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INTRODUCTION
Integrative profiling of B-lymphoblastic leukemia (B-ALL) 

has identified clinically and biologically distinct subtypes asso-
ciated with specific genomic alterations and gene-expression 
signatures (1–3). The ETV6–RUNX1 (E-R) fusion oncogene 
defines a common B-ALL subtype, representing about 25% of 
pediatric B-ALL (4). The encoded oncoprotein incorporates a 
protein–protein interaction domain of ETV6, a transcriptional 
repressor in the ETS family (5), and nearly the full length of 
the DNA sequence–specific transcription factor (TF) RUNX1 
(6, 7). Somatic mutations or genomic deletions that inactivate 
ETV6 are frequently seen as secondary events in E-R+ B-ALL (8–
10), in B-ALL cases that lack the E-R fusion gene but show an 
“ETV6–RUNX1-like” signature of aberrant gene-expression (2, 
11), and as second-hit events in leukemias that arise in patients 
with germline loss-of-function ETV6 variants (12, 13). How-
ever, the mechanism by which ETV6 dysfunction contributes 
to leukemia is poorly understood. Here, we identify enhancer-
like chromatin state and function of GGAA microsatellite 
repeats as a characteristic feature of E-R+ and ETV6-null B-ALL. 
Leukemia-specific GGAA repeat enhancers are bound by the 
ETS family activator ERG, sustain the expression of known 

E-R+/E-R–like B-ALL signature genes, including potential leu-
kemia drivers, and are repressed upon restoration of ETV6 
expression. Our findings reveal an unexpected mechanism 
driving the gene-expression signature of a common subtype 
of childhood leukemia and identify an unanticipated function 
of ETV6 as an epigenetic chaperone that blocks promiscuous 
ERG activity at nonphysiologic target sites.

RESULTS
As an exploratory approach to discover genomic sequence 

motifs associated with enhancer dysregulation in B-cell malig-
nancies, we performed genome-wide k-means clustering of 
histone H3 lysine 27 acetylation (H3K27ac) chromatin immu-
noprecipitation sequencing (ChIP-seq) signal centered on 
using Assay for Transposase-Accessible Chromatin sequencing 
(ATAC-seq) peaks from 26 B-cell cancer cell lines, including 
13 B-ALL cell lines (Fig.  1A and B; Supplementary Fig.  S1A; 
Supplementary Table  S1). Hierarchical clustering based on 
enhancer acetylation readily separated B-cell cancers by both 
primary type and B-ALL subtype (Supplementary Fig.  S1B 
and S1C). Enhancers active in B-ALL subtype-specific clus-
ters were observed near previously identified subtype-specific 
signature genes (ref. 1; Fig. 1C; Supplementary Fig. S2A), sug-
gesting that differential enhancer activity could contribute 
to subtype-specific gene-expression programs. De novo motif 
enrichment analysis of enhancer clusters that were hyperacety-
lated in specific B-ALL cell lines revealed strong enrichment 
for motifs of TFs known to have increased activity in the 
corresponding subtypes, including DUX4 (B-ALL with DUX4 
rearrangement), HLF (TCF3-HLF+ B-ALL), HoxA9 (B-ALL 
with KMT2A rearrangement), and STAT5 (BCR-ABL1+ and 
BCR-ABL1-like B-ALL; Fig. 1D and E; Supplementary Fig. S2B 
and S2C; Supplementary Table  S2). Surprisingly, cluster 12 
enhancers that were hyperacetylated in E-R+ B-ALL cell lines 
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(n  =  4) and in the BCR-ABL1–like B-ALL cell line MUTZ-5 
were highly enriched for a motif consisting of tandem repeats 
of the sequence “GGAA.” Comparing acetylation levels across 
GGAA repeats of varying lengths in the hg38 reference genome 
showed increased acetylation in these five cell lines for inter-
vals containing at least three repeats, with stronger effects at 
intervals with greater than six tandem repeats (Fig.  2A; Sup-
plementary Fig.  S3A). Similarly, analysis of ATAC-seq data 
showed increased chromatin accessibility in the same five cell 
lines for intervals containing 6× GGAA repeats compared with 
other B-ALL cell lines (Supplementary Fig.  S3B). A similar 
analysis performed on ATAC-seq (14) and H3K27ac ChIP-seq 
(15, 16) data from primary B-ALL samples confirmed a strong 
association between GGAA repeats and an active enhancer-like 
chromatin state in E-R+ B-ALL (Fig. 2B and C).

To understand if enhancer-like activation of GGAA repeats 
occurs in normal development, we performed an analysis of 
the H3K27ac signal at GGAA repeats and control regions 
from 78 normal mesenchymal and hematolymphoid cell pop-
ulations and 66 diverse primary hematologic cancer samples 
generated through uniform methods by the Blueprint project. 
Only the three E-R+ B-ALL samples showed substantially 
increased GGAA repeat acetylation (Fig.  2D; Supplementary 
Fig.  S4A). We performed a similar analysis to compare pri-
mary B-ALL bulk ATAC-seq data (n  =  24) with pseudobulk 
ATAC-seq tracks derived from single-cell ATAC-seq analysis 
of normal human bone marrow hematopoietic and lymphoid 
progenitors (n  =  23 cell populations) and diverse adult and 
fetal tissues (n = 222 cell populations). This analysis revealed 
distinctively higher chromatin accessibility of longer GGAA 
repeats (6×+) in all six E-R+ B-ALL samples, but not in any 
normal cell type (Fig. 2E; Supplementary Fig. S4B and S4C). 
A comparable analysis of bulk ATAC-seq data from 90 normal 
murine hematolymphoid and stromal cell types showed no 
evidence of a population with substantially increased chroma-
tin accessibility of GGAA repeats (Supplementary Fig. S4D). 
We concluded that enhancer-like activation of GGAA repeats 
in E-R+ B-ALL is a cancer-specific aberrant epigenetic state.

The E-R fusion TF is thought to bind primarily to enhanc-
ers and promoters enriched for the RUNX1 motif (TGTGG; 
refs. 17–19), which does not resemble the enriched repeat 
sequence. Because the sequence GGA(A/T) forms the core of 
the binding motif for ETS family TFs (20, 21), we hypoth-
esized that aberrant acetylation of GGAA repeats in this sub-
set of B-ALL might be related to deficiency of normal ETV6 
repressor function. Western blot confirmed the absence of 
wild-type ETV6 protein expression in nuclear extracts from 
MUTZ5 and all four E-R+ cell lines (Fig. 2F). ETV6 gene copy-
number analysis combined with ETV6–RUNX1 single-fusion 
FISH studies indicated deletion of the nonrearranged copy 
of ETV6 in all four E-R+ cell lines and biallelic ETV6 deletion 

in MUTZ5 (Supplementary Fig.  S5A and Supplementary 
Table  S1). ChIP-seq performed with two different N-termi-
nal ETV6 antibodies yielded peaks that were significantly 
enriched for the RUNX1 motif, but not GGAA repeats, in 
B-ALL cell lines that express ETV6–RUNX1, but not wild-type 
ETV6. In contrast, ChIP-seq performed with the same two 
antibodies in ETV6-intact cell lines showed enrichment for 
GGAA repeats, but not RUNX1 motifs (Fig. 2G; Supplemen-
tary Table S3), supporting GGAA repeats as a direct binding 
target for wild-type ETV6 but not for the E-R fusion protein.

To further investigate ETV6-binding targets and functions, 
we used a doxycycline-inducible construct to express V5-tagged 
ETV6WT or ETV6R399C, a variant associated with loss of DNA-
binding function and hematopoietic abnormalities (12), in 
the E-R+ cell line Reh (Supplementary Fig. S5B). Expression of 
ETV6WT-V5, but not ETV6R399C-V5, significantly reduced the 
growth of Reh cells compared with tagBFP transgene-express-
ing controls (Fig. 3A). ChIP-seq with a V5 antibody identified 
2,343 significant binding peaks in ETV6WT-V5 expressing Reh 
cells, of which 80% overlapped genomic sites with at least 3 
perfect GGAA tandem repeats (Fig.  3B). To understand the 
effects of ETV6 on chromatin state, we performed replicate 
H3K27ac ChIP-seq in Reh cells after the doxycycline induc-
tion of ETV6WT, ETV6R399C, or tagBFP control. Expression 
of ETV6WT was associated with the deacetylation of histones 
flanking GGAA repeats (Fig.  3C), with a stronger effect seen 
at sites with longer repeats and at sites where ETV6-WT-V5 
binding was detected by ChIP-seq. In contrast, expression of 
ETV6R399C resulted in minimal acetylation changes at these 
same sites. These findings support the surprising conclusion 
that ETV6 chromatin repression activity is primarily directed 
at GGAA repeats upon restoration in ETV6-deficient B-ALL.

We next investigated whether restoration of ETV6 would 
reduce the expression of genes associated with GGAA repeat 
enhancers. Gene set enrichment analysis of RNA-seq data 
from the ETV6 restoration model showed strong enrichment 
of known E-R+ B-ALL signature genes (1) among ETV6-
repressed genes (Fig. 3D; Supplementary Fig. S5C). E-R sig-
nature gene and other ETV6-repressed gene promotors were 
located significantly closer to the nearest GGAA repeat com-
pared with nonregulated genes, but this relationship was 
lost for orthologs of those same genes in mice (Fig. 3E). This 
finding is consistent with the poor overall conservation of 
GGAA repeat locations between humans and rodents (Sup-
plementary Fig.  S6), suggesting that many gene regulatory 
consequences of GGAA repeat enhancer formation in human 
cells are unlikely to be reproducible in mouse models.

