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ABSTRACT
P 1 aturation of granulocytes is dependent on controlled gene

expression by myeloid lineage restricted transcription factors.

CEBPE is one of the essential transcription factors required for
granulocytic differentiation. Identification of downstream targets of
CEBPE is vital to understand better its role in terminal granulopoiesis. In
this study, we have identified Card10 as a novel target of CEBPE. We
show that CEBPE binds to regulatory elements upstream of the murine
Card10 locus, and expression of CARD10 is significantly reduced in
Cebpe knock-out mice. Silencing Card10 in a human cell line and in
murine primary cells impaired granulopoiesis, affecting expression of
genes involved in myeloid cell development and function. Taken togeth-
er, our data demonstrate for the first time that Card10 is expressed in
granulocytes and is a direct target of CEBPE with functions extending to
myeloid differentiation.

Introduction

Precise levels of progenitor cell proliferation versus lineage-committed differentia-
tion is central to the balanced functioning of the hematopoietic system."
Transcription factors are fundamental elements directing differentiation during
hematopoietic development.® The lineage and stage-restricted expression pattern of
these factors underlines the need for precise regulation of their function. Major tran-
scription factors regulating myeloid development include PU.1, GFI1, IRES,
RUNX1, SCL, TAL1 and the members of C/EBP family. Each of these lineage
restricted factors are known to drive the expression of a panel of target genes.*"

CEBPE is a member of the CCAAT/enhancer binding protein (C/EBP) family of
transcription factors involved in hematopoietic cell development and induction of
several inflammatory mediators.'""> CEBPE is expressed in a stage-specific manner
during myeloid differentiation and regulates transition from the promyelocyte to
the myelocyte.”® This transcription factor is essential for secondary and tertiary
granule formation in granulocytes.” Germline mutations of the CEBPE gene have
been detected in patients with neutrophil-specific granule deficiency. Their neu-
trophils display atypical bilobed nuclei, lack expression of granule proteins and
these patients often have frequent bacterial infections.'® Cebpe knock-out mice
resemble this clinical phenotype displaying a block in terminal differentiation and
absence of secondary granule proteins. Cebpe KO mice develop normally, except
that they fail to produce functional neutrophils and eosinophils. Neutrophils from
these mice have impaired chemotaxis, bactericidal activity and mice typically die of
infections between 3 and 5 months of age.” The lack of secondary granule proteins
in granulocytes from these mice impairs their responses to inflammatory signals
characterized by an increase in circulating immature neutrophils and recurrent pyo-
genic infections.”
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Identification of novel targets of CEBPE is imperative for
a better understanding of granulocytic differentiation. In
this study, we utilized ChIP-seq and RNA-seq data, the
former to identify global DNA binding pattern of CEBPE
and the latter to note expression changes of CEBPE defi-
cient cells. Together, these techniques allowed identifica-
tion of novel targets of CEBPE associated with myelopoe-
sis.

One of the interesting targets of CEBPE that we identi-
fied in this analysis is Card10 (also called Carma3). The
CARMA family has three members, CARMAI,
CARMA?2, and CARMAS. They contain a N-terminal
CARD domain, followed by a coiled-coil domain (C-C), a
PDZ domain, a SH3 domain, and a Guanylate Kinase-like
(GUK) domain in the C-terminus. Although the CARMA
proteins share a high degree of sequence similarity, they
display a distinct tissue expression pattern.”® A study by
Xin Lin et al., analysed microarray data of 353 human tis-
sue samples and found that CARMAL is primarily
expressed in hematopoietic tissues such as spleen, thy-
mus, and peripheral blood leukocytes. Expression of
CARMAZ is specific to placenta, and CARMA3 (CARD10)
is expressed in a wide range of tissues with modest
expression detected in hematopoietic cells.” CARD10 has
been described as a molecular link between G protein-
coupled receptors and NF-kB. GPCR induced ubiquitina-
tion of IKK-y (NEMO) with concomitant activation of the
IKK complex is completely defective in CARD10 deficient
cells.”® Studies have demonstrated that CARD10 deficient
murine embryonic fibroblasts have diminished lysophos-
phatidic acid (LPA) induced
NEF-kB activation and lowered IL-8 production.”® Similarly,
inhibition of CARD10 in airway epithelial cells reduces
LPA-mediated NE-kB activity and the secretion of NE-kB
dependent cytokines, TSLP and CCL20, thus pointing to a
role for CARD10 in initiating allergic inflammation.”

