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Abstract

Mutations in the CEBPA gene are present in 10-15% of acute myeloid leukemia (AML) patients.
The most frequent type of mutations leads to the expression of an N-terminally truncated variant
of the transcription factor CCAAT/enhancer-binding protein alpha (C/EBPa), termed p30. While
initial reports proposed that p30 represents a dominant-negative version of the wild-type C/EBPa
protein, other studies show that p30 retains the capacity to actively regulate gene expression.
Recent global transcriptomic and epigenomic analyses have advanced the understanding of the
distinct roles of the p30 isoform in leukemogenesis. This review outlines direct and indirect effects
of the C/EBPa p30 variant on oncogenic transformation of hematopoietic progenitor cells and
discusses how studies of N-terminal CEBPA mutations in AML can be extrapolated to identify
novel gain-of-function features in oncoproteins that arise from recurrent truncating mutations in
transcription factors.
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1 Introduction: C/EBPa Isoforms and Their Functions

The transcription factor CCAAT/enhancer-binding protein alpha (C/EBPa) is necessary for
the development of several structures, including liver, airway epithelium, and adipose tissue.
[1.2] 1n the hematopoietic system, C/EBPa is important for stem and progenitor cell function
and regulates the differentiation of myeloid cells.[31 The intron-less CEBPA gene is located
on chromosome 19.913.1, and the usage of two translation initiation sites in the CEBFA
MRNA can result in the expression of the full-length C/EBPa protein, p42 (42 kDa) and a
shorter p30 isoform (30 kDa).[4l The p30 isoform lacks two of three trans-activation
elements (TE), but both isoforms share a third TE and the C-terminal basic-region leucine-
zipper (bZIP) that is required for dimerization and DNA-binding.[>¢! Both C/EBPa p30 and
p42 can homo- or hetero-dimerize with other C/EBP family members and regulate the
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expression of genes that govern cell differentiation, growth, survival, metabolism, and
inflammation.l”] The p42/p30 ratio can influence cell fate: high p42 expression blocks cell
proliferation and results in differentiation, whereas increased p30 levels are associated with
an immature cell state and inhibition of terminal differentiation into adipocytes and
neutrophil granulocytes.[58:91 The expression ratio of the C/EBPa p42 versus p30 isoforms
can be regulated by extracellular stimuli. Abundant nutrients and growth factors stimulate
proliferation by enhancing the expression of an upstream open reading frame (UORF) in the
CEBPA mRNA. Efficient uORF translation in nutrient-rich conditions promotes re-initiation
of translation from the downstream start codon within the CEBFA-coding region, resulting
in higher levels of C/EBPa p30.159]

C/EBPa exerts several gene regulatory functions via its interaction with other transcription
factors and epigenetic regulators. For instance, C/EBPa was shown to harbor pioneer factor
activity and prime chromatin at myeloid-specific regions in cooperation with PU.1 and
RUNX1.[3.10] Furthermore, cooperative interactions between C/EBPa and GATA2 were
shown to play a central role in eosinophil differentiation.[2:2] The interplay of C/EBPa with
histone acetyltransferases (such as CBP and p300) and the SWI/SNF chromatin remodeling
complex is important for its gene regulatory functions, highlighting the critical role of C/
EBPa within complex networks of proteins that are involved in epigenetic control of gene
expression.[11-131 |n addition, C/EBPa p42 can directly interact with and stabilize p21 to
inhibit cyclin dependent kinases, such as CDK4, thereby restraining cell cycle progression.
Furthermore, direct suppression of E2F activity by interaction with p42 results in indirect
inhibition of c-MYC expression and growth arrest.[6.:14-18]