To further evaluate whether ETV6-repressed target genes 
identified in Reh cells were relevant in primary B-ALL, we 
focused on significantly repressed protein-coding genes (log2 
fold change < 0.5, Padj < 0.001) associated with ETV6-binding 

Figure 1.  Identification of DNA motifs enriched in enhancers with subtype-specific activity. A, Strategy for identification of enhancer module acetyla-
tion clusters across 26 B-cell cancer cell lines. B, Median acetylation signal in each B-ALL cell line for each of the 12 B-ALL–specific enhancer acetyla-
tion clusters (C1–C12), relative to all 26 cell lines (mature B-cell lines not shown). Genetic subtypes are listed at the top and cell lines at the bottom. C, 
H3K27ac ChIP-seq and ATAC-seq data for representative enhancers from subtype-specific clusters. Distance and position with respect to known B-ALL 
signature gene (Ross et al.; ref. 1) are listed at the top, with the associated B-ALL subtype in parentheses. H3K27ac ChIP-seq tracks are shown in purple 
(scale, 15 fragments per million, fpm) and ATAC-seq tracks in black (scale, 7.5 fpm). Intervals shown in blue correspond to the cluster-specific enhancer 
modules defined in (B; 1 kbp), union of all ATAC-seq peaks (200 bp), and position of 3× GGAA tandem repeats. D, Significance of enrichment for the top 
de novo motif identified by HOMER in each of the clusters from B), reevaluated in all 12 clusters. E, Selected top de novo motifs identified in enhancer 
acetylation clusters.
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sites within 200 kb from the promoter (Supplementary 
Table  S4). ETV6-binding sites showed a tendency for clus-
tering near the promoters of ETV6-repressed genes (±50 
kb), whereas no such skew was observed for control genes 
(Fig.  4A). For 71 ETV6-repressed genes, at least one associ-
ated ETV6 binding site showed decreased H3K27ac levels 
(P  <  0.05) upon ETV6-WT-V5 expression (Supplementary 
Table S4). Of these, 40 genes were significantly overexpressed 
(FDR Padj < 0.05) in B-ALL classified as E-R+ or E-R–like in a 
cohort of 1,988 primary B-ALL samples analyzed at St. Jude 
Children’s Research Hospital (ref. 2; Fig. 4B; Supplementary 
Fig. S7A and S7B). A composite signature of these 40 ETV6-
repressed genes robustly separated E-R+ and E-R–like sam-
ples (as a primary or secondary subtype) from other B-ALL 
samples and was significantly higher in E-R+ B-ALL with sec-
ondary ETV6 deletion events (P = 0.0018, t test). This ETV6-
regulated gene signature was also significantly increased in 
E-R+ B-ALL from a separate B-ALL cohort [NCI TARGET 
phase II (ref. 22); Fig. 4C; Supplementary Fig. S7C]. Because 
the E-R–like subtype had not been defined for the TARGET 
cohort, we applied ALLSorts (23), a pretrained machine-
learning B-ALL classifier, to these data sets and found that 
all three non–E-R+ cases with high expression of the ETV6-
repressed gene signature were classified as E-R–like.

We examined the loci of ETV6-repressed genes vali-
dated in the primary B-ALL cohorts and found that 39 
of 40 were associated with an ETV6-bound GGAA repeat 
(at least 3×  GGAA; Fig.  4D–F; Supplementary Fig.  S7D; 
Supplementary Table  S4). The sole exception, CLIC5, was 
associated with an ETV6-bound low-complexity element 
containing (AGGGGA)n tandem repeats and 23 nontandem 
GGAA sequences in 140 bp (Supplementary Fig.  S7E). A 
more inclusive genome-wide list of active enhancer-like ele-
ments that were bound and repressed by ETV6 (H3K27ac 
log2 fold change  −0.25, P  <  0.05) similarly showed a strong 
association with ≥ 3× GGAA tandem repeats (1,030 of 1,133 
elements, 91%; Supplementary Table S5). Most of the associ-
ated ETV6-repressed repeat elements showed increased acety-
lation across the five ETV6-null B-ALL cell lines (Fig. 4G), and 
many showed increased acetylation in primary E-R+ B-ALL 
compared with other subtypes (Fig.  4H). Together, these 
findings indicate that overexpression of genes associated with 

ETV6-repressed GGAA microsatellite enhancers is a unifying 
feature of E-R+ and E-R–like B-ALL.

Next, we directly tested the functional relationship between 
specific ETV6-regulated GGAA repeats and their putative tar-
get genes. We designed sgRNAs to target six ETV6-regulated 
GGAA repeat enhancers via CRISPR-interference (CRISPRi) 
in Reh cells (Fig. 5A and B). In each case, doxycycline-induced 
expression of a dCas9-KRAB repressor led to significant down-
regulation of the expected target gene, validating these genes as 
bona fide regulatory targets of GGAA microsatellite enhancers 
(Fig. 5C). Functionally validated microsatellite enhancer acti-
vation targets include PIK3C3 (VPS34), a regulator of vesicle 
trafficking that has been reported to mediate dependence on 
autophagy in E-R+ B-ALL (24), and EPOR, which encodes the 
erythropoietin receptor, confers enhanced STAT5 signaling in 
primary E-R+ B-ALL cells (25, 26), and whose genetic overex-
pression cooperates with E-R to generate B-ALL in mice (27). 
To prove that EPOR-associated GGAA repeat enhancers pro-
mote aberrant Epo-dependent signaling in E-R+  B-ALL cells, 
we performed electroporation of E-R+ AT-2 cells with Cas9 
ribonucleoproteins designed to excise this repeat (Fig. 5D; Sup-
plementary Fig.  S8A–S8D). GGAA-deleted AT-2 cells showed 
significantly attenuated STAT5 phosphorylation in response 
to Epo treatment (Fig.  5E and F), demonstrating that this 
repeat enhancer is required for maximal EPOR-dependent 
signaling. EPOR signaling may be important in earlier stages 
of leukemogenesis, as many B-ALL are known to switch from 
a STAT5 signaling–dependent pro–B-cell-like state to a MAP 
kinase signaling-dependent (and STAT5-antagonized) pre–B-
cell-like state during their initial evolution or upon recurrence 
(28). Accordingly, we did not see a consistent growth effect 
of Epo treatment in E-R+ B-ALL cell lines (Supplementary 
Fig. S8E), which have been selected for growth in Epo-deficient 
conditions, nor a growth deficit upon EPOR repeat enhancer 
repression in Reh cells (Supplementary Fig. S8F).

Active enhancers typically require the binding of activat-
ing TFs. We therefore sought to identify TFs that contribute 
positively to GGAA repeat enhancer activation in ETV6-
altered B-ALL. Only a minority of GGAA repeats in the 
hg38 reference genome are accessible and associated with 
substantial H3K27ac levels in E-R+ B-ALL cell lines (Sup-
plementary Fig.  S9A and S9B). Repeat-containing intervals 