In the present study, we show that Card10 is a direct tar-
get of CEBPE. We verify that CEBPE binds to a region
upstream of Card10 gene and its expression is upregulated
in the granulocytic population. We demonstrate that
knock-down of Card10 in a human cell line and in murine
progenitor cells causes a defect in granulocytic differentia-
tion. Expression analysis of Card10 depleted murine pro-
genitor cells revealed that knock-down of Card10 affected
expression of key genes involved in granulopoiesis. Taken
together, we identify Card10 as a novel target of CEBPE
with a role in myeloid cell differentiation and function.

Methods

Mice

CEBPE knock out (KO) mice have been described previously.’
Mice were maintained on a C57BL/6] (B6) genetic background at
the animal facility of Comparative Medicine Centre, National
University of Singapore (NUS). CEBPE KO allele was genotyped
using primers: GCTACAATCCCCTGCAGTCC, TGCCTTICT-
GCCCTTGTG and ATCGCCTTCTATCGCCTTCTTGACGAG.
All mice experiments were approved by Institutional Animal Care
and Use Committee, NUS, Singapore.

Flow cytometry

Single cell suspensions were incubated with fluorochrome-con-
jugated antibodies for 30 min on ice. Cells were washed with 2%
FBS/PBS and resuspended in SYTOX Blue Dead Cell Stain

(ThermoFisher Scientific). Flow cytometric analysis was per-
formed on FACS LSRII flow cytometer (BD Biosciences), and sort-
ing of cells was performed on FACS Aria cell sorter (BD
Biosciences). Data were analyzed using FACSDIVA software (BD
Biosciences).

ChIP-PCR

DNA-protein complexes were cross-linked with 1% formalde-
hyde at room temperature for 10 min, followed by quenching
with 0.2 M glycine for 5 min. Cells were lysed and chromatin was
sonicated in Lysis buffer (1% SDS, 50 mM Tris-HCI, 5mM EDTA)
at 4°C using Diagenode Bioruptor. Sheared-sonicated chromatin
was incubated overnight at 4°C with antibodies against Cebpe and
a mixture of Dynabeads Protein A and Protein G (1:1). Bead-chro-
matin complexes were washed, and the chromatin was eluted in
1% SDS, 0.1M sodium bicarbonate and reverse-crosslinked at
65°C for 16 hours. Immunoprecipitated DNA was extracted using
QIAquick PCR Purification Kit (Qiagen) and quantified using
Qubit Fluorometer (Life Technologies). Input and immunoprecip-
itated DNA were amplified using three different primer pairs.
Primer sequences used for ChIP-PCR can be found in Ounline
Supplementary Table S4.

Electrophoretic mobility shift assay

298T cells were transfected with either 1 ug pcDNAS3.1(-)
empty vector or Cebpe expressing vector in 100 mm dishes using
Jetprime transfection reagent (Polypus) according to manufactur-
er’s instructions. After transfection, cells were cultured for 48
hours, and nuclear extracts were prepared using NE-PER reagent
(Thermo Scientific). Double-stranded oligonucleotide probes were
labelled using 3’ Biotin End labelling kit (Thermo Scientific) fol-
lowing the manufacturer’s instructions. Following biotinylated
probes were used: CEBP consensus (5'-GATCCATATCCCT-
GATTGCGCAATAGGCTCAAAA); Card10 (5'- GAATGAGCC-
GATTGCTGCAACCTGGAAGG); Mutant Card10 (5'- GAAT-
GAGCCGGCCTTGGGGCCCTGGAAGG) along with 100 fold
molar excess of corresponding cold competitor. EMSA was carried
out using LightShift Chemiluminescent EMSA Kit (Thermo
Scientific). DNA-protein complexes were resolved on native 10%
polyacrylamide—TBE gels.

Luciferase reporter assay

A 500 bp fragment upstream of Card10 gene (encompassing the
CEBPE binding site identified in ChIP-seq) was amplified from
genomic DNA extracted from murine bone marrow cells and sub-
cloned into pGL4-Basic vector (Promega, Madison, WI). NIH/3T3
cells were transfected with pCDNA-Cebpe along with either
pGL4 basic vector or pGL4-Card10 vector (-7kb peak) using
Lipofectamine Plus (Life Technologies). Renilla basic vector was
co-transfected as a control for normalization of luciferase activity;
luciferase was measured 24 hours after transfection using Promega
Dual-Glo assay kit, as per the manufacturer’s instructions.

