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ORIGINAL ARTICLE
CREB engages C/EBPS to initiate leukemogenesis

C Tregnago', E Manara®, M Zampini?, V Bisio', C Borga'?, S Bresolin’, S Aveic?, G Germano?, G Basso' and M Pigazzi'

cAMP response element binding protein (CREB) is frequently overexpressed in acute myeloid leukemia (AML) and acts as a proto-
oncogene; however, it is still debated whether such overactivation alone is able to induce leukemia as its pathogenetic downstream
signaling is still unclear. We generated a zebrafish model overexpressing CREB in the myeloid lineage, which showed

an aberrant regulation of primitive hematopoiesis, and in 79% of adult CREB-zebrafish a block of myeloid differentiation, triggering
to a monocytic leukemia akin the human counterpart. Gene expression analysis of CREB-zebrafish revealed a signature of 20
differentially expressed human homologous CREB targets in common with pediatric AML. Among them, we demonstrated that
CREB overexpression increased CCAAT-enhancer-binding protein-6 (C/EBPS) levels to cause myeloid differentiation arrest, and the
silencing of CREB-C/EBP$ axis restored myeloid terminal differentiation. Then, C/EBPS overexpression was found to identify a subset
of pediatric AML affected by a block of myeloid differentiation at monocytic stage who presented a significant higher relapse risk
and the enrichment of aggressive signatures. Finally, this study unveils the aberrant activation of CREB-C/EBPS axis concurring to
AML onset by disrupting the myeloid cell differentiation process. We provide a novel in vivo model to perform high-throughput

drug screening for AML cure improvement.

Leukemia (2016) 30, 1887-1896; doi:10.1038/leu.2016.98

INTRODUCTION

The cAMP response element binding protein (CREB) is one of the
most important transcription factors that play a crucial role in
normal and neoplastic hematopoiesis, governing many critical
cellular processes, included proliferation and differentiation of
myeloid progenitor cells.' Further studies demonstrated that
enforced expression of CREB promoted growth and survival of
healthy bone marrow cells through the upregulation of specific
downstream target genes, whereas its downregulation in acute
myeloid leukemia (AML) cell lines and primary cultures suppressed
cell proliferation and lowered clonogenic tumor ability.™* Transgenic
mice overexpressing CREB developed aberrant monocytosis and,
after a prolonged latency of 2 years, a myeloproliferative disease with
high white blood cell count and abnormal myelopoiesis.'

CREB overexpression has been found in patients with AML and
acute lymphoblastic leukemia, contributing to decreased event-free
survival of patients.'>® Different mechanisms that lead to CREB
overexpression have been dissected, such as CREBT gene amplifica-
tion,' lack of CREB endogenous modulator inducible cAMP early
repressor (ICER)*” and downregulation of CREB translational
regulator miR-34b through an epigenetic mechanism.2® Thus, there
are both clinical and experimental data that support CREB as
a critical proto-oncogene of myeloid transformation, but till now the
pathways and genes directly controlled by CREB that trigger
leukemia are unknown.

Considering that 66% of pediatric AML exhibit high levels of
CREB,” the dissection of its leukemogenic mechanisms could
have both biological and clinical relevance. Indeed, despite the
use of intensive and multimodality treatment, established
through prospective clinical trials by cooperative groups of
the pediatric oncology research community, 30% of children
and adolescents with AML still die from their disease, and late

effects will adversely influence their adult life."®'* Tumor
heterogeneity represents the most important challenge for the
development of molecularly targeted anticancer therapies in
pediatric tumors,'"” and thus in this field the creation of in vivo
models to dissect AML biology is highly recommended to
develop new treatment opportunities.'®'?

Over the past decade, zebrafish (Danio rerio) has emerged
as a useful model to study cancer, in particular leukemia.>*3°
Of note, creb gene sequence and functional domains, such as the
kinase-inducible domain and the DNA-binding domain, are highly
conserved between zebrafish and mammals. Creb function
was previously investigated in zebrafish developmental studies,
revealing its crucial physiological activity, as Creb mutants resulted
in altered brain and neural structure development.®’

In this work, we present a CREB-zebrafish transgenic model
where CREB expression has been driven in the hematopoietic
compartment for studying its role in embryonic and adult
myelopoiesis. We characterized the induced malignancy by gene
expression profile and found that ¢/ebp$ was the key CREB target
in triggering cell transformation through the arrest of the myeloid
differentiation process at monocytic stage, with a complete loss
of precursors. These same zebrafish leukemic features of high
CCAAT-enhancer-binding protein-6 (C/EBPS) levels and monocytic
myeloid blasts were found in a subset of pediatric patients
affected by de novo AML with a severe prognosis. We demon-
strated that C/EBPS overexpression was able to rescue CREB
silencing effects on differentiation, confirming its role in AML.
Finally, this study identifies a novel CREB-C/EBP$ axis crucial for
leukemogenesis, and provides a new attractive zebrafish model
for high-throughput screening to improve AML therapeutic
strategies.
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MATERIALS AND METHODS

