.

Mutagenesis of the RUNX1 binding site in SPIB intron

1 prevented transcriptional repression in transient trans-

fection assays. Forced expression of SPI-B, performed

using either CRISPR gene activation or ectopic expres-

sion with a lentiviral vector, was sufficient to program

altered gene expression, impair cell proliferation, and

induce apoptosis in REH cells. Finally, we identified

CARD11 and CDKN1A as direct transcriptional targets

of SPI-B potentially involved in regulation of prolifera-

tion and apoptosis. Taken together, this study identifies

SPIB as an important target of ETV6-RUNX1 in regu-

lation of B-cell gene expression in leukemogenesis.
Fusion of ETV6 and RUNX1 genes in t(12;21) leukemia

joins a repression domain of ETV6 to the DNA-binding

domain of RUNX1 [4]. Genomewide gene expression stud-

ies revealed that ETV6-RUNX1 expression results in down-

regulation of RUNX1 target genes [36]. Conversely,

knockdown of ETV6-RUNX1 leads to upregulation of

genes [15]. The widespread epigenetic changes induced by

ETV6-RUNX1 lead to expansion of preleukemic B-cell

progenitor clones through mechanisms that are poorly

understood [37]. Preleukemic ETV6-RUNX1-positive

clones acquire secondary cancer driver mutations through a

process that is strongly associated with off-target effects of

the RAG1/RAG2 recombinase [38]. Secondary driver

mutations then synergize with ETV6-RUNX1 to induce

leukemogenesis. Thus, ETV6-RUNX1 fusion leads to a

clonal evolution process characterized by both epigenetic

and genetic changes that results in leukemogenesis.

Three key pieces of information led to the current

study. First, SPIB is directly activated by RUNX1 dur-

ing B-cell development [13]. Second, SPIB mRNA

transcript levels are expressed at low levels in 12;21

(ETV6-RUNX1) leukemia relative to other leukemia

subtypes, and at low levels compared with normal

human pre-B cells [14]. Third, when RNA interference

was used to knock down ETV6-RUNX1 in REH and

AT-2 cell lines carrying the 12;21 translocation, SPIB

was the top upregulated gene [15]. These observations

led to our current study in which we showed that

ETV6-RUNX1 directly represses SPIB transcription

through a RUNX1 binding site located in the first

intron (Figs. 1 and 2). The RUNX1 binding site is

located 42 bp downstream of a functional IKAROS site

in SPIB intron 1 that functions as an activator of tran-

scription [32]. The close proximity of these two func-

tional binding sites, as well as the identification by the

ENCODE project of numerous other transcription fac-

tors interacting with this region (Fig. 3C), suggests that

this region of SPIB intron 1 functions as an important

regulatory element. It will be interesting to determine

if and how IKAROS and RUNX1 interact to regulate

SPIB transcription.

Mouse studies using a Sleeping Beauty transposase

screen in ETV6-RUNX1 knock-in mice reported that

SPIB mutation strongly cooperated with ETV6-RUNX1

to induce leukemia [6]. An important question is how

reduced SPIB, caused by either mutation or repression,

cooperates with ETV6-RUNX1 to induce human leuke-

mia. Our results indicated that ectopic expression of

either SPI-B or PU.1 can lead to altered gene expres-

sion, reduced proliferation, and induced apoptosis in

REH cells (Figs. 3−6). Because SPI-B is a key activa-

tor of gene expression important for B-cell function

[7−10], we speculate that ETV6-RUNX1 regulates

BCR signaling, B-cell differentiation, apoptosis, and

proliferation, at least in part through SPI-B.

https://doi.org/10.1016/j.exphem.2019.03.004


Figure 6. Change in CARD11 and CDKN1A expression by ectopic expression of SPI-B and PU.1. (A) Increased CARD11 expression upon

ectopic expression of SPI-B. mRNA levels were normalized to GAPDH. (B) Reduction of levels of CDKN1A mRNA transcripts following infec-

tion with SPIB and PU.1. REH cells were infected with pLVX vectors encoding wild-type SPIB (SPIB), wild-type PU.1 (PU.1), SPIB R229,

232A (SPIB R-A), or PU.1 R230, 233A (PU.1 R-A). Forty-eight hours after infection, infected cells were enriched by cell sorting, and RNA

was prepared for RT-qPCR analysis. On the y-axis is the fold change in CDKN1A mRNA transcript levels. (C) Change in levels of CDKN1B

mRNA transcripts following infection with SPIB and PU.1. The experiment was performed as described above. Statistics were performed using

the t test (*p < 0.05, ***p < 0.001). (D) Interaction of SPI-B with a site in the human CDKN1A promoter. On the y-axis are read counts, and

on the x-axis are the locations of aligned reads. (E) Identification of a conserved ETS binding site in the CDKN1A promoter. Shown is a CLUS-

TALW alignment of a 47-bp CDKN1A promoter fragment centered on the ETS binding site shown in (C).
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In our hands, PU.1 was a more potent inhibitor of

proliferation (Fig. 4D) and inducer of late apoptosis

(Fig. 5) than SPI-B. In addition, PU.1, but not SPI-B,

could activate CDKN1B expression (Fig. 6B). SPI-B

and PU.1 are highly related to one another and occupy

many of the same sites in cells in which both proteins

are expressed [7]. High expression of PU.1 and Spi-B

is tolerated in B lymphoma cells [7], but high expres-

sion of PU.1 rapidly induces apoptosis in pro-B cells

or murine B-ALL cells [9]. SPI-B and PU.1 function

as complementary tumor suppressors, as both genes

must be deleted to induce B-ALL in mice [11,14].