Isolation, culture and differentiation of LinKit* bone
marrow cells

Murine LinKit" cells were isolated from the bone marrow of
C57BL/6 mice. Briefly, bone marrow cells were flushed from
femurs and tibias using PBS containing 5%FBS; red cells were
lysed and anti-rat IgG Dynabeads (Invitrogen) were used to
deplete lineage +ve cells. LinKit* cells were sorted on FACS Aria
(BD Biosciences). Sorted cells were cultured in the presence of IL3,
IL6 and SCE To induce granulocytic differentiation, 10 ng/mL
GM-CSF was added to the culture medium. Granulocytic differ-
entiation was monitored using flow cytometry at days 3, 5 and 7
of GM-CSF treatment.



Short hairpin RNA (shRNA) interference

To obtain Card10 knock-down in NB4 cells and murine progen-
itor cells, human and murine Card10 shRNA were cloned in the
pLKO.1 lentiviral vector. Briefly, for virus production, 293T cells
were seeded in a 100mm dish, one day before transfection in
DMEM medium supplemented with 10% FBS. Plasmid DNA
(either non-target shRNA or Card10 shRNA) was transfected
along with pCMV-dr8.2 and pMD2.G using Lipofectamine 2000
transfection reagent (Invitrogen, Carlsbad, CA, USA). After 4
hours, the transfection medium was replaced with DMEM medi-
um supplemented with 10% FBS. Cell culture supernatants con-
taining the lentivirus were collected at 48h and 72h post-transfec-
tion. Cells were transduced with lentiviral particles in the presence
of 8 ug/ml polybrene (Sigma-Aldrich) for 24h. Transduced cells
were selected with puromycin (1 ug/ml for NB4 and 2 ug/ml for
mouse LinKit" BM cells) for a week.

RNA isolation, cDNA conversion and QPCR

RNA from sorted murine granulocytes, progenitor populations
or NB4 cells was isolated using either RNeasy Micro or Mini Kit
(Qiagen) depending on the number of cells. cDNA was prepared
using MulV Reverse Transcriptase (Thermo Fisher Scientific).
Primer sequences used for quantitative RT-PCR are listed in Online
Supplementary Table S1.

RNA sequencing and expression analysis

cDNA libraries were prepared from poly-A selected RNA using
Truseq RNA sample kit (Illumina). Libraries were sequenced on
HiSeq 4000 and 100 bp paired-end reads were aligned to murine
reference transcriptome (GRCm38/mm10; Ensemble version 84)
using Kallisto (version 0.43.0). Transcript level fragment counts
were summarized at the gene level using TxImport Bioconductor
package, and differential analysis was performed using DESeq2.
Gene expression was quantified in FPKM units using DESeq2
FPKM command and was used for all downstream analysis and
plotting. All other test-statistics and plotting were performed using
R 3.4.0. Gene Ontology (GO) was performed on differentially
expressed genes using goseq Bioconductor package (version
1.20.0), which accounts for bias due to gene length. Resulting
P-values were adjusted for False Discovery Rate (FDR). For GSEA
analysis, we used all “active transcripts” with mean expression of
0.5 FPKM to identify significantly enriched gene sets among
MSigDB C2 gene sets.

Statistical analysis

Two-sided, unpaired Student r-test was used to determine the
statistical significance of experimental results. Data represented
as mean=+SD. P values <0.05 are considered statistically signifi-
cant.
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Results chromatin immunoprecipitation followed by sequencing
(ChIP-seq).” Total bone marrow cells are composed of