Zebrafish maintenance and microinjection

Embryos were obtained from natural crosses, and 2 nl of solution was
microinjected into the yolk of fertilized one-cell-stage embryos. Purified
plasmids were diluted at a final concentration of 30 ng/pl, and transposase
mRNA at a final concentration of 25 ng/ul in Danieau solution (58 mm Nadl,
0.7 mm KCl, 0.4 mm MgSO,, 0.6 mm Ca(NOs),, and 5 mm HEPES (pH 7.6)),
with 10% phenol red. Embryos were reared in a 28.5 °C incubator with
12/12-hours dark/light cycle. Fluorescence was monitored on a Nikon
SMZ1500 zoom stereomicroscope (Nikon Instruments Inc., Tokyo, Japan).

Flow cytometry

Whole adult zebrafish were killed with 2 mg/ml MS-222 at pH 7 (Tricaine;
Sigma-Aldrich, St Louis, MO, USA). Kidney marrow and abdominal mass
were isolated. Cells were homogenized in protease solution (Collagenase/
Dispase 1:200, DNAse 1:1000, MgCl, 1:1000 in phosphate-buffered saline)
at 37 °C for 30 min. The whole suspension was filtered through a 45 pm
cell strainer, and then analyzed at BD FACS Aria Il (Becton Dickinson,
Milano, Italy) for cell size (FSC) and granularity (SSC). For differentiation
experiments, cells were treated with ATRA (Sigma-Aldrich) at a final
concentration of 5 um. At 24, 48 and 72 h after treatment, the specific
human cell marker CD11b-PE (Beckman Coulter, Brea, CA, USA) was
detected by flow cytometry to determine myeloid differentiation.

Microarray data analysis

Total RNA was extracted from kidney marrow of 14-month-old CREB-
zebrafish (n=5) and control zebrafish (n=5) and from bone marrow of 85
pediatric patients with de novo AML at diagnosis. RNA concentration
was determined using QBit 2.0 Fluorometer (Life Technology, Carlsbad, CA,
USA). RNA quality and purity control was assessed on the Agilent
Bioanalyzed 2100 (Agilent Technologies, Santa Clara, CA, USA). The
GeneChip Zebrafish Genome Array and the GeneChip Human Transcrip-
tome Array 2.0 (Affymetrix, Santa Clara, CA, USA) were used for the
microarray experiments. In vitro transcription, hybridization and biotin
labeling were performed according to GeneChip 3'IVT Express kit protocol
and GeneChip Hybridization, Wash, and Stain Kit (Affymetrix), respectively.
Microarrays data (CEL files) were generated using Affymetrix GeneChip
Command Console Software (AGCC). Microarray data (.CEL files) were
analyzed using Command Expression Console (Affymetrix). Microarrays
data have been deposited in NCBI Gene Expression Omnibus and are
accessible through the GEO accession number GSE71270 for zebrafish
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token = yhepywwkhrorpi
f&acc=GSE71270) and GSE75461 for human AML (http://www.ncbi.nIm.nih.
gov/geo/query/acc.cgi?token=mvslcaymfhyvtep&acc=GSE75461). The CEL
files were normalized using the justRMA algorithm and analyzed for
supervised and unsupervised analysis, using R-Bioconductor (Version
2.15.3, http://www.r-project.org/). Differentially expressed probe sets were
identified by the Wilcoxon signed-rank test®> and used to perform
supervised analysis. The false discovery rate g-value of <0.05 was
considered significant for probe sets differently expressed between
compared groups. Hierarchical clustering was used to group specimens
in an unsupervised manner using Euclidean distance and Ward'’s method.
Principal component analysis was performed using Partek Genomic Suite
software (Partek Inc, http://www.partek.com) to integrate zebrafish
signature with human genes. We converted the list of significantly
differently expressed zebrafish genes into the human orthologs and
subsequently we intersected them with the ChIP-Chip data of CREB
binding in human tissues (http://natural.salk.edu/CREB/) to search for
direct CREB targets. Moreover, we intersected them with the gene
expression deposited data of the so-called Microarray Innovations in
LEukemia (MILE) study program hematological diseases that included 898
human bone marrow samples of 542 AML, 76 chronic myeloid leukemia,
206 myelodysplastic syndrome and 74 healthy bone marrow.>