However, in ETV6-RUNX1 leukemia, SPIB (not PU.1)

is expressed at low levels [14]. Therefore, although

both SPI-B and PU.1 function as tumor suppressors in

B-ALL, reduced expression of SPIB likely plays a

unique role in cooperating with ETV6-RUNX1 to alter

gene expression to a preleukemic state. More work

needs to be done to understand differences in biologi-

cal function between SPI-B and PU.1.

CARD11 (also known as CARMA1) is an essential

adaptor protein for BCR signaling to IKK and JNK

pathways [39]. In self-reactive B cells, CARD11 is

essential for induction of apoptosis upon sustained

BCR engagement [40]. Up to 13% of activated B-cell-

type diffuse large-B-cell lymphomas were reported to

acquire CARD11 mutations that promote proliferation

and survival through the NF-kB pathway, rather than

cell death [40,41]. Thus, we speculate that activation

of increased levels of CARD11 by SPI-B induces apo-

ptosis through IKK or JNK signaling pathways.

CDKN1A is well known to play key roles in both sur-

vival and proliferation, and increases and decreases in

CDKN1A expression can result in increased apoptosis

[33,42]. In conclusion, changes in CARD11 and

CDKN1A mRNA transcript levels upon SPI-B transduc-

tion are associated with increased apoptosis and

decreased proliferation in REH cells. We speculate that

altered transcription of CARD11 and CDKN1A is a

consequence of ETV6-RUNX1 expression in t(12;21)

preleukemic or leukemic cells and is mediated through

reduced SPI-B. Changes in CARD11 and CDKN1A

mRNA transcript levels upon transduction with SPI-B

can be interpreted as evidence of transcriptional pro-

gramming of REH cells to restore B-cell identity.

Up to two-thirds of leukemias involve mutation or

chromosomal translocation of genes encoding transcrip-

tion factors [2]. Transcription factors have traditionally

been considered to be “undruggable” because of their

nuclear localization and nonenzymatic mechanism of

action. However, recent progress in research has

changed this perspective [43]. Chemical inhibitors of

histone deacetylases (HDACs) [44] and, more recently,

histone acetyltransferases (HATs) [45] show substantial

promise in inhibiting tumor growth and inducing
differentiation. Progress has also been made in devel-

oping drugs that specifically inhibit the activity of

ETS-family transcription factors. YK-4-279 inhibits

DNA binding of ETS transcription factor family mem-

bers, including the EWS1-FLI1 fusion protein, to

inhibit leukemia [46]. DB2313, DB2115, and DB1976

specifically inhibit binding of PU.1 to DNA, resulting

in decreased cell growth and induction of apoptosis of

AML cells [47]. Although in the early phases of pre-

clinical or clinical trials, these studies offer hope that

transcription factors can be specifically targeted to

inhibit growth, induce apoptosis, and promote differen-

tiation of leukemia cells.

In summary, our study suggests that SPIB is tran-

scriptionally repressed by ETV6-RUNX1 in 12;21 pre-

B-cell acute lymphoblastic leukemia. We found that

gene expression in an ETV6-RUNX1 cell line can be

significantly altered by endogenous or ectopic expres-

sion of SPI-B. These results suggest that reduced tran-

scription of SPIB plays a key role in ETV6-RUNX1

programming of developing B cells to a preleukemic

state. The gene expression changes that are observed

in B-cell progenitors in ETV6-RUNX1 cells [4,5,15]

are similar to those induced by deletion of SPIB or

combined deletion of SPIB with SPI1 [8,9,11]. Deter-

mination of the exact role that SPI-B plays in ETV6-

RUNX1 leukemia will be an important area of future

investigation.
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Supplementary Table 1. Primer Sequences

1) qPCR Primers

Name Sequence

SPIB qPCR forward 50-TTACCGTTGGACAGCCCTGC-30

SPIB qPCR reverse 50-AGCTTCTTGCGAGTCCCTGC-30

GAPDH qPCR forward 50-CATGTTCGTCATGGGTGTGAACCA-30

GAPDH qPCR reverse 50-AGTGATGGCATGGACTGTGGTCAT-30
GAPDH RT-qPCR forward 50-CATGTTCGTCATGGGTGTGAACCA-30

GAPDH RT-qPCR reverse 50-AGTGATGGCATGGACTGTGGTCAT-30

B2M RT-qPCR forward 50-TGACTTTGTCACAGCCCAAGA -30
B2M RT-qPCR reverse 50-TCCAAATGCGGCATCTTCAAA-30