Besides C/EBPa, other transcription factors play important roles in the development and
differentiation of hematopoietic cells, including RUNX1, PU.1, and GATA2.[19] De-
regulation of the transcription factor network and changes in protein levels can affect cell
fate decisions and promote leukemogenesis. Indeed, mutated or de-regulated master
transcription factors are regularly identified as oncogenic drivers in leukemia.[19-27]
Mutations in the CEBPA gene are found in 10-15% of de novo acute myeloid leukemia
(AML) cases, predominantly in patients with normal karyotype acute myeloid leukemia
(NK-AML).[28-30] The mutations are not equally distributed across the CEBPA locus but
cluster in two hotspots in different regions of the gene (Figure 1). N-terminal frameshift
mutations result in the selective ablation of expression of the full-length C/EBPa p42
isoform. As the mutated region lies upstream of the internal translation initiation codon, they
lead to exclusive expression of the shorter C/EBPa p30 variant. Alternatively, mutations in
the C-terminal bZIP region disrupt the DNA-binding and/or dimerization ability of C/EBPa.
[1,5.6,28] By hinding to co-factors, C-terminal mutated C/EBPa proteins can sequester these
proteins away from chromatin, thereby functioning in a dominant-negative manner.[51 AML
patients frequently harbor an N-terminal frameshift mutation on one allele together with a C-
terminal mutation on the other one, resulting in biallelic expression of different CEBFA
mutants. Since 2016, AML with biallelic CEBPA mutations represents a separate disease
entity in the World Health Organization (WHO) classification of myeloid neoplasms and
acute leukemia, as it harbors few additional mutations, features a unique gene expression
and immunophenotypic profile, and is associated with good prognosis.[28:31-36] The p30
variant is often the only functional C/EBPa protein in leukemia cells with biallelic CEBPA

Bioessays. Author manuscript; available in PMC 2020 August 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Schmidt et al.

Page 3

mutations, but the molecular mechanisms underlying oncogenic transformation by N-
terminal CEBPA mutations is unclear.[1:28] |n the following sections, we discuss recent
advances in our understanding of C/EBPa p30-specific functions that might promote
leukemogenesis.

2 C/EBPa p30-A Gain-of-Function Variant?

2.1 C/EBPa p30 Actively Changes Global Gene Expression Programs

The hypothesis that C/EBP a p30 possesses functions that are distinct from p42 already
emerged over a decade ago, when p30 was found to have the ability to bind to gene
promoters and repress gene expression independently of p42 in hepatoma cells.[37] Since
then, several groups have provided evidence that p30 is a functional C/EBPa variant that is
capable of selectively altering gene expression programs. For instance, p30 was shown to
up-regulate the expression of Ubc9, which leads to a decrease in the p42/p30 ratio via
addition of small ubiquitin-like modifier proteins (sumoylation) and subsequent down-
regulation of p42 in leukemia cells.[38] The resulting block in myeloid differentiation could
be reversed by siRNA-mediated knockdown of Ubc9 and restoration of p42 levels.
Furthermore, the peptidyl-prolyl isomerase PIN1 was up-regulated upon p30 overexpression.
[391 PIN1 is highly expressed in many cancers including AML and is known to increase the
stability of the proto-oncogene c-Jun, resulting in a differentiation block.[4%] C/EBPa p30
was also shown to bind to the promoter of m/R-181aand directly up-regulate its expression,
which sensitizes AML cells to chemotherapy.[4] Along the same lines, Hughes et al.
discovered opposing roles of the p42 versus p30 C/EBPa isoforms in the regulation of the
long non-coding RNA UCAI While both isoforms were capable of directly binding to the
promoter of UCAZ, only p30 was able to induce UCAI-expression. In turn, high levels of
UCA1 promote cell growth and proliferation by inhibiting the expression of the cell cycle
regulator p27iP.[42]