Gene set enrichment analysis

Gene Set Enrichment Analysis (GSEA) software version 4.0 was used to
identify gene sets in the public domain that share the expression pattern
found in the current study.>* For each group of gene sets, GSEA calculates
and evaluates the statistical significance of an enrichment score. The
enrichment score reflects the degree to which a gene set is over-
represented. We compared the gene expression signatures by collapsing
the probe sets to gene vectors and using the signal-to-noise metric, the
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gene-set permutation type and 1000 permutations. As recommended by
GSEA guidelines, only gene sets with a false discovery rate g-value of
< 0.10 were considered. For help with interpreting the GSEA, go to http://
www.broadinstitute.org/gsea/doc/GSEAUserGuideFrame.html%20Interpret
ing_GSEA_Results. The Nearest Template Prediction algorithm (NTP)*
implemented as module of the Gene Pattern software (Broad Institute of
Harvard and MIT, Boston, MA, USA) was used to predict the proximity of
the expression pattern of molecular signatures deposited in the Molecular
Signature Database (www.broadinstitute.org/gsea/msigdb) to each single
patient’s gene expression data using cosine distance. Only prediction with
statistical significance (P < 0.05) were used for the heatmap generation.

Statistical methods

In patients and zebrafish cohort, probability of survival was estimated
using the Kaplan--Meier method and compared between groups through
the log-rank test. Event-free survival was calculated from date of diagnosis
to last follow-up or first event (failure to achieve remission, relapse, death,
whichever occurs first) for patients, and from day of injection to first event
(death or leukemic onset) for zebrafish. The Mantel-Byar test was used to
calculate the cumulative incidence of relapse (CIR). Pearson’s correlation
test was used for RPPA data. Values are presented as meanzs.d.
Significance between experimental values was determined by Student’s
unpaired t-test, )(2 test and Fisher's exact test. *P < 0.05 was considered
significant.

Study approval
All animal studies were approved by the animal care and use committee at
the Health Ministry; 737/2015-PR approval.

See Supplementary Materials and methods for further details.

RESULTS

CREB overexpression perturbs primitive hematopoiesis and alters
its target genes

To examine the role of CREB overexpression in hematopoiesis, we
created a zebrafish model with exogenous CREB expression in the
myeloid lineage under the control of a pu.l promoter:>¢ we
injected into one-cell-stage embryos a tol2 pDEST vector where
enhanced green fluorescent protein (EGFP) was cloned in frame to
the human CREB full length (indicated as CREB-zebrafish) and with
a tol2 pDEST vector with EGFP to create the control group
(indicated as controls; Supplementary Figure STA). We monitored
EGFP-positive cells during embryo development: at 24 h post
fertilization (HPF), EGFP-positive cells were found in the anterior
lateral mesoderm (Figure 1ai) and intermediate cell mass
(Figure 1aii). Then, CREB activity as transcription factor through
the cAMP response element (CREs) consensus regions binding was
verified by reporter assays. We observed the coexpression of CREB
together with a reporter plasmid containing 6x responsive CRE
sequences upstream to the red fluorescent mCherry protein
(Figure 1bi, controls, and Figure 1bii, CREB-zebrafish) in 90% of
EGFP-CREB-expressing cells compared with 10% of EGFP-expressing
cells in controls (Figure 1b; CREB, n=6; controls (CTR), n=5;
P < 0.007). Moreover, we measured an increased luciferase activity
in CREB-zebrafish compared with controls (mean CTR=7.5 relative
light unit (RLU), n=3; mean CREB=20.2RLU, n=5; P<0.05
Supplementary Figure S1B). Once we verified the CREB activity,
we monitored the effect of its exogenous expression during
the primitive (20-24 HPF) and first wave of definitive hematopoiesis
(30 HPF), as pu.1 is expressed from 11 to 32 HPF.3’ Results showed
that CREB-zebrafish had a significantly increased gatal-expressing
cells in anterior lateral mesoderm and intermediate cell mass at 20
and 24 HPF and in posterior blood island at 30 HPF, as well as mpo
in intermediate cell mass since 24 HPF (Figure 1c). We sought to
understand whether CREB targets were also influenced during the
first and the second wave of hematopoiesis by studying genes
previously found upregulated in human bone marrow cells after
CREB enforced expression."*® At 24 HPF, CREB embryos showed an
increase of bcl2 expression in anterior lateral mesoderm, as well as

© 2016 Macmillan Publishers Limited, part of Springer Nature.