Figure 2.  GGAA microsatellites show enhancer-like chromatin state in B-ALL with ETV6–RUNX1 and loss of wild-type ETV6. A, Box plots showing 
relative H3K27ac levels flanking merged GGAA repeats and ATAC-seq peak-containing intervals identified across 13 B-ALL cell lines. Intervals were 
grouped according to the longest GGAA tandem repeat present. The “GGAA_3x_1 mm” group contained a motif with a one-base mismatch to a 3× GGAA 
repeat. “None” indicates the set of ATAC-seq peaks that do not contain a GGAA repeat by any criteria within 300 bp of the peak center. Results shown for 
Mann–Whitney U test of difference in means in ETV6-altered vs. ETV6-intact cell lines for each repeat class. NS, not significant (P > 0.05). B, Histogram 
of H3K27ac signal (reads per 10 m total reads/bp/peak) from primary B-ALL samples of the indicated subtypes, centered on the union set of B-ALL cell 
line ATAC-seq peaks (n = 13). Peaks were grouped as in B. Peaks were grouped according to overlap with 3× or 6× GGAA tandem repeats. C, Histogram 
of ATAC-seq signal (reads per 10 m total reads/bp/peak) from primary B-ALL samples of the indicated subtypes, centered on the union set of ATAC-seq 
peaks from those same samples. D, Normalized H3K27ac signal at 6× GGAA repeat–containing intervals for primary leukemias and normal cell types 
(Blueprint consortium). Signal from genome-wide GGAA repeat–containing intervals and representative non-repeat sites (housekeeping gene promot-
ers and random intervals) was quantile-normalized across all populations and intervals. Signal within each interval set was then ranked by normalized 
H3K27ac signal within each population (top 10% shown). E, Normalized ATAC-seq signal at 6× GGAA repeat-containing intervals for primary B-ALL 
(Diedrich et al.; ref. 14) and normal human cell bone marrow cell populations (pseudo-bulk scATAC-seq; Granja et al.; ref. 71). Normalization and data 
presentation were as described in E. Top 20% of intervals by ranked ATAC-seq signal are shown. See Supplementary Fig. S3B for control regions and 
additional details. F, Immunoblot of nuclear extracts from 13 B-ALL cell lines with an antibody recognizing the N-terminal portion of ETV6 (Atlas Antibod-
ies, HPA000264). Arrows indicate bands at the expected molecular weight of ETV6 and E-R, respectively. Asterisk indicates an apparent high-molecular-
weight form of ETV6. G, Percentage of peaks containing RUNX1 and 3× GGAA repeat motifs (HOMER known motif analysis) in ChIP-seq performed in 
B-All cell lines with two different ETV6 n-terminal antibodies (Ab1 = Atlas; Ab2 = Santa Cruz). ChIP-seq performed in Reh cells with Ab2 yielded too few 
peaks for analysis (“NA”). “Background” bars show motif occurrence in randomly selected genomic regions with similar GC content to the corresponding 
peaks. HOMER motif enrichment P values versus background (binomial test) are shown for Ab1 peaks.
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Figure 3.  ETV6 inhibits leukemia cell growth, binds and deacetylates GGAA repeat enhancers, and activates E-R signature genes. A, Relative cell num-
bers for Reh cells stably transduced with DoxOn-ETV6-V5 constructs or DoxON-tagBFP control and grown with or without 500 ng/mL doxycycline. Error 
bars show 95% CI of triplicate wells counted for each condition/time point. For each time point, log-transformed cell counts for ETV6-WT + dox were 
compared with each other sample by one-way ANOVA with Dunnett multiple comparison test. Comparisons at day 3 were nonsignificant, and all compari-
sons were significant at later time points.  B, Area-proportional Euler diagram showing overlap of genome-wide ATAC-seq peaks in parental Reh cells, 
GGAA tandem repeats (at least 3× GGAA), and sites bound by ETV6-WT-V5 (V5 ChIP-seq peaks) expressed in Reh cells. Bar plot at right details overlaps 
within the set of ETV6-binding target sites. C, Box plots showing change in acetylation at ATAC-seq peaks and/or GGAA repeats following the induction 
of ETV6-WT or ETV6-R399C in Reh cells. Peaks were grouped by most stringent repeat class (3× _1m contains 1 mismatch to a 3× GGAA repeat), and 
further divided by overlap with ETV6-WT-V5 ChIP-seq peaks. Groups with log2 fold change significantly less than −0.5 are indicated (Wilcoxon signed 
rank test with Holm–Bonferroni correction). D, Gene set enrichment analysis for upregulated E-R signature genes (2) among genes ranked by differential 
expression after induction of ETV6-WT-V5 or tagBFP (control) expression. E, Comparison of distance to the closest GGAA repeat (3×) for evolutionarily 
conserved human genes compared with their orthologs in mouse, separated into mutually exclusive sets of previously defined E-R–upregulated signature 
genes (ref. 1, red), non-ER signature genes that were downregulated by ETV6 expression in REH cells (green), and other genes (blue). Significance of gene 
sets vs. “other genes” in each species calculated by the Mann–Whitney U test with Holm–Bonferroni correction. P values for all panels: ns, not significant 
(P > 0.05); *, P < 0.05; ****, P < 10−4.
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Figure 4.  ETV6-repressed genes and enhancers are hyperactive in ETV6-altered B-ALL A, Plot of distance from TSS to the nearest ETV6-WT-V5– 
binding site for genes repressed by ETV6 in Reh cells from the set of E-R signature genes, other ETV6-repressed genes (“ETV6-downreg”), and a control 
set of expressed, non–ETV6-regulated genes. Only genes with an ETV6 binding site ± 200 kbp from the promoter are included. B, Cumulative Z-score for 
expression of 40 ETV6-repressed genes with associated ETV6-repressed enhancers (“ETV6-repressed gene score”) in 1,141 primary B-ALL samples, 
categorized by E-R fusion status, E-R-like gene-expression signature (primary or secondary subtype as published; ref. 2), and ETV6 aberration status. 
“Abnormal” ETV6 status refers to complete ETV6 copy loss in E-R+ B-ALL or any ETV6 fusion or partial/complete copy loss in non–E-R+ B-ALL. C, ETV6-
repressed gene score as in B for 102 primary B-ALL samples from the NCI TARGET cohort, categorized by genomic subtype and ETV6 aberration status. 
Samples classified as E-R+ or E-R–like on the basis of gene expression (ALLSorts) are indicated. For E-R+ B-ALL, “abnormal” ETV6 status refers to 
partial or complete ETV6 copy loss other than single-copy loss downstream of the E-R fusion breakpoint (see Supplementary Fig. S7C). D–H, Details of 
the 40 direct ETV6-repressed E-R+/like B-ALL signature gene enhancer–gene pairs. D, Differential gene expression (RNA-seq) for the indicated gene, 
normalized to tagBFP control. E, Position of analyzed intervals (union of ATAC-seq, GGAA repeats, and ETV6-WT-V5 binding sites) within 200 kbp of the 
indicated gene TSS, coded by ETV6-WT-V5 binding status, best GGAA repeat class, and differential acetylation. Genes are oriented 5′ to 3′, with anno-
tated gene bodies indicated by a black line. F, Differential acetylation of one element (associated with the gene listed in D) that shows ETV6 binding and 
significantly decreased acetylation in ETV6-WT-V5–expressing cells (H3K27ac log2 fold change < −0.25, P < 0.05), prioritized by repeat class (longest) 
and then distance to TSS (shortest, within 200 kbp). G, Relative acetylation of the element from F across 13 B-ALL cell lines (red = E-R+/ETV6-null cell 
lines, orange = ETV6-null cell line). H, Relative acetylation of the element from F in 15 primary B-ALL samples (Blueprint project; red = E-R+ samples).
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Figure 5.  GGAA microsatellite enhancers are direct regulators of ETV6–RUNX1 signature gene expression. A, ChIP-seq data from transgene-express-
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with acetylation that was strong and specific to E-R+ B-ALL 
cell lines were significantly enriched in several classes of TF 
motifs (Fig.  6A) compared with nonacetylated repeats, sug-
gesting that binding of specific TFs in the vicinity of repeats 
might contribute to repeat enhancer activation. TFs that 
contribute to GGAA repeat enhancer activation likely over-
lap with those that regulate other B-cell enhancers, as these 
same motifs were also common in intervals that are strongly 
acetylated in all types of B-ALL (Supplementary Fig. S9B and 
S9C). We were interested to note that the motif correspond-
ing to the ETS activator ERG was particularly abundant 
near acetylated GGAA repeats. Both ERG and its homolog 
FLI1 are highly expressed in B-ALL, and the fusion oncopro-
teins EWSR1–ERG and EWSR1–FLI1 are known activators of 
GGAA microsatellite enhancers in the pediatric bone tumor 
Ewing sarcoma. However, DepMap CRISPR knockout screens 
show a substantial growth dependency on ERG, but not FLI1, 
for the E-R+ cell line Reh and most other B-ALL cell lines 
screened to date (Fig. 6B; Supplementary Fig. S9D).

We performed ERG ChIP-seq on B-ALL cell lines, which 
showed frequent ERG binding to acetylated GGAA repeats 
in the E-R+ B-ALL cell lines Reh, UoCB6, and AT-1, as well 
as the ETV6-null cell line MUTZ5. Far less ERG binding to 
GGAA repeat enhancers was observed in two ETV6-intact cell 
lines, which instead showed frequent ETV6 binding at these 
same sites (Fig.  6C; Supplementary Table  S5). We observed 
ERG binding to all six functionally validated GGAA repeat 
enhancers (Fig. 6D), with four of the six enhancers showing 
predicted high-affinity ETS factor binding sites in addition to 
GGAA repeats. CRISPRi-mediated ERG knockdown resulted 
in significantly decreased transcript levels for 36 of 40 genes 
in the ETV6-repression signature by RNA-seq (Supplemen-
tary Table S4), confirmed by qRT-PCR for the 6 functionally 
validated targets (Fig.  6E), supporting a model of mutu-
ally antagonistic regulation of GGAA repeat enhancers by 
the ERG activator and ETV6 repressor. In contrast, we saw 
no consistent additional effect on the expression of GGAA 
repeat enhancer-regulated genes when we knocked down 
FLI1, either alone or in combination with ERG knockdown 
(Supplementary Fig. S9E).

In addition to being strongly implicated in B-ALL patho-
genesis (29, 30), ERG is a key regulator of normal hemat-
opoietic stem cell (31, 32) and B-cell progenitor (33) biology. 
Although our global analysis of GGAA repeat chromatin 
state showed little evidence of GGAA repeat enhancer activa-
tion in normal development, we wondered if this remained 
true of the specific GGAA repeats that are bound by ETV6 
or ERG in our ETV6-intact and ETV6-null B-ALL cell lines, 
respectively. To explore this question, we identified consensus 
ERG and ETV6 ChIP-seq peaks specific to ETV6–RUNX1+/
ETV6-deficient and ETV6-intact B-ALL, and examined their 
chromatin accessibility across human hematolymphoid pro-
genitor and mature cell populations identified in scATAC-seq 
data (Fig. 7A; Supplementary Fig. S10A). ERG-binding sites 
in ETV6-intact B-ALL cell lines and ETV6–RUNX1–bind-
ing sites in E-R+ B-ALL were mostly accessible in common 
lymphoid progenitors and pre-B cells, with less accessibility 
seen in most other bone marrow populations, consistent with 
many of these sites representing physiologic developmental 
enhancers. In contrast, ERG peaks unique to E-R+ B-ALL 

and ETV6 peaks unique to ETV6-intact B-ALL were highly 
enriched in GGAA repeats, nearly all of which were nonac-
cessible in any available adult bone marrow population. Due 
to purifying selection, developmental enhancers typically 
show greater evolutionary conservation than nonfunctional 
regions. Accordingly, GGAA repeats bound by ERG in E-R+ 
B-ALL and by ETV6 in ETV6-intact B-ALL showed much 
less frequent evolutionary conservation than ETV6–RUNX1-
binding sites and ERG-binding sites in ETV6-intact B-ALL 
(Fig.  7B; Supplementary Fig.  S10B–S10C). Thus, both epi-
genetic data from normal human hematopoietic subpopu-
lations and sequence conservation analysis argue against a 
conserved function for ERG-activated B-ALL GGAA repeat 
enhancers in normal cells.