CEBPE predominantly binds at intergenic and intronic  approximately 40-50% of mature granulocytes that
regions and regulates gene expression express high levels of CEBPE. Further analysis of ChIP- seq
We previously identified genome-wide CEBPE binding data revealed that the overall binding pattern of CEBPE
sites in unfractionated mouse bone marrow cells using was similar to other CEBP factors, with increased binding
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Figure 2. Genes bound by CEBPE have an activation signature in granulocytes. Heat maps of ChIP-Seq signal intensities of histone marks in long term
hematopoetic stem cells (LT-HSC), common myeloid progenitors (CMP), granulocyte-monocyte progenitor (GMP) and granulocytes (Gr) populations for genes whose
expression is downregulated in CEBPE KO cells and categorised according to location of binding of CEBPE to the promoter, intron, intergenic region <10kb and >
10kb of the nearest gene TSS.?? *in the figure represents Card10.
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at intergenic (37 %) and intronic regions (46%) and only
10% of the sites located in core promoter regions (Figure
1A). We integrated the gene expression profile of granulo-
cytes from Cebpe WT and KO mice (RNA-seq) and CEBPE
ChlIP-seq analysis. A total of 312 genes were downregulat-
ed in the absence of CEBPE. Of these, 93 genes had a
CEBPE promoter peak, 103 genes had an intronic peak and
116 genes had an intergenic peak. Of the 116 peaks, 18
genes had a peak within 10kb from the transcriptional
start site (TSS), while 98 genes had a peak beyond 10kb
from the TSS (Online Supplementary Table S1).

As genome-wide distribution of enhancer and promoter
associated histone modifications provides a reliable signa-
ture of cell identity, we further analysed the 312 genes for
histone marks in the hematopoietic lineage using a previ-
ously published data set.”” We used ChIP-seq data for
three histone marks; H3K4me3 (mark of active promot-
ers), H3K4mel (mark of poised enhancers) and H3K27ac
(mark of poised and active enhancers) and analysed the
distribution of these marks for the 312 genes in long term
hematopoetic stem cells (LT-HSC), common myeloid pro-
genitors (CMP), granulocyte-monocyte progenitor (GMP)
and granulocytes (Gr). Expectedly, comparison of
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H3K27ac, H3K4mel and H3K4me3 profiles showed that
the majority of genes with promoter binding of CEBPE
had a transcriptional activation signature in the granulo-
cytes but not in (LT-HSC), myeloid precursors (CMP and
GMP populations) (Figure 1B). Cumulative assessment of
Z scores revealed that in granulocytes, an overall increased
signal intensity for all three active histone marks was
detected in genes with either intronic or intergenic occu-
pancy within 10kb of the TSS, as compared with genes
with peaks beyond 10kb of the TSS (Online Supplementary
Figure S1).

This analysis further emphasizes the role of CEBPE as a
transcription factor essential for granulopoiesis and identi-
fies a set of genes that might be regulated by CEBPE, with
ChIP-seq peaks at non-promoter regions.

Card10/Carma3 is regulated by CEBPE in the
granulocytic population

Among the 18 genes that had an intergenic binding of
CEBPE within 10kb of the TSS, Card10 was an interesting
target which harbors active histone marks and is exclu-
sively expressed in granulocytes and monocytes (Online
Supplementary Figure S2A).

Figure 3. Card10 is a direct target of CEBPE. (A) lllustration of CEBPE binding peaks at the mouse Card10 locus. Binding sites located around -1.5kb and -7kb of
the Card10 transcription start site are depicted in red. (B) FPKM values (RNA-seq) of Cebpe and Card10 in LT-HSC, CMP, GMP and Granulocytes (Gr)

(https://www.ebi.ac.uk/gxa/experiments/E-MTAB-3079). (C) RT-PCR validation of
Cebpe KO mice. (D) ChIP-PCR validates binding of CEBPE to the -7kb regjion of Card
pGL4 basic luciferase vector containing a 500bp fragment harboring the -7kb CEB

1ug) of pcDNA-Cebpe into NIH/3T3 cells. Luciferase activities were assayed 24 hours after transfection. Results represent fold induction of relative luciferase activity

after normalization to Renilla control of two independent experiments, each done

sequence (CARD10 oligo), mutant CEBPE binding sequences (mutant oligo) and consensus CEBP binding sequences (CEBP oligo). Biotin-labelled probe was mixed

with protein extracts from 293T cells transfected with either an empty vector or an
10% polyacrylamide-TBE gel. Cold competition was carried out with 100- fold molar

fection with CEBPE expression vector used for EMSA assay. Alpha tubulin (TUBA1A) was used as loading control. ****P<0.0001, *P<0.05

transcript levels of Card10 in sorted immature granulocytes from wildtype and
10 gene using three primer pairs. Data are presented as percentage of input. (E)
PE binding region was co-transfected with different amounts (0.2, 0.5, 0.8, and