2.2 C/EBPa p30 Chromatin Binding Directly Regulates Gene Expression

While all the above-mentioned studies focused on individual genes, a recent study by
Jakobsen et al. investigated global p30-dependent gene expression changes. The authors
performed comparative analyses of transcriptomic data derived from a mouse model of
CEBPA-mutated AML and from samples of AML patients with biallelic CEBPA mutations.
By comparing these C/EBP a-mutated leukemic cells with normal GMPs (granulocyte-
macrophage progenitors), which represent their closest healthy counterparts, 102 genes were
identified whose expression is de-regulated in human and mouse cells in response to C/
EBPa mutations. Therefore, this gene set likely represents conserved effectors that might be
functionally implicated in CEBPA-mutated AML. Only a small subset (20 genes) was up-
regulated in C/EBPa-mutated cells, including ARPP21, NT5E, and /ITGAX. Of these,
CD73, the gene product of the N75E gene, was also present at higher protein levels in cells
with C/EBPa mutations. Two upstream enhancer regions were found to physically interact
with the N5e promoter and strongly activate transcription, which was elegantly
demonstrated by quantative analysis of chromosome conformation capture assays (3C-
gPCR). Indeed, the C/EBPa p30 isoform was bound to an upstream enhancer of Nt5e and
regulates CD73 expression levels. CD73 catalyzes the conversion of adenosine
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monophosphate to adenosine. As a result of up-regulated CD73 expression, elevated levels
of adenosine stimulated proliferation and inhibited apoptosis in leukemia cells with C/EBPa
mutations. In line with this, down-regulation of CD73 expression via clustered regularly
interspaced short palindromic repeats interference (CRISPRI) (targeting the p30-bound
enhancer) or RNA-interference significantly extended survival in a mouse model of CEBPA-
mutated AML. Adenosine signaling requires members of the adenosine G-protein-coupled
receptor family, which comprises four members: the A1 receptor, A2A receptor (A2AR),
A2B receptor, and A3 receptor. Of these, only A2AR (encoded by the ADORAZA gene) was
highly expressed in mouse and human C/EBPa-mutated cells.[43] A2AR affects immune
processes including pro-inflammatory cytokine secretion, macrophage-mediated
phagocytosis, and C2 activation.[44] In the context of CEBRPA-mutated AML, adenosine
signaling appears to function in a paracrine or autocrine manner through A2AR, as A2AR
inhibition showed beneficial effects in a mouse model of CEBFA-mutated AML.

2.3 C/EBPa p30 Is Associated with Regulatory Regions across the Genome

In the same study, global chromatin association patterns of C/EBPa isoforms as well as
epigenetic marks were assessed to characterize isoform-specific differences in p42- versus
p30-expressing cells. Although both C/EBPa isoforms share the C-terminal DNA-binding
domain, a subset of genomic regions (12.3%; 3815 of 30951 regions) was bound exclusively
by either the p42 or the p30 isoform. Interestingly, most of these regions (63.7%; 2430 of
3815 regions) were occupied by the oncogenic p30 protein. While genomic regions with
shared C/EBPa isoform binding as well as p42-specific binding sites harbored high-affinity
C/EBPa consensus motifs, p30 localized to low-affinity C/EBPa binding sites. In addition,
p30-occupied regions were enriched for transcription factor binding motifs for ERG, FLI1,
and PU.1 proteins. In contrast, co-binding with the transcription factor HLF appears to be
exclusive for p42, as only p42 binding sites harbored HLF consensus motifs and HLF
expression was significantly down-regulated in p30-expressing cells. The findings of
differential distribution of transcription factor binding motifs at isoform-exclusive genomic
sites suggest that p42 and p30 can interact with different co-factors on chromatin. In
addition to different distribution of transcription factor binding motifs, p42-bound regions
were associated with lower histone 3 lysine 27 (H3K27) acetylation and lower histone 3
lysine 4 (H3K4) mono-methylation, while p30-bound regions as well as loci occupied by
both p42 and p30 displayed high levels of these histone marks. As both H3K27 acetylation
and H3K4 monomethylation are characteristics for enhancer regions, these results suggest
that p30 preferably binds to primed enhancer regions, while p42 might be less dependent on
the prior presence of chromatin marks that are associated with active transcription. This is
consistent with data showing that C/EBPa can act as a pioneer factor in cooperation with
other transcription factors, but it is not known if this feature is preserved in the truncated p30
variant of the protein.[3-10] Based on these observations, it is proposed that higher levels of
p30 protein as found in patients with CEBPA mutations enable p30 binding to low-affinity
C/EBPa motifs at active and/or primed enhancers. In general, chromatin binding of either C/
EBPa isoform was positively correlated with transcriptional activation, although the
transcriptional activity of p30 is weaker than p42. This is in line with the observation that
genes that are regulated by common p42/p30 binding to regulatory regions were more
frequently down-regulated when p42 was missing. However, the expression of a different
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group of genes that is regulated by common p42/p30 binding was up-regulated in the
absence of p42. Another recent publication also demonstrates opposing effects of C/EBPa
isoforms on gene regulation. Chromatin binding of the transcription factor MYB, which is
often de-regulated in leukemia at p30-specific sites was correlated with activated
transcription, while the expression of genes in the proximity of regions bound by MYB
together with p42 was predominantly repressed.[4®] These data point toward specific
generegulatory functions of p30 that result in aberrant gene expression and oncogenic
transformation.