http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token�=�yhepywwkhrorpif&acc�=�GSE71270
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token�=�yhepywwkhrorpif&acc�=�GSE71270
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token�=�mvslcaymfhyvtep&acc�=�GSE75461
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token�=�mvslcaymfhyvtep&acc�=�GSE75461
http://www.r-project.org/
http://www.partek.com
http://natural.salk.edu/CREB/
http://www.broadinstitute.org/gsea/doc/GSEAUserGuideFrame.html%20Interpreting_GSEA_Results
http://www.broadinstitute.org/gsea/doc/GSEAUserGuideFrame.html%20Interpreting_GSEA_Results
http://www.broadinstitute.org/gsea/doc/GSEAUserGuideFrame.html%20Interpreting_GSEA_Results
www.broadinstitute.org/gsea/msigdb

CREB/C/EBPS overactivation triggers AML
C Tregnago et al

[2]

% cells EGFP+mCHERRY+/
total cells EGFP+

Control CREB
R ‘ — d Control CREB
@© 4
)| @
~  20hpf 3 ,..
&
S | A ; e
> . 24hpf .
b - S
© =
i S
(=]
bl 30hpf e
g- o .. —"""‘_\
E
L 24hpf
Figure 1. CREB works as a transcription factor and induces changes in hematopoietic markers and in CREB targets. (a) The EGFP expression in

CREB-zebrafish embryos at 24 HPF is detected in (i) anterior lateral mesoderm (ALM), and in (ii) intermediate cell mass (ICM). (b) EGFP and
MCHERRY expression in controls or CREB-zebrafish embryos coinjected with the 6xCRE:mCHERRY reporter plasmid (i and ii, respectively),
showing overlapping signal in (ii). Histogram shows the percentage of EGFP-expressing cells that activate the 6XCRE:mCHERRY reporter in
CREB-zebrafish (pu.1:EGFP-CREB) compared with controls (pu.1:EGFP) at 24 HPF (unpaired Student’s t-test, **P < 0.001). (c) Whole-mount in situ
hybridization (WISH) showing increased gatal expression in the ALM (arrowheads) and ICM (arrows) at 20 and 24HPF, in the posterior blood
island (PBI) at 30HPF and higher mpo expression in the ICM of CREB-zebrafish embryos compared with controls. (d) WISH showing the
augmented expression of CREB target bc/l2 and jun at 24 HPF in ALM (arrowhead) and in ICM (arrows) of CREB embryos compared with

controls. Scale bars: 500 pm.

a significant jun overexpression in both anterior lateral mesoderm
and intermediate cell mass (Figure 1d). We also confirmed the
upregulation of several CREB target genes by real-time quantitative
PCR (data not shown).

CREB triggers leukemia in zebrafish

We followed the effects of CREB overexpression during CREB-
zebrafish growth until adulthood: fish cohort comprised 98
CREB-zebrafish and 88 controls that were continuously observed
to investigate the long-term effects of CREB forced expression.
Between 9 and 14 months of age, CREB-zebrafish showed a sick
phenotype characterized by a labored swimming with an evident
abdominal mass (Figure 2a), and 77/98 (79%) were killed or found
dead, whereas zebrafish controls grew healthy during the same
period (2/88 were found dead without sick phenotype).
We performed Kaplan-Meier survival analysis and found that
event-free survival was significantly worse for CREB-zebrafish
compared with controls (Figure 2b, P < 0.001, see also AML score
at Supplementary Information). Cells from kidney marrow and
tumor mass of CREB-zebrafish were dissociated and sorted: we
observed the loss of hematopoietic precursors (P4: 17.4% in
kidney of controls (Figure 2c) versus 2.7% in kidney (Figure 2d)
and 0.5% in mass (Figure 2e) of AML CREB-zebrafish), an increased
number of cells blocked at the myelomonocytic stage (P3: 38% in
kidney of controls (Figure 2c) versus 43.4% in kidney (Figure 2d) and
51% in mass (Figure 2e) of AML CREB-zebrafish), an increased
number of erythrocytes (P1: 20.1% in kidney of controls (Figure 2c)
versus 49.6% in kidney (Figure 2d) and 46.4% in mass (Figure 2e) of
AML CREB-zebrafish) and a strong impairment of the lymphocyte
population (P2: 24.5% in kidney of controls (Figure 2c) versus 6%
in kidney (Figure 2d) and 2.1% in mass (Figure 2e) of AML CREB-

© 2016 Macmillan Publishers Limited, part of Springer Nature.

zebrafish). Moreover, 11/16 (69%) AML were morphologically
defined as monocytic leukemia (French—American-British (FAB)
M4-M5 by May Grunwald-Giemsa Figures 2f-h), 4/16 showed FAB
M6 and one case was classified as MO0. Then, sagittal tissue sections
were subjected to histological analysis, revealing a large abdominal
mass in CREB-zebrafish (Figures 3a and b, n=25). Using higher
magnification, we observed that in CREB-zebrafish the normal
kidney structures were disrupted because of the infiltration of clonal
cancer cells (Figures 3di and ii) compared with the kidney marrow
of controls that was composed of tubules and glomeruli (Figures 3ci
and ii). The same leukemic cells formed an abdominal mass
(Figures 3ei and ii) and were also localized in extramedullary organs
such as liver (Figures 3fi and ii) and heart (Figures 3gi and ii). The
analysis of a-naphthyl acetate esterase activity confirmed the
positivity of the monocytic leukemic cells (Figures 3hi and ii).
Furthermore, we documented that the leukemic cells were CREB
overexpressing (Figures 3i-k) and highly proliferating (Figures
3l-n). Infiltrating leukemic cells in the liver and heart were shown
to have the same monocytic origin (Figures 30-s).