in triplicate. (F) Left panel; EMSA was performed with wild-type CEBPE binding

expression vector for CEBPE, and the reaction mixtures were resolved on native
excess of unlabelled oligo. Right panel; Western blot of 293T cell lysate +/- trans-
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Figure 4. Card10 locus exhibits transcriptional activation signature in granulocytes. H3K27ac, H3K4me1 and H3K4me3 ChlIP-seq signals in LT-HSC, CMP, GMP and
granulocytes (Gr) and IGV track of ATAC-seq profile of sorted granulocytes (bottom track). Tracks are represented in frame with the CEBPE ChIP-seq peak of Card10

gene.?

We identified that CEBPE binds upstream of Card10
gene (-1.5 kb and -7kb) (Figure 3A). Interestingly, expres-
sion profile of Card10 and Cebpe followed a similar pat-
tern, with the highest level of expression observed in gran-
ulocytes (https://www.ebi.ac.uk/gxa/experiments/E-VTAB-
3079) (Figure 3B). Expression of Card10 was significantly
lower in immature granulocytes from Cebpe KO mice
compared with the same stage of differentiation of the
wild type mice (Figure 3C, Ounline Supplementary Figure
S2B).

On scanning the ChIP-seq data, peaks occurred at the -
7 kb and -1.5 kb regions upstream of Card10 gene. We also
verified the binding of Cebpe to know targets such as
Lactoferrin (Ltf) and Neutrophilic granule precursor pro-
tein (Ngp) (Online Supplementary Figure S3A). Examination
of the nucleotide sequence using ConSite (an online soft-
ware tool to predict transcription factor motifs) revealed
two CEBPE motifs within the -7kb peak and one CEBPE
motif was detected in the -1.5kb peak (Online
Supplementary Figure S3B). The -7kb region had stronger
binding of CEBPE compared with the -1.5 Kb region; and
therefore, the region was further studied. CEBPE binding
to the -7kb peak was validated using ChIP-PCR in bone
marrow cells from Cebpe WT mice; and this binding was
significantly reduced in the KO cells (Figure 3D and Online
Supplementary Figure S4).

To assess whether the interactions of CEBPE is function-
ally relevant, luciferase reporter assay and electrophoretic
mobility shift assay (EMSA) were performed. Luciferase
reporter assay with a 500 bp fragment containing the
CEBPE motif sequence transfected into NIH/3T3 cells
revealed that CEBPE was able to transactivate the
luciferase reporter in a dose-dependent manner (Figure
3E). Next, biotinylated oligos encompassing the putative
CEBP motif were designed and EMSA assays were per-
formed. Incubation of biotinylated oligos with nuclear
extract from cells ectopically expressing CEBPE caused a
shift in migration of the biotinylated oligos. This shift dis-

appeared when the nuclear extract complex was incubat-
ed with either 100-fold molar excess of unlabelled com-
petitor oligos (cold competition) or with biotinylated oli-
gos harboring a mutation in CEBP motif (Figure 3F). Taken
together, these results indicate that Card10 is a direct tar-
get of CEBPE.

Epigenetic landscape and expression of Card10
reveals an exclusive signature in granulocytes

Comparison of H3K27ac, H3K4mel and H3K4me3
occupancy at Card10 locus (at the core promoter and -7kb
CEBPE binding region) in LT-HSC, CMPE, GMP and granu-
locytes, revealed transcriptional activation signatures
exclusively in granulocytes (Figure 4). ATAC-Seq of sorted
granulocytes™ also indicated that the region bound by
CEBPE is located in open chromatin (Figure 4). These find-
ings along with exclusive expression of Card10 in granulo-
cytes suggests a role in myeloid differentiation.