SPIB RT-qPCR forward 50-TCGACGGGCCACACTTCA-30

SPIB RT-qPCR reverse 50-TGAATCAGGGTAGCTGGAATGC-30

CARD11 RT-qPCR forward 50-GAAAGCGCTTCTTCTGGCTG-30
CARD 11 RT-qPCR reverse 50-AGCTCCTCCTGGTGAAACTG-30

RAC2 RT-qPCR forward 50-CGACAAGGACACCATCGAGAA-30

RAC2 RT-qPCR reverse 50-GCACTCCAGGTATTTCACCG-30

NFkB1 RT-qPCR forward 50-GCTTAGGAGGGAGAGCCCA-30
NFkB1 RT-qPCR reverse 50-CTTCTGCCATTCTGAAGCCG-30

P21 RT-qPCR forward 50-TGCCGAAGTCAGTTCCTTGTGG-30

P21 RT-qPCR reverse 50-GTTCTGACATGGCGCCTCC-30

P27 RT-qPCR forward 50-CTTGCCCGAGTTCTACTACAGACC-30

P27 RT-qPCR reverse 50-GTCCTCAGAGTTAGCCGGAGC-30

2) ChIP qPCR Primers

P1 ChIP forward 50-TGGTGAAGCAGTGGAAAGAGTC-30

P1 ChIP reverse 50-AGACCAGGATGAGCTCTTAGGG-30

P2 ChIP forward 50-CCACCTGCACTGCCCCTC-30

P2 ChIP reverse 50-TGGACCCCTCCCCTCCAC-30

P3 ChIP forward 50-GAGTCCGGTGAATGTGGTGG-30

P3 ChIP reverse 50-CTGGAGGGGGAGAGACACAG-30

P4 ChIP forward 50-CGGAATACTATACCCAACACCCTTG-30
P4 ChIP reverse 50-GCATAAACAGGGGCTTTCTTTCAA-30

P5 ChIP forward 50-AAAACAATTAGCCGAGCGTGG-30

P5 ChIP reverse 50-ACAGCTCACTACAGCCTCCTA-30

C (Control) ChIP forward 50-AGGCATGATGGTGCATACTTGT-30
C (Control) ChIP reverse 50-TTTTTCAAGGCAGGGTCTCGTT-30

C4ORFII ChIP forward 50-GTATTCAGCCAGCCTTTTCTTGG-30

C4ORFII ChIP forward 50-ACACAGCTTATCTCAAGGTGACA-30

3) Site Directed Mutagenesis Primers

CXCR4 deletion forward 5’-TTTTAGACTAGAAATAGCAAG-3’

CXCR4 deletion reverse 5’-CAACAAGGTGGTTCTCCAAG-3’

RUNX1 Site A Mut forward 50-GACATTCACCGGACTCCCCCAC-30

RUNX1 Site A Mut reverse 50-CTGGGGCTGGTCCCTCACACAG-30

SPIB R229,232A forward 50-CTCGCAAACTACGCCAAGACCGGC-30

SPIB R229,232A reverse 50-GGCGGCCGCCAGCTTCTGGTAGGTC-30
PU.1 R230,233A forward 50-CTGGCCAACTACGGCAAGACGGGC-30

PU.1 R230,233A reverse 50-CGCGGCCGCCATCTTCTGGTAGGTC-30

4) SGRNA Sequences

sgRNA10 50-GTGCCCGCTGGCCACAAGCTG-30

5) Other Cloning Primers

SPIB qPCR template forward 50-AGAACTTCGCTAGCCAGACCCTG-30

SPIB qPCR template reverse 50-AGGAGTTCCTTGTGCTTGGAGGA-30

GAPDH qPCR template forward 50-AAGGTCGGAGTCAACGGATTTGGT-30
GAPDH qPCR template reverse 50-ACAAAGTGGTCGTTGAGGGCAATG-30

SPIB intron 1 cloning forward (KpnI) 50-ACGTGGTACCACTCTCAGTGCCTCCATCTGG-30

SPIB intron 1 cloning reverse (MulI) 50-ACGTACGCGTCTGAATCTCAAAGTGGTTGGGGGCTG-30

SPIB promoter cloning forward (XhoI) 50-ACGTCTCGAGGGTGCTTTGTGGTCTCTGGGGGAC-30
SPIB promoter cloning reverse (BglII) 50-ACGTAGATCTGCCCGCTGCAGCCG-30

SP-dCas9-VPR FWD Primer (with NotI restriction site) 50-AGGCGGCCGCCTCGTTTAGTGAACCGTCAGAT-30

SP-dCas9-VPR REV Primer 50-CCCGTTTAAACTCAT ACTAACCGGTAGGG-30
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Supplementary Figure 1. Reduced proliferation of REH cells expressing high SPI-B levels. REH cells infected with pLVX control or pLVX-

hSPI-B retroviral vectors were loaded with CellTrace Violet and placed in culture for 5 days before flow-cytometric analysis. (A) Representative

histograms demonstrating gating strategy. P1-P5 represent numbers of cell divisions. (B) SPI–infected REH cells show reduced cell division at

P5. Asterix represents p<0.05 measured by unpaired t-test for 3 independent experiments.
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