Genetic studies in mice have shown that Etv6 (34) and Erg 
(31, 32) are both essential for the maintenance of normal adult 
hematopoietic stem cells, and Erg is specifically required for 
B-lymphopoiesis (33), raising the question of whether ETV6 
might also antagonize ERG activity at ERG-dependent devel-
opmental enhancers, similar to its repressive activity at GGAA 
repeats in B-ALL. Etv6 and Erg expression is highly correlated 
in murine hematopoietic populations, being high in stem cells 
and early lymphoid progenitors, but low in differentiated popu-
lations (Fig. 7C; Supplementary Fig. S11A), suggestive of a com-
plementary rather than antagonistic function. Only six genes 
identified as Erg-dependent in murine hematopoietic stem cells 
(32) were repressed by Erg knockdown in Reh human B-ALL 
cells (Supplementary Fig.  S11B-S11C), but 26 Erg-dependent 
homologous gene pairs were identified in murine pre–pro-B 
cells (33) and Reh cells (Fig. 7D; Supplementary Fig. S11C). We 
focused on the two most strongly expressed of these conserved 
Reh/pre–pro-B-cell ERG target genes, MYB and LEF1, which 
encode TFs with important roles at the pro-B to pre-B transi-
tion (35–37). The genomic loci surrounding these genes showed 
strong ATAC-seq peaks in human lymphoid progenitors that 
were bound by ERG in both ETV6-deficient and ETV6-intact 
B-ALL cell lines but showed absent or minimal ETV6 binding 
(Supplementary Fig.  S11D–S11F). These candidate enhancers 
were conserved (alignable) between the human and mouse 
genome and showed both ERG binding and accessibility by 
ATAC-seq in mouse B-cell progenitors, further supporting these 
as evolutionarily conserved physiologic ERG targets. However, 
MYB, LEF1, and many of the other conserved physiologic ERG 
target genes were not repressed by ETV6 in Reh cells (Fig. 7D; 
Supplementary Fig. S11B), in contrast to the repeat enhancer-
linked genes (Fig. 7E). Although these findings require further 
exploration in developmental models, they suggest that ETV6 
is not an equal antagonist of ERG at all of its physiologic regu-
latory sites but preferentially inhibits aberrant ERG activity at 
sites with repetitive low-affinity ETS target sequences, such as 
GGAA tandem repeats (Fig. 7F).

DISCUSSION
Distal regulatory elements are key drivers of oncogenic 

gene-expression programs. Although many well-character-
ized oncogene enhancers derive from evolutionarily con-
served enhancers with normal functions in the cancer’s tissue 
of origin (38–40), large-scale efforts to map cancer chromatin 
landscapes have revealed only partial overlap with enhancers 
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known to be active in normal developing tissues (41). The 
frequency with which human cancers utilize true de novo 
enhancers arising from nonconserved elements remains an 
open question. Here, we identified a class of cancer-specific 
enhancers that become active in E-R+ B-ALL, are distinct 
from the binding targets of the E-R fusion protein itself, 
and show minimal evidence for developmental function or 
evolutionary conservation.

We found that the combination of ETV6 repressor insuf-
ficiency and ERG activator expression facilitates aberrant acti-
vation of GGAA microsatellite enhancers that represent a key 
mechanism underlying the unique gene activation program of 
E-R+ B-ALL. Our findings suggest a mechanistic explanation 
for phenocopying of the E-R+ B-ALL gene-expression program 
in E-R–like B-ALL, which is highly enriched for ETV6-inacti-
vating mutations and deletions (2, 11) and has been defined 
as a distinct B-ALL subtype in the 5th World Health Organiza-
tion Classification of Haematolymphoid Tumors (42). We saw 
some degree of GGAA repeat chromatin activation and repeat 
enhancer target gene overexpression in all primary E-R+ B-ALL 
data sets we examined, although not all E-R+ B-ALL cases show 
biallelic ETV6 inactivation. ETV6 haploinsufficiency, along 
with the known dominant-negative effects of E-R protein (43) 
and other altered forms of ETV6 that lack the ETS domain 
(43–45) on wild-type ETV6 repressor function, may compro-
mise the silencing of repeats in cases without biallelic ETV6 
alteration. Further work is indicated to investigate a potential 
role for microsatellite enhancers in B-ALL occurring in the 
setting of germline ETV6 mutations, which are reported to be 
heterogeneous in their biology and gene-expression signatures 
(13), and in diverse (albeit rare) leukemias and solid tumors 
that bear rearrangements between ETV6 and gene partners 
other than RUNX1 (46, 47), at least some of which involve bial-
lelic ETV6 inactivation (48–50).

The in vitro DNA sequence affinity of the ETV6 DNA-bind-
ing domain is similar to that of other endogenous human 
ETS factors (20, 21), all of which recognize a core motif 
of GGA(A/T). However, ETV6 (and its homolog ETV7) are 
distinct in their ability to oligomerize via their N-terminal 
PNT domain (51–53), as the PNT domains present in ERG 
and many other ETS factors do not self-associate (21, 54). 
The self-associating property of the ETV6 PNT domain has 
been shown to confer cooperative binding of ETV6 to DNA 
sequences containing two ETS-binding sites in vitro (53), 
and models of ETV6 oligomers binding to greater numbers 
of low-affinity core binding sites have previously been pro-
posed (52). These properties may explain our unexpected 

observation that ETV6 shows a strong in vivo preference for 
binding to GGAA repeat elements rather than canonical ETS 
motif–containing enhancers in B-ALL and is able to selec-
tively antagonize ERG activity at repeat sites. Comparison 
of diverse ETS factor ChIP-seq data sets from the ENCODE 
project and various other sources further support an asso-
ciation of ETV6, and to a lesser extent ERG and FLI1, with 
GGAA repeat elements in cell types of endothelial or hema-
tolymphoid origin (Supplementary Fig. S12A and S12B; Sup-
plementary Table S6).

Our findings imply that a significant function of ETV6 
is to sustain or restore the epigenetic silencing of GGAA 
repeats that can serve as low-affinity ETS-binding sites and 
could otherwise be prone to aberrant enhancer-like activity. 
Although GGAA repeat enhancer activation is a well-docu-
mented function of ERG and FLI1 fusion oncoproteins in 
Ewing sarcoma (55, 56), our findings indicate that the non-
fusion form of ERG contributes to GGAA repeat enhancer 
activation in the absence of ETV6 and that repeats with 
adjacent high-affinity binding sites for ERG or other factors 
may be particularly prone to aberrant activation. A role for 
ERG in driving GGAA repeat-regulated genes is also sup-
ported by frequent overexpression of the ETV6-repressed 
gene signature in ETV6-altered cases of iAMP21 B-ALL, in 
which the ERG gene is amplified and overexpressed (Sup-
plementary Fig.  S7A and S7B). The genome-wide binding 
and distribution of individual ETS factors are known to be 
affected by many variables, including lineage and develop-
mental stage-specific chromatin accessibility as well as com-
petition or cooperation with other ETS factors. The fraction 
of ChIP-seq peaks for ETV6, ERG, and FLI1 that overlap 
GGAA repeats is variable in published data sets from hemat-
opoietic and endothelial cells but seems consistently low in 
epithelial cells, or for other ETS factors regardless of cell 
type (Supplementary Fig.  S12). Further work is needed to 
identify the developmental states and cooperating chroma-
tin factors that facilitate or inhibit ETS factor binding to 
GGAA repeats.

Identification of microsatellite enhancers as key drivers 
of the E-R+/like B-ALL gene-expression program has several 
other important implications. Genetic mouse models of E-R 
expression alone yield either absent or very rare B-ALL (57–
60), whereas B-ALL generated by the combination of E-R and 
transposon-mediated random gene disruption failed to reca-
pitulate the transcriptional program of human E-R+ B-ALL 
and showed no selection for Etv6-inactivating second hits 
(27). Our findings suggest limitations of engineered mouse 

Figure 6.  ERG contributes to GGAA repeat enhancer activity in ETV6-altered B-ALL. A, Enrichment of known TF motifs (HOMER motif library) in 
200 bp intervals centered on GGAA repeats with selective strong acetylation in E-R+ B-ALL cell lines, compared with repeat intervals not associated 
with acetylation (see Supplementary Fig. S9B for thresholds used). All motifs with enrichment −log(P) > 7 are shown. Note that motif analysis may have 
a limited ability to discriminate between factors within a given family. B, DepMap data showing ERG expression and CRISPR knockout growth effect 
for B-ALL cell lines vs. other cancer types. The TMPRSS2–ERG+ prostate cancer cell line VCAP is also labeled. C, Heat map of ERG, ETV6, and H3K27ac 
ChIP-seq signal at repeat-containing (at least 6× GGAA) and non–repeat-containing (<3× GGAA) ATAC-seq peaks in B-ALL cell lines. Peaks shown 
had H3K27ac fragment counts > 5 per million in at least one of 13 cell lines. The <3× GGAA group was randomly downsampled to the same number of 
peaks as the 6× GGAA group. ATAC-seq peaks were sorted according to the maximum ERG signal across the four ChIP-seq data sets. V5 ChIP-seq was 
performed in Reh cells induced to express ETV6-WT-V5; all other ChIP-seq studies were performed in parental cell lines. D, ERG and ETV6-V5 ChIP-seq 
signal at CRISPRi-validated GGAA repeat enhancers shown in Fig. 5. Positions of 3× GGAA repeats and predicted high-affinity motifs for ERG and ETV1 
within ± 250 bp of the central GGAA repeat (HOMER motifs and thresholds) are shown at the bottom. Cell lines in red text are E-R+/ETV6-null. E, Gene-
expression differences (qRT-PCR) 72 hours after doxycycline induction in Reh cells expressing doxycycline-inducible dCas9-KRAB and promoter-target-
ing sgRNA against ERG versus control (nontargeting) sgRNA. Values are pooled from two biological replicate experiments with three PCR replicates each 
(two-tailed t test). *, P < 0.05; ***, P < 0.001; ****, P < 0.0001.
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models and widely used mouse pro–B-cell lines such as Ba/
F3 for studying the biology of ETV6-deficient B-ALL, as most 
GGAA microsatellites present in the human genome lack 
similarly positioned orthologs in rodents. Notably, attempts 
to model Ewing sarcoma in mice have also yielded very lim-
ited results (55). However, direct genetic activation of human 
GGAA repeat–activated genes in mice may represent an alter-
nate modeling strategy, and it is notable that leukemias aris-
ing in the aforementioned E-R/transposase model showed 
selection for recurrent transposase insertions adjacent to Epor 
that lead to its overexpression (27).