CARD10 regulates neutrophil differentiation in vitro

Since Card10 expression is controlled by CEBPE, we
hypothesized that CARD10 may have a role in granu-
lopoesis. To test this hypothesis, CARD10 expression was
stably silenced using short hairpin RNA (shRNA) in NB4
cells, an acute promyelocytic leukemia cell line that can be
differentiated into granulocytes in the presence of all-trans
retinoic acid (ATRA) (Figure 5A). We observed that knock-
down of CARD10 resulted in a reduced proportion of
CD11b* cells upon induction with ATRA (control shRNA:
93% and CARD10 KD: 83% (sh4) and 63% (shd) 4 days
incubation). Although the data are not statistically signifi-
cant, we did observe a trend towards impaired differenti-
ation following Card10 knock-down (Fig. 5B). In parallel
as a control, we also verified granulocytic differentiation
after ATRA induction of CEBPE knock-down cells (Online
Supplementary Figure S5A and S5B). Viability assay with
control and Card10 KD cells revevaled no major effect on
cell proliferation (Online Supplementary Figure S5C).
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Knock-down of CARD10 impairs granulocytic
differentiation of murine Lin'Kit' BM cells

We evaluated further the role of CARD10 in granulocyt-
ic differentiation. shRNAs targeting murine Card10 were
initially screened in NIH/3T3 cells (Online Supplementary
Figure S6A) and two shRNAs that silenced Card10 were
used to transduce murine LinKit" bone marrow (BM) cells.
These shRNA sequences also robustly reduced the expres-
sion of Card10 in murine LinKit® BM cells (Figure 5C).
LinKit* myeloid progenitors were transduced with either
control or mouse Card10 shRNAs and grown in the pres-
ence of IL3, IL6, SCF and GM-CSE The proportion of
CD11b'Grl" cells were analysed at different time points
using flow cytometry. Our analysis revealed that Card10
knock-down resulted in significantly lower proportion of
granulocytes at all the time points tested (control shRNA:
50%, Card10 KD: 19% (sh2) and 11% (sh5) at 7 days)
(Figure 5D and Online Supplementary Figure S6B). This fur-
ther illustrated a role for CARD10 in myeloid cell differen-
tiation.

Knock-down of Card10 affects expression of
myeloid-specific genes

To understand the changes in gene expression following
Card10 knock-down, RNA-Seq of bulk control and Card10
knock-down LinKit" BM cells was performed. Ninety-
four genes were downregulated and 68 genes were upreg-
ulated following Card10 knock-down (FDR<0.1) (Figure
6A). Gene Ontology analysis of differentially expressed
genes revealed enrichment of genes involved in immune
response, inflammatory response, leukocyte migration
and response to external stimuli (Figure 6B and Omnline

CARD10 regulates granulocytic differentiation

Figure 5. Knock down of CARD10

impairs myeloid differentiation. (A)

RT-PCR analysis of CARD10 expres-

sion in human NB4 cells transduced

with either non-target shRNA (NT) or

4 CARD10 specific shRNAs (sh4 and
shb). Y-axis represents relative
expression of CARD10 normalized to
transcript levels of GAPDH (B)
Proportion of CD11b* NB4 cells sta-
bly transduced with either control
(NT) or CARD10 shRNA and cultured
with 1 uM ATRA for different dura-
tion. (C) RT-PCR validation of Card10
knock-down in murine LinKit" bone
marrow (BM ) cells. Y-axis represents
relative expression of Card10 nor-
malized to Gapdh. (D) Granulocytic
differentiation of Lin"Kit" BM cells
stably expressing either NT or
Card10 shRNAs (sh2 or shb) in
response to 10ng/mL of GM-CSF.
Differentiation was monitored by
flow cytometric quantification of
CD11b*Grl" cells. Results are aver-
5 7 age of three independent experi-

ments. *P<0.05, **P<0.01.
Days

Supplementary Table S2). Furthermore, GSEA analysis of
downregulated genes revealed a strong enrichment for
genes involved in myeloid development (Figure 6C).
Expression signature of Card10 knock-down Lin'Kit" BM
cells (carried out with two independent shRNAs) was
compared to that of Cebpe KO immature granulocytes.
Twenty-nine of the 94 genes downregulated in Card10
knock-down cells were also downregulated in Cebpe KO
cells (Figure 6D). We validated the lower expression of
prominent myeloid specific genes using RT-PCR in Card10
KD Lin'Kit* BM cells (Figure 6E). These results show that
loss of CARD10 affects expression of genes implicated in
myelopoesis.