2.4 C/EBPa p30 Preferentially Interacts with the MLL1 Protein Complex

The C/EBPa p30 variant can also exert specific functions through its interaction with
epigenetic regulators. Affinity purification followed by mass spectrometry and co-
immunoprecipitation studies found that the p30 isoform preferentially interacted with the
MLL1 methyltransferase complex, which catalyzes H3K4 trimethylation.[46:47] Consistently,
there was a large overlap in global chromatin association of C/EBPa p30 and the MLL1
complex. These data indicate a cooperation of p30 with the MLL1 methyltransferase
complex in the regulation of genes that are critical for the oncogenic effect of p30. CRISPR/
Cas9-mediated mutagenesis revealed that p30-expressing cells are dependent on a functional
MLL1 protein.[47] Disruption of the MLL1 complex function by small-molecule-mediated
inhibition of the MLL1-Menin or MLL1-WDRS5 interaction resulted in impaired
proliferation, induction of differentiation, and elevated levels of apoptosis of CEBPA-
mutated cells.[46:47]

Taken together, these data demonstrate that the C/EBPa p30 protein represents a functional
isoform of C/EBPa that can exert oncogenic effects through binding to enhancers and
promoters and/or via preferential interaction with epigenetic modifiers and co-factors, which
results in the specific regulation of p30-target genes.

3 Perspective

3.1 Truncating Transcription Factor Mutations in Leukemia-A Recurrent Theme

Beyond N-terminal CEBPA mutations in AML, other scenarios exist where a truncated
transcription factor isoform retains the capacity of actively changing gene expression in
cancer. Patients with Down syndrome have a high risk of developing a transient
myeloproliferative disorder, which frequently develops into acute megakaryocytic leukemia.
[48] |n this context, mutations in the transcription factor GATAI result in the expression of an
N-terminally truncated protein that was termed GATA1s.[49] Like p30, GATAIs retains the
ability to bind DNA and can act as a transcriptional activator. Knockdown of GATAL in a
GATA1ls-only expressing cell line resulted in de-regulation of genes associated with
proliferation, differentiation, and cell death, some of which could be direct GATA1s targets.
For instance, GATA1s can bind to GATAL-binding sites in the promoter region of the /L1A
gene and regulate its protein levels.[5% Additionally, the selective binding of GATALs, but
not GATAL, to regions corresponding to 140 genes implicated in diverse cellular pathways
was recently demonstrated.[1] Similar to the C/EBPa isoforms, the genomic regions that
were bound by the truncated GATA1s isoform were associated with distinct transcription
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factor binding motifs, suggesting altered, isoform-specific interactions. Furthermore, the
presence of GATALs in erythroid cells was associated with dysregulated H3K27 methylation
and altered chromatin accessibility. Thus, GATALs could contribute to cell growth and
survival by changing the epigenetic landscape to drive the expression of a subset of genes
via differential co-factors.[0]

3.2 De-regulated Transcription Factor Activity Drives Oncogenic Transformation

De-regulated expression of transcription factors is recurrently observed in leukemia,
highlighting the critical importance of balanced transcription factor expression for
hematopoietic homeostasis. For instance, deletion of an upstream regulatory element causes
down-regulation of PU.1 expression and leads to AML development.[52] In contrast, RUNX1
levels are increased in many cancers, especially in AML.[53] Interestingly, both up- and
down-regulation of the transcription factor GATA2 can promote leukemogenesis.[4-581
These findings exemplify the strong impact that transcription factor imbalance can have on
proliferation, differentiation, and death of hematopoietic progenitor cells. Furthermore, they
highlight the need to elucidate the molecular mechanisms by which mutated or de-regulated
transcription factors contribute to leukemogenesis.