In summary, we find strong evidence for GGAA repeat 
enhancer activation and target gene overexpression in ETV6-
altered B-ALL cell lines and primary samples, identifying a 
unifying mechanism for the activation of many genes in the 
E-R+/−like gene-expression signature, and an unanticipated 
function of the ETV6 repressor that may have implications 
for other cancers with recurrent ETV6 alterations. Future 
investigations in appropriate models will be required to iden-
tify specific repeat enhancers that promote the development 
and/or maintenance of B-ALL, as repression of the repeat 
enhancers that we functionally validated did not affect the 
fitness of the Reh cell line. Repeat enhancer-dependent EPOR 
expression is a strong candidate for such a role in leuke-
mogenesis, as it promotes activation of STAT5 signaling, 
an essential pathway in pro-B cells and in a subset of fully 
evolved B-ALL (27), and because artificial Epor overexpression 
appears to cooperate with E-R to generate leukemia in mice 
(27). Furthermore, both EPOR and STAT5 target genes are 
upregulated in an in vitro directed-differentiation human cell 
model of E-R+ leukemic progenitors (61). Our findings lay 
a mechanistic groundwork for future studies to determine 
whether this cancer-specific mechanism might represent a 
feasible target for selective intervention in either B-ALL ther-
apy or prevention.

METHODS
Cell Lines

See Supplementary Table  S1 for details of cell line source and 
validation. The identity of all B-ALL cell lines was verified by 
short tandem repeat profiling. All cell lines matched the expected 

profile from public databases (when available), and all cell line 
profiles were unique, with the exception of pairs of cell lines 
derived from the same donor [AT-1 and AT-2 (62, 63), and SUP-
B13 and SUP-B15 (64)], which showed mutually identical profiles 
as expected. All cell lines were cultured in RPMI-1640 +  glutamax 
supplemented with 10% fetal calf serum, penicillin/streptomycin, 
nonessential amino acids, 1 mmol/L sodium pyruvate, and 55 
μmol/L 2-mercaptoethanol.

Cell line cytospins were evaluated using FISH probes for ETV6 
(Chr12p13; SpectrumOrange; Abbott) and RUNX1 (Chr21q22; Spec-
trumGreen; Abbott) by standard techniques. Cell lines with one 
or more fusion signals per cell were considered positive for an E-R 
rearrangement, with 1F1R2G representing the expected pattern for a 
single balanced E-R rearrangement. Note that the ETV6 probe covers 
the 5′ portion of the ETV6 gene and a large region of chromosome 12 
(486 kb). The absence of a red signal therefore indicates the absence 
of a nonrearranged copy of ETV6, but a focal ETV6 deletion is not 
excluded by the presence of a red signal.

Genomic copy-number analyses of cell lines were carried out as 
previously described. Briefly, depth coverages for the input lowpass 
WGS (ChIP-seq chromatin input) libraries were quantified at a 50-kb 
resolution (bins), the resulting data were segmented, and a probabil-
istic model (65, 66) was fit to assign absolute copy-number states to 
the observed coverages. The models were constrained assuming 100% 
neoplastic cellularity.

ChIP-seq
Protocols used for new ChIP-seq data sets were similar to those pre-

viously described (67, 68). Briefly, five million cells were cross-linked in 
PBS + 1% formaldehyde for 10 minutes at room temperature (histone 
marks) or 37°C (TFs), quenched with 1/20th volume of 2.5M glycine, 
washed twice in cold PBS with protease inhibitors, and lysed in cold 
cytoplasmic lysis buffer (20 mmol/L Tris-HCl ph8.0, 85 mmol/L KCl, 
0.5% NP 40 + PI). Nuclei were pelleted at 3,000 × g and resuspended 
in cold SDS lysis buffer (0.3% SDS for H3K27ac and 1% SDS for TFs, 
10 mmol/L EDTA, 50 mmol/L Tris-HCl, pH 8.1 + PI) for 10 minutes. 
Nuclei were fragmented on a Q800R2 Sonifier (QSonica) as follows: 
three cycles of amplitude = 50, pulse times: 30 s on/30 s off, total on 
time  =  3:20 m, temperature  =  8°C (histone marks) or two cycles of 
amplitude  =  70, pulse times: 45  s on/15  s off, total on time  =  8:50 
m, temperature = 4°C (TFs). Samples were diluted 1:3 in ChIP dilu-
tion buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mmol/L EDTA, 16.7 
mmol/L Tris-HCl, pH 8.1, 167 mmol/L NaCl  +  PI), and rotated at 
4°C overnight with 2–5 μg of antibody (H3K27ac, Active Motif; cat. 
#39133; V5 tag, Thermo Fisher; #R960-25; ETV6 n-terminal (two anti-
bodies), Atlas Antibodies; #HPA000264, Santa Cruz Biotechnology, 

Figure 7.  B-ALL microsatellite enhancers regulated by ERG and ETV6 lack epigenetic and genetic features of normal developmental enhancers. 
A, Left, schematic Euler diagrams showing strategy for defining ETV6, ETV6–RUNX1, and ERG consensus binding sites specific to ETV6–RUNX1+ B-ALL 
(cell line names in red) or ETV6-intact B-ALL (cell line names in black), using overlaps of ETV6 (Atlas N-terminal antibody) and ERG ChIP-seq peaks identi-
fied in each individual cell line. Right, Chromatin accessibility in selected normal bone marrow populations (pseudo-bulk scATAC-seq; Granja et al.; ref. 71) 
for ERG or ETV6-binding sites identified in multiple E-R+ and/or ETV6-intact cell lines as defined at left. GGAA repeat status is indicated by color and 
accessibility is indicated by shading. See Supplementary Fig. S10A for chromatin accessibility thresholds. B, Fraction of ETV6 and ERG consensus bind-
ing sites, defined as in A, that are conserved between hg38 and mm10 (at least 10% base mapping ratio, Multiz). Peaks that overlap at least a 3× GGAA 
repeat are shown as separate subgroups for ER+ B-ALL ERG peaks and ETV6-intact B-ALL ETV6 peaks. C, Correlation between expression of Etv6 and all 
ETS transcription factors in mouse hematopoietic stem/progenitor and lymphoid populations (n = 72, Immgen RNA-seq). D, List of candidate conserved 
ERG target genes in mouse B-lymphopoiesis and in a human B-ALL cell line, defined as decreased both in Erg conditional knockout mouse pre–pro-B cells 
(Ng et al.; ref. 33) and by ERG knockdown in Reh cells (this study). Heat maps show differential expression upon ERG knockdown or ETV6-WT reexpres-
sion. E, Developmental expression in mouse (Immgen RNA-seq data) for conserved B-ALL/pro-B cell ERG target genes (defined in D) versus the 36 direct 
ETV6-repressed E-R+/like signature genes that are significantly ERG-dependent in Reh cells. F, Summary model for binding of ETV6, ETV6–RUNX1 
(E-R), and ERG at developmental enhancers and GGAA microsatellites in B-ALL. ETV6 gene inactivation (due to ETV6–RUNX1 gene fusion formation and 
secondary ETV6 deletion) eliminates ETV6-mediated repression of GGAA repeats, allowing for ERG binding and neoenhancer activation in E-R+ B-ALL. 
Cancer-specific GGAA repeat enhancers activate many genes with minimal expression in normal B-cell progenitors, likely resulting in more distinctive 
changes to the transcriptome than the direct effects of the E-R fusion itself, which binds mainly at physiologic developmental enhancers. GGAA repeat 
enhancer formation might also be promoted by biallelic ETV6 inactivation in the absence of an E-R fusion (e.g., the MUTZ5 cell line and some E-R–like 
B-ALL). Although the E-R fusion does not bind directly to most GGAA repeat enhancers, it might contribute indirectly to their activation via dominant-
negative interactions with ETV6 (43) in the subset of E-R+ B-ALL with one intact ETV6 allele.
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#sc-166835x; ERG, Cell Signaling Technologies; #97249). Subsequent 
chromatin capture, washing, DNA elution, purification, and Illumina 
library preparation steps were performed as previously described. 
Libraries were sequenced on NextSeq High-output flow cell 75 cycles 
(2 × 38 bp paired-end) or NovaSeq (2 × 150 bp paired-end).