Gene expression signature of CREB-induced AML resembles
human AML

To identify the transcriptional activity induced by CREB over-
expression, we performed gene expression analysis of kidney
marrow from CREB-zebrafish and controls. CREB-zebrafish correctly
clustered by using an unsupervised hierarchical cluster analysis
(Figure 4a, dendrogram). Class comparison analysis identified
a statistically significant signature of 258 genes differentially
expressed (log2 false discovery rate g-value < 0.05) between
CREB-zebrafish and controls (Figure 4a heatmap; Supplementary
Table S1). Interestingly, inside this CREB-zebrafish signature we
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identified 171 human homologous genes, of which 115 and 56
genes were respectively up- and down-regulated. To test the bona
fide of this zebrafish AML model, we performed a principal
component analysis using the list of human homologous genes
that had > 1.3-fold change of expression in the CREB signature to

component analysis was able to distinguish AML patients from the
rest of the hematological diseases (Figure 4b, red dots). Overall, these
results support CREB-zebrafish as an appealing model for investigat-
ing CREB-mediated leukemogenesis at a transcriptome level. We
recognized as CREB target 92 out of 171 (54%) human homologous

cluster the patients of the MILE study® Of note, principal differentially expressed genes (by using CREB target gene
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Figure 2. CREB triggers myeloid transformation. (a) Representative phenotype of leukemic CREB-zebrafish with abdominal mass (box).
(b) Event-free survival (EFS) calculated for CREB-zebrafish compared with controls was statistically significant (P < 0.001). E, number of events;
n, number of zebrafish. (c-e) Representative results of flow cytometric analysis from kidney of control (c) and CREB-zebrafish (d) and from
abdominal mass of CREB-zebrafish (e) at the onset of leukemic phenotype. Gated populations are as follows: erythrocytes (P1), lymphocytes
(P2), granulocytes and monocytes (P3) and blood cell precursor (P4). Population of cells are described as percentage of total cells. Cell size is
represented by forward scatter (FSC), and granularity is represented by side scatter (SSC). (fF~-h) May Grunwald-Giemsa staining staining of
kidney imprints. (f, g) Representative kidney cellular morphology of leukemic CREB-zebrafish, showing abnormal hematopoiesis characterized
by the preponderance of monocytic cells (f, black arrows) and some binucleated monocytes (g, red arrowhead). Morphology of abdominal
mass cells of leukemic CREB-zebrafish revealed monocytic cells (h, black arrows). Scale bars: 10 pm.

>

Figure 3. CREB-zebrafish develop myeloid leukemia with monocytic CREB-overexpressing blasts. Hematoxylin and eosin (H&E) histochemical
staining of control and CREB-zebrafish (aged 13 months). (a, b) H&E staining of sagittal zebrafish sections (scale bar: 500 pm), demonstrating
abdominal mass in AML CREB-zebrafish (red box). (c-g) High-power imaging of H&E staining: kidney tissue of control (ci, ii) and CREB-zebrafish
(di, ii), showing disrupted kidney structures and presence of highly disorganized clonal infiltrated cells that display characteristic morphology
of the myeloid lineage. Abdominal mass of CREB-zebrafish (ei, ii), displaying clonal cells with open chromatine texture, typical
of cancer cells (arrows). Infiltration of cancer cells in liver (arrows in fi, ii) and in heart (arrows in gi, ii) of leukemic CREB-zebrafish. Acid
a-naphthyl acetate esterase (ANAE) activity assay on imprints of control kidney (hi) and mass of diseased zebrafish (hii). (i-k) CREB
immunohistochemical staining: kidney tissue from control zebrafish show some CREB-expressing cells (li and ii), whereas in CREB-zebrafish all
leukemic cells in the kidney (ji, ii) and in the abdominal mass (ki, ii) are CREB expressing. (I-n) Proliferating cell nuclear antigen (PCNA)
immunohistochemical staining: kidney tissue from control zebrafish show few PCNA-positive cells (li, ii). Leukemic cells of CREB-zebrafish in
the kidney (mi, ii) and in the abdominal mass (ni, ii) display high number of PCNA-positive cells. (0-s) In situ hybridization of monocyte-specific
I-plastin probe: weak signal is detected in kidney of controls (0), whereas strong signal is found in CREB-zebrafish kidney (p, arrows) and
abdominal mass (q). In the liver and heart of CREB-zebrafish, positive signal is detected in the infiltrated myeloid cells (r and s, respectively,
arrows). Scale bars: 50 pm.
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database,®® Supplementary Table S2). To identify the genes that
could have an important role in mediating CREB-induced AML, we
intersected them with the published data set of genes found to be
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differentially expressed in human pediatric AML versus healthy bone
marrow,” finding 20 CREB target genes in common between zebrafish
and the human AML (Figure 4c, Supplementary Table S3 and

