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Heritable single nucleotide polymorphisms (SNPs) in six genomic loci have been associated
with childhood ALL risk in genome-wide association studies (GWAS) of European-ancestry
populations. Four of these heritable ALL risk loci are near genes crucial for hematopoietic
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differentiation, including CEBPEle. CEBPE encodes one of a family of six known CCAAT-
targeting bZIP transcription factors which critically regulate myelopoiesis. To identify causal
polymorphisms underlying the childhood ALL association peak near CEBPE, we performed
SNP genotyping, imputation-based fine-mapping, and functional validation analyses of the
chromosome 14g11.2 locus in a multi-ethnic case-control population of Hispanic children
from the California Childhood Leukemia Study (CCLS) and European-ancestry children
from the Children’s Oncology Group (COG), totaling 1277 cases and 3078 controls.

Supplementary Figure 1 and Supplementary Table 1 summarize the study design and study
populations (full methods in online supplement). Briefly, 297 Hispanic B-cell ALL (B-ALL)
cases and 454 Hispanic controls underwent genotyping and targeted fine-mapping.
Additional GWAS data was used to perform imputation-based fine-mapping in 980
European-ancestry COG ALL subjects and 2624 Wellcome Trust Case Control Consortium
controls (WTCCC)S. An additional 271 cases and 436 controls from the CCLS underwent
targeted Sequenom genotyping. Association tests were performed using an allelic additive
model, adjusted for ancestry-informative principal components.

Using all available genome-wide SNP data, we imputed all the common SNPs in the CEBPE
region using a multi-ethnic reference panel from the 1000 Genomes Project. Three SNPs
(rs2239635, rs8007237, rs56031127) were more significantly associated than either of the
previously reported GWAS hits (rs2239633 and rs4982731) (Supplementary Table 2)1'4. The
most statistically significant association detected in analysis of the combined CCLS and
COG data was at rs2239635 (Pmeta=5.1x10711, 0.R.=1.45, 95% C.1.=1.30-1.62) (Figure 1a).
Imputed genotype and directly assayed genotype at rs2239635 were 97.9% concordant,
validating imputation accuracy.

In addition to being more significantly associated than the previously reported GWAS hits,
rs2239635 remained significantly associated with ALL risk in conditional analyses adjusted
for rs2239633 and for rs4982731 (P= 8.4x107° and 0.011, respectively) (Figure 1b-c).
Furthermore, in conditional analyses adjusted for this new top hit, the previous ALL GWAS
hits at rs2239633 and rs4982731 no longer reached statistical significance (P=0.076 and
0.11, respectively) (Figure 1d), suggesting that rs2239635, or a variant in strong LD,
underlies the CEBPE association signal first detected by GWAS.

In the 100kb CEBPE imputation region, Haploview analysis identified 15 distinct haplotype
blocks among CCLS Hispanics compared with only 8 in the COG European-ancestry
population (Supplementary Figure 2). Taking advantage of this reduced LD, we performed
stratified association analyses in CCLS Hispanics to further refine the CEBPE association
signal. Among 297 Hispanic B-ALL cases and 454 Hispanic controls with GWAS data
available in the CCLS, rs2239635 was again the most significantly associated SNP by nearly
two orders of magnitude (Supplementary Table 2). The minor allele was associated with a
1.87-fold increase in the odds of B-ALL in Hispanics (95% Cl=1.51-2.30; P=6.2x1079).

SNPs in the CEBPE region generally showed stronger associations with the high-
hyperdiploid B-ALL subgroup (Supplementary Table 2 and Supplementary Figure 3). The
minor allele of rs2239635 conferred 2.94-fold increased odds of high-hyperdiploid B-cell
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ALL (95% CI = 2.12-4.06; P = 8.2x10711), but only 1.51-fold increased odds of non-
hyperdiploid B-ALL (95% CI = 1.11-2.04; P = 8.8x1073). In case-case comparisons,
rs2239635 was associated with a 1.66-fold increase in the odds of high-hyperdiploid B-ALL
relative to non-hyperdiploid B-ALL (P=0.0034), demonstrating a robust difference in the
magnitude of effect across subtypes.

Top associated SNPs were functionally annotated using ENCODE?2 data5v6, and assessed if
they were cis eQTLs for CEBPE' . Functional annotations indicated that the top-ranked SNP,
rs2239635, impacts CEBPE expression (P=0.01) and is among the most functionally-
relevant variants in the region (Supplementary Table 2). These annotations also suggest a
potential mechanism by which rs2239635 affects expression, as the SNP is located within an
Ikaros transcription factor binding site and is predicted to affect TF bindings. Ikaros is
encoded by the /KZF1 gene, a critical mediator of hematopoietic differentiation which has
also been associated with ALL risk in GWASl'Z.

To test the predicted disruption of the Ikaros binding site, we identified three normal fetal
bone marrow samples heterozygotes at rs2239635. Such heterozygotes contain a natural
“test allele” along with a “control allele” for comparison. In ChlIP experiments, the wild-type
(WT) allele, which maintains the canonical Ikaros binding motif (TTTGGGAGG, Figure
2a), immunoprecipitated significantly more efficiently than the risk allele (P<0.05) (Figure
2b). This indicates that the risk allele “C” disrupts Ikaros binding near CEBPE in its native
physiological state. However, it is unlikely that the “C” allele completely abolishes binding
due to its location at the periphery of the Ikaros binding motif and it is noted that the 1gG
control also displayed a slight assay readout bias towards the “C” allele.