See Supplementary Table  S1 for the list of new and previously 
published H3K27ac ChIP-seq data sets used in this study, as well as 
references to corresponding protocols used (67, 68). Data sets gener-
ated on a subset of cell lines with both new and old methods showed 
qualitatively equivalent results.

ATAC-seq
Nuclei were isolated from 50,000 cells for each sample using Nuclei 

EZ prep-Nuclei Isolation Kit (Sigma-Aldrich). The transposition reac-
tion mix (25 μL of 2× TD buffer, 2.5 μL of Tn5 transposase (Illumina), 
15 μL of PBS and 7.05 μL of nuclease-free water) was added to nuclei 
and incubated at 37°C for 1 hour in an orbital shaker at 300 RPM. 50 
μL Qiagen buffer PB was added to each sample to stop the reaction 
and DNA was isolated with AMPure XP beads (Beckman Coulter). 
Fifteen cycles of PCR were performed with transposed DNA using 
the dual index primers and NEBNext PCR Master Mix, followed 
by AMPure XP purification. After quantification and fragment size 
analysis, libraries were sequenced on Illumina NextSeq with 2  ×  38 
bp paired-end sequencing.

ETV6 Transgene Experiments
The lentiviral vector DoxON-ETV6-V5-GFP was a kind gift from 

the lab of Dr. Arul Chinniayan. The ETV6 coding sequence was 
cloned into pCW57.1 (Addgene; cat. #41393) and modified as previ-
ously described to incorporate a GFP reporter (69). DoxON-tagBFP 
was generated from that vector by restriction cloning tagBFP in place 
of ETV6 after digestion with BstBI and BmtI. DoxON-ETV6(R399C)-
V5-GFP was generated with the Q5 site–directed mutagenesis kit 
(NEB) per the manufacturer’s protocol.

Lentivirus was produced in 293T cells by standard protocols. To 
generate uniform doxycycline-inducible populations, Reh cells were 
transduced with DoxON constructs via spinfection at 2,250 rpm for 90 
minutes at 37°C in the presence of 6 μg/mL polybrene and sorted for 
GFP+ cells on a BD MoFlo Astrios EQ. Uniformly sorted Reh cell popu-
lations were induced with 500 ng/mL doxycycline (dox) for 48 hours 
prior to harvest for western blot or V5 ChIP-seq. Induction was per-
formed in duplicate for H3K27 ChIP-seq or triplicate for RNA-seq. To 
determine the effect of transgene expression on cell growth, each popu-
lation was plated at equal density in triplicate wells with and without 
doxycycline. Cells were counted every 4 days on a DeNovix CellDrop 
BF counter with trypan blue staining and replated at equal densities.

RNA-seq
RNA was isolated via RNeasy columns with on-column DNAase 

digestion. RNA-seq libraries were generated with the NEBNext Ultra 
II Directional RNA Library Prep Kit for Illumina per the manufac-
turer’s instructions and sequenced on an Illumina NextSeq with 
2 × 38 bp paired-end sequencing.

Western Blotting
Western blotting of nuclear extracts or whole-cell extracts was 

performed by standard methods using antibodies specific for the 
N-terminal portion of ETV6 (Sigma, # HPA000264; Santa Cruz, 
#sc-166835x), CTCF (Cell Signaling Technology, #3418), and actin 
(Santa Cruz, #sc-8432).

Chromatin Data Analysis
Paired-end ChIP-seq and ATAC-seq reads were aligned to hg38 

using BWA-ALN (v 0.7.17) and filtered to remove PCR dupli-
cates and read-pairs mapping to  >2 sites genome-wide. Display 

files were generated with deepTools bamCoverage and visualized 
with IGV. Scaling for all ChIP-seq and ATAC-seq tracks in figures 
is equal to local paired-end fragment coverage  ×  (1,000,000/total-
Count). ERG, endogenous ETV6, and ETV6-V5 ChIP-seq peak 
calling was performed with HOMER findPeaks using the “fac-
tor” style and FDR  <  0.001 for ERG, FDR  <  0.01 for ETV6-V5, 
and FDR  <0.05 for endogenous ETV6. ATAC-seq peak sum-
mits were identified with MACS2 using default parameters. All 
peak sets were post-filtered against hg38 blacklist regions (avail-
able at https://github.com/Boyle-Lab/Blacklist/blob/master/lists/ 
hg38-blacklist.v2.bed.gz).

To analyze H3K27ac ChIP-seq signal associated with individual 
enhancer modules, we resized ATAC-seq peaks to 200 bp around 
MACS2 peak summits, discarded peaks with low signalValue (<5), 
and then used GenomicRanges “reduce” and “resize” to generate con-
sensus union ATAC-seq peak sets of 200 bp intervals for the samples 
of interest (26 B-cell cancer cell lines or 13 B-ALL cell lines depending 
on the analysis). HOMER annotatePeaks was used to annotate union 
ATAC-seq peaks with normalized H3K27ac ChIP-seq signal from the 
relevant cell lines in a 1,000 bp window around each interval center.

To identify clusters of enhancers with correlated acetylation levels 
across the 26 B-cell cancer cell lines, we filtered out ATAC-seq union 
peak intervals located < 2 kb upstream or < 1 kb downstream of an 
annotated TSS, as well as intervals associated with low H3K27ac 
signal in all cell lines. The acetylation signal was square root-trans-
formed, centered, and scaled by genomic region across all cell lines. 
K-means clustering (k  =  30) was used to identify enhancer clusters. 
HOMER findMotifsGenome was used to identify both known and 
de novo enriched TF motifs in each cluster, with the set of all enhanc-
ers used as a background (option -b). The top two de novo motifs 
identified in each B-ALL–specific cluster were then used as custom-
known motifs to calculate enrichment in all B-ALL–specific clusters. 
For known motif enrichment analysis of endogenous (N-terminal) 
ETV6 ChIP-seq peaks, the custom “GGAA_3x_0mm” motif described 
below was appended to the Homer known motif library.

Identification of Chromatin Features and Genes 
Associated with GGAA Repeat Intervals

We used HOMER seq2profile.pl to generate HOMER custom motif 
files corresponding to a specified number of GGAA tandem repeats 
and a permitted number of mismatches, e.g., motif “GGAA_3x_1mm” 
corresponds to a genomic sequence with no more than one mis-
match to the sequence “GGAAGGAAGGAA,” whereas “GGAA_3x” 
corresponds to exact matches to that same genomic sequence. We 
then used HOMER scanMotifsGenomeWide.pl to identify all occur-
rences in the hg38 reference genome for the motifs GGAA_3x_1mm, 
GGAA_3x, GGAA_6x, GGAA_9x, and GGAA_12x. We used HOMER 
mergePeaks to merge identified motifs into uniform 200 bp genomic 
intervals (−d 200), each of which was centered on one or more motif 
instances and was annotated with the most stringent contained 
motif. This set of annotated repeat-containing intervals was then 
overlapped with the union set of ATAC-seq peaks in 13 B-ALL cell 
lines. HOMER annotatePeaks was then used to annotate each interval 
in the union ATAC-seq/GGAA repeat set with normalized H3K27ac 
ChIP-seq signal in an 800-bp window.

To generate histograms of ATAC-seq or H3K27ac ChIP-seq signal 
associated with nonrepeat and repeat-containing nucleosome-free 
regions, we assigned each peak in the union set of distal ATAC-seq 
peaks from 13 B-ALL cell lines or 24 primary B-ALL samples (ref. 14; 
reprocessed as described above) to one of three groups based on 
whether it contained a 6× GGAA motif, 3× (but not 6×) GGAA motif, 
or neither. HOMER annotatePeaks (-hist 25 -size 3,000) was used 
to generate normalized histograms for the appropriate ATAC-seq 
or H3K27ac ChIP-seq data sets for each of the three repeat groups.

To analyze chromatin effects of ETV6 restoration in Reh cells, 
Reh ATAC-seq peaks were merged into a union interval set with 

https://github.com/Boyle-Lab/Blacklist/blob/master/lists/hg38-blacklist.v2.bed.gz
https://github.com/Boyle-Lab/Blacklist/blob/master/lists/hg38-blacklist.v2.bed.gz


ETV6 Loss Unlocks ERG-Activated GGAA Enhancers in B-ALL RESEARCH ARTICLE

 JANUARY  2023 BLOOD CANCER DISCOVERY | 49 

ETV6-WT-V5 peaks and GGAA repeat–containing intervals (defined 
as above, a total of 147,399 intervals). Normalized H3K27ac ChIP-
seq signal from Reh cells expressing tagBFP, ETV6-WT-V5, and 
ETV6-R399C-V5 (two replicates each) was calculated in an 800-bp 
window around each peak. DESeq2 was used to calculate log2 fold-
change values for acetylation associated with each peak, using default 
parameters with apeglm shrinkage. ggplot2 was used to display 
boxplots for differential acetylation data according to the repeat and 
ETV6 binding status of each interval.

RNA-seq transcript levels for DoxON-tagBFP, ETV6-WT-V5, and 
ETV6-R399C-V5 expressing cells were quantified with Salmon and 
collapsed to gene level (Ensembl, Feb2014) with tximport. Differ-
ential gene-expression analysis was performed with DESeq2. The 
same approach was used to analyze RNA-seq data from doxycycline-
inducible dCas9-KRAB–expressing Reh cells transduced with an ERG 
promoter-targeting sgRNA or nontargeting control (3 replicates 
each, 72 hours after doxycycline treatment).