© 2016 Macmillan Publishers Limited, part of Springer Nature.
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Figure 4. CREB-induced AML resembles childhood AML. (a) Unsupervised gene expression analysis of RNA extracted from kidney marrow of 5

samples of control zebrafish and 5 samples of CREB-zebrafish distinguishes the two groups (upper dendrogram). Class comparison analysis
identified a statistically significant signature of 258 genes differentially expressed between CREB-zebrafish and controls (log2 false discovery
rate (FDR) g-value < 0.05). (b) Principal component (PC) analysis using the 92 human homologous genes with a > 1.3-fold change (FC) of
expression identified by the CREB signature in the MILE cohort of 898 bone marrow samples (542 AML, 76 chronic myeloid leukemia (CML),
206 myelodysplastic syndrome (MDS) and 74 healthy bone marrow (BM))*? reveals that zebrafish signature is able to cluster the AML samples
(red) from the other hematological diseases. (c) Venn diagram showing the 20 common genes resulting from the intersection between the
171 human homologous genes differentially expressed in CREB-zebrafish, the human signature of AML samples versus healthy bone marrow®

and the human CREB targets (from the ChiP-chip database®).

Supplementary Figure S2). We confirmed at proteomic levels the
correlation of CREB activation® with a series of the 20 abovementioned
genes in a cohort of 66 AML patients (Supplementary Table S4).
Among these selected genes, we focused on C/EBPS, as it belongs
to the C/EBP family of transcription factors that regulate myeloid
differentiation,®*™*' the main oncogenic process found deregulated
in CREB-zebrafish. We evaluated C/ebpd protein expression in
zebrafish, documenting its higher expression in the kidney marrow
of CREB-zebrafish (Supplementary Figure S3A), and in pediatric AML
(Supplementary Figure S3B, r=0.79). Subsequently, we studied the
role of CREB as transcription factor over C/EBPS in vitro: CREB
silencing in AML primary cells decreased C/EBPS expression in both
mMRNA and proteins (Supplementary Figures S4A and B), whereas
C/EBPS levels increased after overexpressing exogenous CREB in
healthy bone marrow primary cells (Supplementary Figure S4C).

C/EBPS expression define a new pediatric AML subgroup

C/EBPS expression was evaluated in a cohort of pediatric AML
(n=85) dichotomized into groups including the upper quartile
(Q1, n=22) and the lower three quartiles (Q2-4, n=63). It was
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revealed in patients for whom we had clinical data available
(n=76) that in the quartile with the highest C/EBPS expression,
those affected by a monocytic AML (classified by FAB*? classes M4
and M5) were overrepresented (Q1 =7/19, 37%) as compared with
the other three quartiles (Q2-4=12/57, 21%). Then, we validated
this association by using two publicly available Gene Expression
Omnibus (GEO) databases: the MILE (48 pediatric AML patients,
GEO: GSE13204)* and the St Jude (110 pediatric AML patients,
GEO: GSE13204).** MILE cohort showed that FAB M4 and M5 AML
were 11 out of 12 (92%) in Q1 versus 18 out of 36 (50%) in Q2-4
(P < 0.05); in St Jude cohort, FAB M4 and M5 AML were 22 out of
29 (76%) in Q1 versus 21 out of 81 (26%) in Q2-4 (P < 0.0001).
Both studies corroborated the correlation between C/EBPS over-
expression and the block of myeloid differentiation at monocytic
stage in pediatric AML. To investigate whether patients with both
features may distinguish a novel AML subgroup we performed
survival and gene enrichment analysis. Survival analysis suggested
a trend toward lower event-free survival (Q1=40.1% versus
Q2-4=50.86%, not significant), and a higher risk of relapse
in Q1 group than in Q2-4 groups (CIR Q1=47.61% versus
Q2-4=28.38%, not significant; Figure 5a). Interestingly, when we
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Figure 5.
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High C/EBPS expression defines a subclass of high risk AML. (a) Event-free survival (EFS, left) and cumulative incidence of relapse