Discussion

CEBPE is a transcription factor essential for functional
maturation of granulocytes. Patients with neutrophil-spe-
cific granule deficiency have mutations of the CEBPE
gene.”™" Cebpe knockout mice recapitulate the disease and
fail to produce terminally differentiated granulocytes.
Previous studies from our group and others have identi-
fied several key targets of CEBPE,**including a compre-
hensive approach that curated a list of CEBPE targets by
comparing CEBPE binding sites to the gene expression
changes in sorted granulocytes from Cebpe WT and KO
cells.” The present study extends the analysis to identify
additional novel targets of CEBPE including genes with
intronic or intergenic binding. Analysis of histone modifi-
cations at loci of genes with intronic/intergenic peaks
showed that a majority of them had an active epigenetic
signatures in the granulocytic population, suggesting these

haematologica | 2018; 103(8) -



- haematologica | 2018; 103(8)

P. Shyamsunder et al.

Immune system process

Response to external stimulus

—log10(pvalue)

Leukocyte migration

Inflammatory response

BROWN_MYELOID_CELL_DEVELOPMENT_DN

0.00
-0.10
-0.20

030 INES -1.786
040 [ EpR g value 0.0917

Enrichment score (ES)

L LRI

0 2 4 6
o0, -log10(FDR)
“ * mngol;Change ‘ ¢
D E 151 mm T
B sh2c
Cebpe KO mm sh5c
Card10 KD
2 1.0
=
(]
=
o
283 29 65 =
£ 0.5
0.0-

3
S
S
-
%]

Ngp
Csf3r
Ltf

(o)) Q
< s
& O

Card10

3
S
S
~—
(%]

Figure 6. Gene expression changes in Card10 deficient murine LinKit' bone marrow cells. (A) Volcano plot depicts genes differentially expressed in Card10 knock-
down Lin-Kit* BM cells compared to the WT cells (RNA-Seq). (B and C) Gene Ontology analysis (B) and GSEA plot (C) reveals enrichment of genes involved in myeloid
development. (D) Venn diagram shows overlap of downregulated genes in WT vs. Cebpe KO (sorted immature granulocytes) compared to Card10 KD LinKit* BM
cells. (E) RT-PCR measuring the transcript levels of myeloid specific genes in NT and Card10 knock-down Lin-Kit* BM cells. Y-axis represents relative expression of

genes normalized to Gapdh. *P<0.05, **P<0.01, ***P<0.001.

genes are also positively regulated by CEBPE during differ-
entiation of granulocytes. Amongst these, Card10 was
investigated as a putative novel target of CEBPE.

We identified binding of CEBPE at two sites upstream of
the Card10 gene and hypothesized that CEBPE might reg-
ulate transcription of Card10. We verified occupancy of
CEBPE to the -7kb region upstream of Card10 gene using
ChIP-PCR, luciferase reporter assay and EMSA. We
observed impaired granulocytic diffferentiation following
Card10 knock-down in both human (NB4) and murine
(Lin'Kit") BM cells. These findings suggest that CARD10
may be an important mediator of granulocytic differentia-
tion.

To understand how deficiency of CARD10 causes per-
turbation in myeloid differentiation, we performed
expression analysis of Card10 knock-down and murine
Lin'Kit* bone marrow cells. RNA-seq data showed that
knock-down of Card10 affected expression of genes
involved in myeloid development and function. Among
the genes downregulated in Card10 knock-down cells, 29
were also downregulated in Cebpe KO granulocytes and
analysis of their gene expression pattern revealed that
these genes were exclusively expressed in the granulocytic
population (Online Supplementary Table S3).

Migration of neutrophils to an inflammatory site is
modulated by the activation of NFkB signalling.”*
Published literature has documented a role for CARD10 as
a scaffold protein for the NFkB signalling pathway, with
no reference of its expression or role in granulopoiesis.”
The present study highlights that Card10 expression is

regulated by CEBPE and that Card10 deficient cells have
impaired granulopoiesis accompanied by reduced tran-
script levels of genes important in myeloid cell function.
The impaired migration and phagocytosis observed in
Cebpe KO mice may be contributed by lowered levels of
Card10.

We have previously shown that stimulating activity of
CEBPE in vivo can enhance the antimicrobial function of
the body.” As microbes evolve to discover new ways to
become resistant to antibiotics, enhancing innate immuni-
ty becomes more important. Whether the transcriptional
changes observed upon Card10 knock-down is an effect of
loss of mature granulocytes or a direct effect of Card10
function, warrants further analysis. In summary, this
study demonstrates that Card10 is a novel CEBPE target
gene and is implicated in granulocytic differentiation.
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