Using a model expression vector, we tested whether the genomic region including

rs2239635 affects transcription of CEBPE. Since lIkaros is a known transcriptional repressor
we cloned the segment into a vector with a known strong transcriptional activation sequence,
the promoter of PTPR69 . Plasmids containing the CEBPE promoter segment were
significantly repressive compared to the PTPRG promoter alone (P < 0.001), confirming the
repressive properties of the CEBPE promoter segment. Gene repression was not significantly
different for the “C” allele than the “G” allele possibly due to the comparatively low
expression of lkaros in 293 cells.

Because a previous GWAS identified an ALL risk locus at rs4132601 in /KZF1 that is
associated with reduced gene expressionl, and because our experiments suggest biologic
interaction between /KZF1 and CEBPE, we tested for statistical interaction between SNPs.
In case-control analyses of high-hyperdiploid B-ALL, rs2239635 and rs4132601 displayed
significant multiplicative interaction in CCLS Hispanics (P=0.021; N=147 cases, 714
controls). A weaker interaction was detected in analysis of all CCLS B-ALL samples with
genotyping data for both SNPs (P=0.061; N=449 cases, 714 controls). The direction of the
interaction indicates that the combined effect of rs2239635 (CEBPE) and rs4132601
(/KZF1) risk alleles is greater than would be expected if they operated independently.
Although rs2239635 showed a stronger effect in high-hyperdiploid leukemia, effects were
similar in cases with /KZF1 deletions as in those without (OR=2.17 and 2.23, respectively).
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CEBPE and /KZF1 expression levels were compared to investigate changes in expression
during B-cell development. CEBPE expression was highest in multipotent progenitor cells
(S1) and declined sharply as cells progressed to B-cell-committed progenitors, including
pre-B-I1 cells (S2), pre-B-11 cells (S3) and immature B-cells (S4) (Supplementary Figure 4a).
CEBPE expression dropped again when cells transitioned to mature B-cells. This pattern
was tightly and inversely coordinated with expression of /KZF1 (Supplementary Figure 4b).
As expected, expression of both CEBPE and /KZF1 in patient leukemic B-cells was most
similar to that in early stage B-cells (Supplementary Figure 4), believed to be the B-ALL
cell-of-origin.

We identify an allele in the CEBPE gene promoter that impacts risk of childhood ALL by
disrupting binding of the Ikaros transcriptional repressor. Additionally, we note a
cytogenetic subtype-specific association between the functional SNP of CEBPE and high-
hyperdiploid B-ALL. Because high-hyperdiploid leukemias typically carry an extra
chromosome 14, leading to 3 copies of CEBPE, overexpression of CEBPE may be critical
for development of high-hyperdiploid B-ALL.

CEBPE is a critical modulator of myelopoiesis. Disruption of C/EBP proteins, including C/
EBPe, alters myelopoiesislo. C/EBPe is not required for B-cell maturation or function,
opening a question as to why a polymorphism affecting a subtype of pre-B-ALL may be
located proximal to the gene. As progenitor cells choose their lineage fate, transcription
factors that are required for other fates must be shut off permanentlyll. Also, maturation
towards a pre-B cell from a common lymphoid progenitor is associated with strong
expression of Ikaros, a transcription factor essential for B-cell development with both
activating and repressive propertieslz. Our results suggest that lineage commitment for pre-
B cells involves the suppression of CEBPE by lkaros, and a polymorphism that disrupts this
repression promotes B-ALL risk. Incomplete suppression of CEBPE by lkaros may lead to
lineage confusion, a common feature of leukemogenesis

That overexpression of a non-B-cell specific transcription factor would increase risk of a B-
cell malignancy is not without precedent. A heritable polymorphism in the T-cell-specific
transcription factor GATA3 s associated with higher GATA3Z expression and also with
increased B-ALL risk™. Together, these observations suggest that disruption of the precise
control of lineage choice and commitment may be a more common feature of
leukemogenesis than represented by the rare diagnosis of mixed-lineage leukemias (typically
associated with MLL1or BCR-ABL 1 gene translocations). Common heritable genetic
modifiers are likely to contribute much more subtle and specific alterations in hematopoietic
cell development than the broad epigenetic changes induced by acquired gene fusions, but
may add significantly to the burden of disease due to their high prevalence. Additional work
is needed to conclusively determine the role of CEBPE control in lymphoid neoplasia;
however, its connection with Ikaros function is supported by our ChIP experiments and a
demonstrated statistical interaction between the two SNPs in conferring leukemia risk.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Association of SNPsin the CEBPE locuswith ALL risk, with adjustment for previous

GWAS lead SNPs and novel lead SNP rs2339635

Lead SNP rs2339635 appears in purple, with other SNPs colored to indicate their degree of
linkage with rs2339635. A) Association of SNPs in the CEBPE locus with ALL risk. B)
Association of SNPs in the CEBPE locus with ALL risk, adjusted for rs2239633, the top hit
from two previous GWA81'15. C) Association of SNPs in the CEBPE locus with ALL risk,
adjusted for rs4982731, the top hit from a previous GWAS4. D) Association of SNPs in the

CEBPE locus with ALL risk, adjusted for rs2239635, the top hit from our fine-mapping

analyses.
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Figure 2. Chromatin immunoprecipitation of CEBPE promoter region
(A) The region of the promoter of CEBPE showing the perfect match for IKZF1 binding

(Regulome database) and the position of rs2339635 (boxed). The identity of the risk allele is
indicated below the box. (B) Bone marrow from 3 independent subjects heterozygous for
rs2239635 was fixed, sonicated, and precipitated with an antibody for IKZF1. Assays for
each allele of CEBPE pulled down only the “G” variant of rs2339635, without pulling down
the “C” variant any more than a nonspecific 1gG control antibody (P<0.05, t-test) using a
ddPCR assay. ddPCR analysis of the input (prior to ChIP with either IKZF1 or isotype
control) is displayed on the left side of the figure.
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