The ROSS2003_ETV6-RUNX1_UP gene set was derived from Ross 
and colleagues (1), Supplementary Information, section II “Top 100 
chi-square probe sets selected for TEL-AML1, decision tree format,” 
including all genes with HD>50 above mean that could be success-
fully converted to Ensembl 2014 gene symbols. For gene set enrich-
ment analysis, normalized gene-level RNA-seq counts for tagBFP and 
ETV6-WT triplicates were exported by DESeq2 and converted to .gct 
format. GSEA_4.1 software was then used to calculate enrichment 
for the ROSS2003_ETV6-RUNX1_UP gene set.

To link differentially expressed genes to candidate regulatory ele-
ments, runSeq2gene (Bioconductor package: seq2pathway) was used 
to link each interval in the Reh ATAC-seq/ETV6-V5 ChIP-seq/GGAA 
repeat union interval set to each hg38 Ensembl 2014 gene TSS within 
200 kbp. Intervals were annotated (HOMER annotatePeaks) with 
normalized acetylation signal for ETV6 transgene or tagBFP control 
transgene-expressing cells, 13 B-ALL cell lines, and Blueprint primary 
B-ALL samples.

For genome-wide comparison of GGAA repeat element acetyla-
tion and motif associations in ETV6–RUNX1+  B-ALL, ETV6-intact 
B-ALL, and Ewing sarcoma, HOMER annotatePeaks was used to 
annotate hg38 genome-wide repeat-containing intervals (as defined 
above) with normalized H3K27ac ChIP-seq signal (800 bp window) 
from B-ALL cell lines plus the Ewing sarcoma cell lines A673 and 
SKNMC (data from Riggi and colleagues; ref.  56). B-ALL cell lines 
were grouped as ETV6-null (Reh, AT-1, UoCB6, and MUTZ-5; AT-2 
was omitted due to shared origin with AT-1), or ETV6-intact (SUP-
B15, NALM-6, SEM, RS4;11, KOPN-8, HAL-01, and MHH-CALL-3; 
SUP-B13 was omitted due to shared origin with SUP-B15), and 
median acetylation values determined for each interval in each 
group. Intervals with median acetylation value log2(tags per mil-
lion  +  1)  <  2 for both the ETV6-null and ETV6-intact groups were 
defined as being “non-acetylated,” intervals with median acetyla-
tion value log2(tags per million + 1) > 4 for both the ETV6-null and 
ETV6-intact groups were defined as having “shared acetylation” and 
intervals with log2(tags per million  +  1)  <  4 in ETV6-intact,  >4 in 
ETV6-null, and log2(ETV6-null tags per million  +  1)  −  log2(ETV6-
intact tags per million  +  1)  >  2 were defined as “ETV6-null-specific 
acetylation.” Homer findMotifsGenome was then used to determine 
enrichment of known TF motifs in the ETV6-null–specific acetylation 
intervals or shared acetylation intervals (200-bp window), versus the 
nonacetylated intervals used as a custom background (option -b).

To generate heat maps of ETV6, ERG, and H3K27ac ChIP-seq 
signal, the union set of ATAC-seq peaks from 13 B-ALL cell lines was 
annotated with H3K27ac signal for 13 B-ALL cell lines (800-bp win-
dow) and filtered to retain peaks with normalized H3K27ac signal >5 
fragments per million in at least one cell line. Peaks were then anno-
tated with signal profiles from each ChIP-seq data set using HOMER 
annotatePeaks with options -size 8,000 -hist 20 -ghist. Groups of 
peaks containing 6× GGAA repeats or no repeats (<3× GGAA) were 

retained, with the latter group randomly downsampled such that 
each group had equal numbers of peaks. Peaks were then sorted 
according to maximum ERG ChIP-seq signal (400-bp window) across 
all six cell lines.

Comparison of GGAA Repeat Acetylation and Accessibility 
Across Diverse Cell Types

To compare GGAA repeat acetylation and accessibility across 
diverse cell types, we generated a set of 400-bp genomic intervals con-
taining all GGAA repeats for hg38 (6× GGAA_0mismatch, n = 5,426; 
3× GGAA_0mismatch, n = 16,897; 3× GGAA_1mismatch, n = 72,678), 
as well as control intervals consisting of 100,000 random genomic 
intervals (bedtools random) and a published set of universally chro-
matin-accessible housekeeping gene promoters (n = 6,440; ref. 70). An 
identical approach was used to generate corresponding intervals for 
mm10. We used deepTools multiBigWigSummary to generate signal 
matrices for these intervals from ATAC-seq or H3k27ac ChIP-seq 
bigwig files (intervals were expanded to 1 kb for H3K27ac).

Bigwig inputs for Fig.  2D/Supplementary Fig.  S4A consisted of 
uniformly processed primary human H3K27ac ChIP-seq bigwig files 
from the Blueprint consortium (ETV6–RUNX1+ B-ALL n  =  3; other 
B-ALL n = 11; other blood cancer n = 52; sorted normal hematopoi-
etic, immune, and stromal cell populations n = 78). The signal matrix 
was quantile normalized across all samples and intervals. For each 
interval subset (GGAA repeat sets, random control regions, and 
housekeeping promoters), signal values were then ranked within each 
population and plotted.

Bigwig inputs for Fig.  2E/Supplementary Fig.  S4B consisted of 
pseudobulk ATAC-seq tracks generated from normal human bone 
marrow single-cell ATAC-seq data sets as described in the original 
publication (71) by filtering, normalization, and clustering of single-
cell data, followed by assignment of clusters to 23 known popula-
tions. Because preprocessed data sets from this work were only 
available for hg19, we used UCSC liftOver to convert the midpoint of 
all intervals to hg19 coordinates, and then reexpanded to 400 bp. We 
generated a single signal matrix for these intervals from normal bone 
marrow scATAC-seq data sets and hg19-aligned bulk ATAC-seq data 
sets from primary ETV6–RUNX1+, DUX4-rearranged, and hyperdip-
loid B-ALL samples (14), and then quantile normalized, ranked, and 
plotted data as described above.

Bigwig inputs for Supplementary Fig. S4C consisted of pseudob-
ulk ATAC-seq tracks (hg38 bigwigs, processed as originally described) 
generated by scATAC-seq from diverse normal human adult and 
fetal tissues (72), with clusters assigned to 222 known cell types. The 
same primary B-ALL bulk ATAC-seq data sets used above (ref. 14; but 
aligned to hg38) were included in the signal matrix for hg38 intervals, 
which was then quantile normalized and plotted as described above.

Bigwig inputs for Supplementary Fig.  S4D consisted of mm10-
aligned bulk ATAC-seq data sets from sorted mouse hematopoietic 
and immune system-related cell populations (n  =  90) generated via 
uniform methods by the Immgen Consortium. A signal matrix was 
generated for all samples for 400-bp GGAA repeat and control region 
intervals. Quantile normalization and plotting were performed as 
described above.

Chromatin Accessibility and Evolutionary Conservation of 
Consensus ETV6–RUNX1, ETV6, and ERG Motifs

Peaks from ChIP-seq with ETV6 n-terminal (Atlas #HPA000264) 
and ERG antibodies in E-R+/ETV6WT-null cell lines (Reh, UoCB6) 
and ETV6-intact cell lines (SEM, NALM6) were resized to a uniform 
300 bp. Note that ETV6 n-terminal ChIP-seq peaks in E-R+/ETV6WT-
null cell lines were interpreted as binding sites for ETV6–RUNX1 
and peaks obtained with the same antibody in ETV6-intact cell 
lines were interpreted as binding sites for ETV6WT. GenomicRanges 
findOverlaps was used to identify consensus peaks shared in the 
E-R+/ETV6WT-null cell lines but not the ETV6-intact cell lines and 
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vice versa, whereas peaks shared by all four cell lines were identified 
for ERG data sets. We then used deepTools multiBigWigSummary 
to generate signal matrices for these intervals from normal human 
bone marrow cell populations derived from TSS-normalized single-
cell ATAC-seq data sets (71) as described above. Intervals were further 
subdivided for some figures by overlaps with 3× GGAA and 6× GGAA 
repeat-containing intervals.

To generate sequence conservation profiles for consensus ETV6 
and ERG peak sets (divided into GGAArep+ and GGAArep− for peak 
sets with  >2% GGAA overlaps), we used deepTools computeMatrix 
reference-point (-referencePoint center -a 1,000 -b 1,000) to sum-
marize phyloP base-wise conservation signal derived from Cactus 
241-placental mammal multialignment (bigwig accessed at). To look 
at factor binding interval conservation between humans and specific 
species, hg38 consensus TF binding intervals were resized to 200 bp, 
and we then used the UCSC liftOver command line tool to map all 
intervals in multiz chain files for hg38 and 5 other species (chim-
panzee PanTro5, rhesus macaque RheMac10, dog CanFam5, mouse 
Mm10, and opossum MonDom5) with a minimum base remap-
ping ratio of 0.1 (intervals returning corresponding intervals or the 
error “Duplicated in new” were considered alignable, whereas errors 
“Deleted in new,” “Partially deleted in new,” and “Split in new” were 
considered nonalignable.

Analysis of GGAA Repeat Binding across Diverse ETS 
Factor Data Sets and Cell Types

ChIP-seq binding peaks for ETV6, ERG, FLI1, ETS fusion proteins, 
and other wild-type ETS factors were obtained from several sources 
(73–78). See Supplementary Table S6 for details of data source and 
processing. Peaks were resized to a uniform width of 300 bp and 
were overlapped with 300-bp intervals containing all hg38 3× GGAA 
repeats using genomicRanges findOverlaps.