(CIR, right) calculated for patients who express C/EBPS at higher level (Q1) and lower level (Q2-4). (b) CIR calculated for patients who express
different C/EBPS levels (Q1 versus Q2-4), and FAB > M4 was statistically significant (P < 0.05). E, number of events; n, number of patients.
(c) The 85 pediatric AML were rank-ordered according to C/EBP3 expression. The presence of significant Molecular Signature DataBase
(MSigDB) gene patterns identified by NTP algorithm are indicated by red boxes (P < 0.05). Statistical differences between groups Q1 (n=22)
and Q2-4 (n=63) were assessed by Fisher’s exact test, and all the gene signatures were statistically significant (P < 0.05).

considered the CIR among the patients with FAB >M4, we
revealed that they had a significantly higher risk of relapse if they
overexpressed C(/EBPS (CIR Q1=57.1% versus Q2-4=23.7%,
P < 0.05, Figure 5b). AML patients were then ranked by C/EBPS
expression and enrichment of molecular signatures was evaluated:
by NTP*> we identified the H3K27Me3 and H3K4Me3 as peculiar
biological pathways characterizing high-C/EBPS-expressing AML.
Genes associated with nuclear factor-kB, HRAS pathways**™>° and
signatures of tumor recurrence were also concordantly and
significantly enriched in Q1 patients (Figure 5c, P < 0.05;
Supplementary Table S5). These novel biological features support
the findings of a new subgroup of AML with biological and clinical
specific features. GSEA confirmed an enrichment for several
signatures related to M4-M5 FAB in Q1 (Supplementary Table S6).

CREB blocks myeloid differentiation through C/EBP&
overexpression

We conducted further experiments to investigate C/EBPS role in
myeloid differentiation. We took advantages of a previously created
cell line* where CREB protein levels were reduced to physiological
levels (here called HL60“RE®) compared with the control cell line
called HL60REBY) (Supplementary Figure S5A). We verified that
C/EBPS was lowered in HL60FE®) cell line compared with
HL60REB) (Supplementary Figure S5B). To investigate the role
of CREB in myeloid differentiation program, we evaluated CD11b
expression in the abovementioned cell lines after treatment with
all-trans retinoic acid (ATRA). Results showed that HL60RE®)
differentiated to a greater extent as compared with HL60‘REE+)
after ATRA exposure: CD11b-positive cells were 16%, 38.7%
and 42% in HL60“RE8") compared with 23.6%, 64% and 68.7% in
HL60'REBY at 24, 48 and 72 h, respectively (Figure 6a), confirmed
by cell morphology examination (Supplementary Figure S5C),

© 2016 Macmillan Publishers Limited, part of Springer Nature.

suggesting that CREB plays a crucial role in terminal differentia-
tion capacity of myeloid cells. To investigate whether
C/EBPS is the main mediator in driving this phenomenon, we
silenced (/EBPS gene in HL60 cell line treated with ATRA. We
confirmed gene silencing by real-time quantitative PCR
(Supplementary Figure S5D); by flow cytometry analysis we found
that CD11b-positive cells were increased after C/EBPS silencing and
ATRA treatment compared with small interfering RNA negative
control (Figure 6b: 10.6% vs 6.3% at 24 h; 22.9% vs 12.4% at 48 h;
425% vs 23.8% at 72h), demonstrating that (/EBPS silencing
phenocopied CREB behavior in promoting terminal myeloid
differentiation. To verify the synergy of CREB-C/EBPS axis, we
performed a rescue experiment by silencing CREB and over-
expressing C/EBPS in HL60 (Supplementary Figures S6A and B).
After 6 h of transfection, cells were also treated with ATRA. CD11b
expression measured 48 and 72 h post treatment was increased
after CREB silencing and then rescued after C/EBPS overexpression,
both at basal condition (Figure 6¢: siRneg+EV = 2, siRCREB+EV =3.2,
siRCREB+C/EBP6=1.6 at 48 h; siRneg+EV=1.6, SiRCREB+EV=3.9,
siRCREB+C/EBPS =2.2 at 72 h) and after ATRA exposure (Figure 6c:
siRneg+EV =6.1, SiRCREB+EV =84, siRCREB+C/EBP6=6.1 at 48 h;
siRneg+EV =7.8, siRCREB+EV = 15.8, siRCREB+C/EBP5 =9.8 at 72 h).