3.3 Interplay of Effects That Promote C/EBPa p30-Dependent Oncogenesis

Several recent studies have proposed mechanisms by which the oncogenic C/EBPa p30
isoform can interfere with normal transcriptional regulation. The identification of genomic
regions that are exclusively bound by p30 indicates that this N-terminally truncated variant
of C/EBPa can participate in active transcriptional regulation of distinct gene sets. Thus, the
recent novel insights into the oncogenic mechanisms of C/EBPa p30 illustrate how a
truncating mutation in a transcription factor can result in a functional isoform that has
gained novel molecular functions to enable AML development. High levels of p30
expression and/or the absence of p42, which is observed in CEBPA-mutated AML, might
allow binding of p30 to genomic regions that harbor low-affinity C/EBPa motifs, thereby
changing global C/EBP a-dependent gene expression. As p30 is the only functional C/EBPa
isoform present in the majority of AML with biallelic CEBPA mutations, genes that are
aberrantly regulated by p30 are likely to include important oncogenic effectors. However,
the p30-mediated activation of genes is only one of several aspects by which isoform
imbalance in CEBPA-mutated AML could promote leukemogenesis. Loss of p42 leads to
de-repression of genes as well as down-regulation of genes that are activated by p42. As the
p30 isoform lacks two of three TEs, p30 exhibits reduced capacity to activate gene
expression. The p30-induced up-regulation of specific gene sets could therefore result from
altered patterns of co-factor binding and/or p30-specific interaction with other transcription
factors, a concept that is supported by the finding that p42- versus p30-bound genomic
regions exhibit different repertoires of transcription factor binding motifs. While HLF could
be a p42-specific co-factor, factors such as ETS, ERG, and FLI1 show higher association
with p30. In contrast, the known C/EBPa co-factor MY B might not distinguish between C/
EBPa isoforms for chromatin binding, but exert differential gene regulatory effects
depending on its association with either C/EBPa isoform. These results highlight the strong
context-dependent influence of co-factor interactions on protein function. C/EBP a-specific
co-factors can also be epigenetic regulators, such as the MLL1 histone methyltransferase
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complex. Thus, it is possible that the interaction of p30 with the epigenetic machinery is
important for activation of transcription in cooperation with other transcription factors.

4 Conclusion

Taken together, recent evidence is compatible with a scenario where the truncated p30
isoform of C/EBPa is a gain-of-function allele that mediates oncogenic transformation via
de-regulation of transcriptional programs. C/EBPa p30 displays altered chromatin binding
properties that might depend on its interaction with other transcription factors and on
different chromatin states. Specific interaction partners of p30 could promote binding of p30
to novel genomic regions to activate gene expression. The resulting global epigenomic and
transcriptional changes that lead to oncogenic transformation demonstrate how aberrant
expression of truncated yet functional isoforms of transcription factors can contribute to
leukemogenesis (Figure 2).
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Figure 1. Overview of CEBPA mutations found in hematopoietic malignancies.
Distribution and frequency of frame-shift (orange) and in-frame (green) mutations identified

in the CEBPA gene in patients with hematopoietic malignancies. Data extracted from
COSMIC database in 08/2019. TE, transactivation element; BR-LZ, basic-region leucine-
zipper domain.
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Figure 2. Summary of direct and indirect effects of C/EBPa p30 on oncogenic transfor mation.
Schematic overview of the cause (green), effects (yellow), and consequences (blue) of a low

p42/p30 ratio in N-terminal CEBPA-mutated AML resulting in differentiation block and
leukemogenesis. wt, CEBPA wild-type; mut, N-terminal CEBFA mutation.

Bioessays. Author manuscript; available in PMC 2020 August 01.



	Abstract
	Introduction: C/EBPα Isoforms and Their Functions
	C/EBPα p30-A Gain-of-Function Variant?
	C/EBPα p30 Actively Changes Global Gene Expression Programs
	C/EBPα p30 Chromatin Binding Directly Regulates Gene Expression
	C/EBPα p30 Is Associated with Regulatory Regions across the Genome
	C/EBPα p30 Preferentially Interacts with the MLL1 Protein Complex

	Perspective
	Truncating Transcription Factor Mutations in Leukemia-A Recurrent Theme
	De-regulated Transcription Factor Activity Drives Oncogenic Transformation
	Interplay of Effects That Promote C/EBPα p30-Dependent Oncogenesis

	Conclusion
	References
	Figure 1
	Figure 2