Primary B-ALL Gene-Expression Analysis
Normalized RNA-seq gene-expression values, subtype assign-

ments, fusion genes, and ETV6 copy-number abnormalities for 
1,988 B-ALL samples were obtained from published Supplemen-
tary Data Tables (2) and the St Jude Cloud website (https://pecan.
stjude.cloud/proteinpaint/study/PanALL). The set of upregulated 
signature genes for the ETV6–RUNX1 and ETV6–RUNX1-like B-ALL 
were defined as published (log2 fold change > 1 and Padj <0.05 for 
the whole cohort (2). Samples with corresponding copy-number 
data (n = 1,141) were used for further analysis. Uniformly processed 
NCI TARGET B-ALL phase II data were downloaded from cBio-
Portal, including gene-expression Z-scores, hg19 genomic copy-
number segmentation, ETV6–RUNX1 FISH results, and assigned 
molecular subtype. Analysis was performed on a subset of TARGET 
samples (102 total) from unique patients with both RNA-seq and 
CNA segmentation data available, after the removal of patients 
also represented in the St. Jude data set based on a published key 
of matched St Jude/PCGP and TARGET patient identifiers (79). 
Molecular subtypes were used as provided except that the groups 
“Trisomy of both chromosomes 4 and 10,” “Hyperdiploidy with-
out trisomy of both chromosomes 4 and 10,″ and “Hyperdiploid; 
status of 4 and 10 unknown” were merged into a single “Hyper-
diploid” group. Samples were assigned an “abnormal” ETV6 status 
if segmentation data showed monoallelic or biallelic deletion of 
any portion of the ETV6 gene, except for three E-R+ samples for 
which monoallelic deletion of ETV6 on the 3′ side of the fifth 
intron could represent loss of the der(12)t(12;21) chromosome 
without affecting the intact ETV6 gene. As these three ambiguous 
samples showed repeat enhancer–gene signature scores intermedi-
ate between the samples with no ETV6 deletions and those with 
definitive secondary ETV6 deletions, including them in either the 
ETV6-intact or ETV6-deleted groups did not affect the statistical 
significance of our conclusions.

To identify a signature of ETV6-repressed genes, we identified pro-
tein-coding genes that met the following criteria in our Reh ETV6-
WT-V5–overexpression experiments: RNA log2 fold change(tagBFP/
ETV6-WT-V5) < −0.5, Padj < 0.001, and RNA log2 fold change(tagBFP/
ETV6-WT-V5) < log2 fold change(tagBFP/ETV6-R399C-V5). We fur-
ther filtered for genes linked to an ETV6-binding site within 200 kbp 
of the promoter that showed decreased H3K27ac signal in ETV6-WT-
V5 versus tagBFP (1 kb window, H3K27ac log2 fold change < −0.25, 
P  <  0.05). Seventy-one genes met these criteria, of which 40 were 
significantly overexpressed in ETV6-RUNX1+/− like B-ALL from the 
St. Jude data set according to the published analysis (2).

Comparative Genomic Analysis
The following approach was used to compare the relationship 

between GGAA repeats and gene promoters across mammalian spe-
cies. HOMER scanMotifsGenomeWide was used to independently 
identify GGAA repeat-containing intervals in the hg38 (human), pan-
Tro5 (chimpanzee), Mmul10 (rhesus macaque), and mm10 (house 
mouse) genomes. UROPA (80) was used to annotate the distance 
from each repeat to the start sites of all genes within 1 Mbp, using 
.gtf gene annotation files from ENSEMBL version 102. Gene-repeat 
linkages were filtered to retain only ENSEMBL genes with anno-
tated homologs across all 4 species in the ENSEMBL 102 Biomart 
database. For pairwise comparisons between species, further filter-
ing retained only the pair of gene homolog-repeat linkages with the 
shortest genomic distance in humans, and only one pair of gene 
homologs per HUGO gene symbol, selected for the least difference 
in genomic distance from gene homolog to repeat between the 
two species.

CRISPR Interference
To design sgRNAs targeting GGAA microsatellite enhancers, we 

used FlashFry (81) to identify and score all candidate sgRNAs in 
a 2-kb window around repeats of interest. Candidates were kept 
that met the following scoring criteria: Doench2014OnTarget > 0.1, 
Hsu2013  >  50, JostCRISPRi_specificityscore  >  0.1, dangerous_
GC  =  =  “NONE,” dangerous_polyT  =  =  “NONE,” dangerous_in_
genome = =  “IN_GENOME = 1”, otCount < 500. The final sgRNAs 
used for experiments were selected on the bases of shortest distance 
to GGAA repeat and highest Doech2014 on-target score (see Sup-
plementary Table  S1). Complementary oligonucleotides encoding 
sgRNA sequences plus appropriate overhangs were annealed and 
cloned into BsmBI-digested sgOpti (Addgene #85681).

A CRISPRi-ready Reh cell population with dox-inducible dCas9-
KRAB and a GFP reporter (Reh-CiG) was generated as follows. Reh 
cells were transduced with lentivirus produced from TRE3-KRAB-
dCas9-IRES-GFP and pLVX-EF1alpha-Tet3G vectors. Cells were 
serially sorted for GFP+ cells after doxycycline induction, for GFP-
negative cells without doxycycline induction, and again for GFP+ cells 
after doxycycline induction.

For enhancer-targeting sgRNA experiments, Reh-CiG cells were 
transduced with control and repeat enhancer-targeting sgRNA len-
tivirus by spinfection. Cells were treated 48 hours after transduction 
with 1 μg/mL puromycin and 100 ng/mL doxycycline and were har-
vested 5 days after transduction for RNA extraction and qRT-PCR.

Optimized promoter-targeting sgRNA sequences for the knock-
down of ERG and FLI1 were selected from the “Dolcetto” genome-
wide human CRISPRi library (82). For the knockdown of ERG and/or 
FLI1, variants of the sgOpti vector were generated by cloning tagBFP 
(sgMW-tagBFP) or tagRFP (sgMW-tagRFP) into BamHI and MluI-
digested sgOpti in place of the PuroR gene. An ERG-targeting sgRNA 
sequence or nontargeting control was cloned into sgMW-tagRFP and 
an FLI1-targeting sequence was cloned into sgMW-tagBFP. Reh-CiG 
cells were transduced with appropriate combinations of control, 
ERG, FLI1, or ERG + FLI1 targeting sgRNA lentivirus and were flow 

https://pecan.stjude.cloud/proteinpaint/study/PanALL
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sorted to ensure uniform expression of the appropriate fluorescent 
reporter(s). Cells were then induced with 500 ng/mL doxycycline for 
3 days prior to RNA harvest and qPCR analysis.

Cas9 Ribonucleoprotein-Based Genome Editing and 
Assessment of EPOR-Dependent Signaling

Cas9 protein, tracerRNA, and custom sgRNAs were purchased 
from IDT DNA (ALT-R), and Cas9 ribonucleoprotein complexes 
(RNP) were generated according to the manufacturer’s instructions. 
Mock electroporation (no RNP) or electroporation with RNP tar-
geting MME (CD10), EPOR, or the EPOR-associated GGAA repeat 
(50/50 mix of two flanking sgRNAs) were electroporated into AT-2 
cells with the NEON system (10 μL tips, pulse voltage: 1750 V, pulse 
width: 20 ms, pulse number: 1). Each biological replicate consisted of 
two sequential electroporations of 5 × 105 cells done in the same tip 
and pooled into a single recovery well containing 1 mL of prewarmed 
media. Two replicates were performed per modification, per experi-
ment, and data from two separately conducted experiments were 
pooled for the final analysis.

Biallelic genome modification efficiency for a single sgRNA was 
estimated at >80% of cells based on loss of CD10 expression at > 1 
week post-electroporation in samples electroporated with MME-
targeting RNP. Efficiency of GGAA repeat excision in dual-sgRNA 
experiments was calculated by PCR amplification of genomic DNA 
containing the deletion target with primers P1-F and P1-R, visual-
ized by gel-electrophoresis on a 2% agarose/TAE gel prestained with 
1×  GelGreen (41005, Biotium). Bands were quantified with the Fiji 
package (ImageJ) and normalized by base-pair length to calculate the 
relative concentration of intact versus GGAArep-deleted amplicons.

Erythropoietin-dependent phospho-STAT5 activation was meas-
ured via flow cytometry 4 days after electroporation. 300,000 Cas9-
modified and mock-electroporated cells were equilibrated overnight 
in 0.5 mL fresh media. Cells were then treated with 100 IU/mL of 
recombinant erythropoietin (Amgen NDC55513028301) for 30 min-
utes. Fixable viability stain (BD 562247) was added during the final 
5 minutes of EPO treatment. Cells were fixed using Cytofix Fixation 
Buffer (BD 554655) and incubated for 10 minutes at 37°C. After 
washing, cells were permeabilized with Perm Buffer III (BD 558050) 
on ice for 30 minutes, washed, and stained with AF647-conjugated 
phospho-Stat5 (pY694; BD 612599) and read out with a Bio-Rad ZE5 
Analyzer. Results were consistent across two experiments conducted 
and assayed on separate occasions, with all replicates from both 
experiments pooled for the final analysis.

Data Availability
New sequencing data sets produced for this work are avail-

able at GEO under accession number GSE186942. Previously 
published data are available under accession numbers GSE69558 
and GSE97541. BLUEPRINT epigenome consortium H3K27ac 
ChIP-seq data were accessed at http://dcc.blueprint-epigenome.
eu/#/data sets. NCI TARGET transcriptomic data were accessed at  
https://portal.gdc.cancer.gov/projects.
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