DISCUSSION

In this study, we considered the overexpression of the transcrip-
tion factor CREB as a sole mutational event that was revealed
as capable of inducing myeloid leukemia in vivo. CREB over-
expression altered zebrafish primitive hematopoiesis through the
upregulation of myeloid and erythroid genes, detectable in
embryos at 24 to 30 HPF. This feature could be considered
a specific aberrant phenotype that represents a marker of the first
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Figure 6. Lowered CREB levels induce myeloid differentiation, rescued by C/EBPS overexpression. (a) ATRA treatment induced greater myeloid

differentiation in HL60“RE

B) compared with HL60‘“REE® cell line at 24, 48 and 72 h. Expression of myeloid marker CD11b was analyzed by flow

cytometry: a representative plot of the positive cells is showed on the left panel; histogram represents mean value of two independent
experiments. The relative CD11b expression is normalized to the dimethyl sulfoxide (DMSO) treatment. Unpaired Student’s t-test, *P < 0.05.
(b) Silencing of C(/EBPS in HL60 cells enhanced ATRA-induced myeloid differentiation at 24, 48 and 72 h after treatment. Expression of myeloid
marker CD11b was analyzed by flow cytometry: a representative plot of positive cells is showed on the left panel; histogram represents mean
value of two independent experiments. The relative CD11b expression is normalized to the DMSO treatment. Unpaired Student’s t-test,
*P < 0.05. (c) Flow cytometry analysis of CD11b expression in HL60 after CREB silencing and C/EBP& overexpression (EV, empty vector as
plasmid control; siRneg, small interfering RNA (siRNA) negative control) after DMSO or ATRA treatment. Histogram represent mean value of

three independent experiments. Unpaired Student’s t-test, *P < 0.05.

CREB-induced oncogenic effects, providing the unique opportu-
nity to develop high-throughput screening of small molecules and
drugs in an in vivo myeloid leukemia model. In fact, adult CREB-
zebrafish developed AML characterized by clonal mature mono-
cytic blasts and severe loss of myeloid precursors, representing
the first in vivo model of CREB-induced AML. To unravel the
mechanism of leukemogenesis we investigated the biological
mechanism enhanced by CREB to induce the block of myeloid
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differentiation, taking advantage of a human cell line previously
modified to repress CREB levels and its downstream networks
activation.’ This cell line had a greater ability to differentiate upon
ATRA treatment, conferring for the first time to CREB the ability to
impair the myeloid terminal differentiation process in vitro, as
largely observed in our CREB-zebrafish adult cohort. At this point,
within the distinct functional groups of AML mutations,®’ CREB
may be newly considered as a class Il gene that affects the
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myeloid differentiation process. Among the thousands of potential
CREB target genes, to identify the main downstream player
in triggering leukemia, we used gene expression profiles. We
revealed that the CREB-induced leukemia in zebrafish resembled
a human AML at transcriptome level and then, by integrating
zebrafish-human and CREB databases, a new data set of 20
aberrantly expressed genes in common with pediatric AML have
emerged.” Among the upregulated genes, the most intriguing was
c/ebpb, a member of the C/EBP family of transcription factors,
among which C/EBPa has already been largely studied for its
involvement in the regulation of myeloid differentiation.>**° Then,
we validated the C/EBPS expression in human AML by performing
a screening in a large cohort of pediatric AML. C/EBPS was found
highly expressed particularly in the subgroup of patients affected by
a monocytic leukemia (FAB M4-M5); this finding was also confirmed
by two independent previously published pediatric AML cohorts*>*
supporting CREB-zebrafish as a useful translational model. Further-
more, C/EBPS highest levels were correlated with a new subgroup
of AML patients with a significant higher risk of leukemia relapse. In
order to characterize these AML, we interrogated gene expression
enrichment analysis identifying nuclear factor-kB, HRAS and STAT3
oncogenic pathway activation. Interestingly, the molecular signaling
of H3K27 trimethylation was particularly represented among these
C/EBP&-overexpressing patients, indicating that they may be
influenced by aberrant gene repression. This latter finding suggests
that further evaluation of demethylating agents may be tested in
this zebrafish model as novel strategies for the FAB M4-M5 AML-
overexpressing CREB and C/EBPS. 446483052

To definitively assign to C/EBPS the key role in mediating CREB
action, we documented that C/EBPS phenocopied CREB effects by
triggering the myeloid differentiation process arrest. Moreover, we
demonstrated that increased C/EBPS levels rescued the effects
induced by CREB silencing, therefore acting downstream of CREB
to block myeloid terminal differentiation.

Finally, this work presents an attractive in vivo model of CREB-
mediated leukemogenesis that recapitulates a myeloid disease
similar to a human AML with several biological and clinical
relevances. The new axis CREB-C/EBPS is here unraveled
for the first time to contribute in CREB downstream network,
and to delineate a new subtype of pediatric AML for whom novel
therapeutic opportunities may be investigated within this
zebrafish model.
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