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SUMMARY

Thousands of cis-elements in genomes are predicted to have vital functions. While conservation,
activity in surrogate assays, polymorphisms, and disease mutations provide functional clues,
deletion from endogenous loci constitutes the gold-standard test. A GATA-2-binding, Gata2
intronic cis-element (+9.5) required for hematopoietic stem cell genesis in mice is mutated in a
human immunodeficiency syndrome. As +9.5 is the only cis-element known to mediate stem cell
genesis, we devised a strategy to identify functionally comparable enhancers (“+9.5-like™)
genome-wide. Gene editing revealed +9.5-like activity to mediate GATA-2 occupancy, chromatin
opening, and transcriptional activation. A +9.5-like element resided in Samd14, which encodes a
protein of unknown function. Samd14 increased hematopoietic progenitor levels/activity,
promoted signaling by a pathway vital for hematopoietic stem/progenitor cell regulation (Stem
Cell Factor/c-Kit), and c-Kit rescued Samd14 loss-of-function phenotypes. Thus, the
hematopoietic stem/progenitor cell cistrome revealed a mediator of a signaling pathway that has
broad importance for stem/progenitor cell biology.
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INTRODUCTION

The ease of accessing genome sequences, “epigenetic” maps, and a plethora of
bioinformatic tools have catalyzed efforts to translate nucleotide sequence into functional
principles. Perhaps the most rudimentary problem involves identifying small DNA
sequences that constitute cis-regulatory elements, primary determinants of gene expression
and therefore cellular phenotypes. This problem may seem quite tractable, given chromatin
immunoprecipitation (ChIP) for acquiring snapshots of protein binding to chromatin and
gene editing technologies. However, only a subset of the thousands of a given cis-element
are occupied in cells. Integrating factor co-occupancy, evolutionary conservation, and
chromatin environment increases the fidelity of predictions of cis-element occupancy. These
parameters do not invariably predict importance, however, as cis-elements bound by
multiple factors have been deleted from a genome with little to no consequence (Bender et
al., 2000; Sanalkumar et al., 2014; Snow et al., 2011). Occupancy measured by ChIP may
reflect factor trapping at sites where they do not function, redundancy, or actions not
measurable by existing assays. Sifting through cis-element ensembles to identify functional
elements remains challenging.

Dissecting mammalian genome function ushered in cis-element “encyclopedias” (Yue et al.,
2014) presumed to harbor a treasure-trove of regulatory content. As intrinsic and
environmental mechanisms mold chromatin structure and confer plasticity in specialized
contexts, it is crucial to address genome science problems with biologically robust systems.
Given lineage relationships between hematopoietic stem/progenitor cells and progeny, and
regenerative biology/medicine significance, the hematopoietic system is instructive as a
model to discover mechanisms governing fundamental processes, including cell fate
determination and gene regulation (Orkin and Zon, 2008; Rieger and Schroeder, 2012).

A single protein, GATA-2, governs hematopoietic stem cell (HSC) genesis from hemogenic
endothelium in the aorta gonad mesonephros (AGM) region of the embryo and development
of the hematopoietic system (de Pater et al., 2013; Tsai et al., 1994). GATA-2 also controls
proliferation/survival of hematopoietic progenitors (Tsai and Orkin, 1997). In hemogenic
endothelium, GATA-2 instigates a complex genetic network (Gao et al., 2013), including
the regulator of hematopoiesis/leukemogenesis Runxl (Wang et al., 1996). Since reduced
GATA-2 expression/activity causes primary immunodeficiency, myelodysplastic syndrome,
and myeloid leukemia (Dickinson et al., 2014; Spinner et al., 2013), the integrity of
GATA-2-dependent genetic networks must be maintained. Many questions remain
unanswered regarding the composition and dynamics of GATA-2 target gene ensembles.
Given the caveats of extrapolating chromatin binding to function, traversing this divide will
benefit from new approaches.

We described a cis-element essential for GATA-2 function (Gao et al., 2013; Johnson et al.,
2012), which provides a unique opportunity to elucidate GATA-2 mechanisms genome-
wide. Deletion of an intronic sequence 9.5 kb downstream of the Gata2 transcription start
site (CATCTG-8bp-AGATAA), reduces Gata2 expression and abolishes the capacity of
hemogenic endothelium to generate HSCs in the AGM, thereby causing anemia and
embryonic lethality (Gao et al., 2013; Johnson et al., 2012). This contrasts with deletions of
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other Gata2 cis-elements bearing chromatin attributes that imply importance, but lack
essential functions (Sanalkumar et al., 2014; Snow et al., 2011). The +9.5 conforms to an E-
box-spacer-GATA composite element (Grass et al., 2006; Wozniak et al., 2007), originally
reported to mediate assembly of a complex containing GATA-1 and Scl/TAL1 transcription
factors and the coactivators Ldb1 and Lmo2 (Wadman et al., 1997). GATA-2 occupies a
small fraction of these genomic elements (Fujiwara et al., 2009; Wozniak et al., 2008).

Herein, we leveraged +9.5 structure/function to establish an ensemble of GATA-2-regulated
cis-elements termed the “hematopoietic stem/progenitor cell (HSPC) cistrome”. We
envisioned that this cistrome would reveal new GATA factor-dependent pathways that
control HSPC genesis/function and would constitute a resource for dissecting mechanisms
governing the function of an abundant class of cis-elements in a genome — GATA motifs.
We devised a strategy to identify GATA-2-regulated cis-elements, based on sequence/
attributes shared with the +9.5. A “+9.5-like” cis-element resided in Samd14, encoding a
sterile alpha motif domain protein of unknown function. Samd14 has sequence homology to
neurabin-2 (Allen et al., 1997), which opposes p-arrestin-mediated suppression of G-protein
coupled receptor (GPCR) signaling (Wang et al., 2004). GATA-2 upregulated Samd14
expression, which promoted stem cell factor (SCF)/c-Kit signaling and hematopoietic
progenitor function. This mechanism exemplifies the unique biological/mechanistic content
that can be mined from the cistrome and how our strategy can guide the traversal from
genetic sequence and epigenetic signatures to new modes of cell regulation.

GATA-2-Regulated Stem/Progenitor Cell Cistrome

To discover an ensemble of E-box-GATA composite cis-elements resembling the Gata2
+9.5, we used multiple parameters to identify and analyze candidate sequences (Figure 1A).
The human genome contains 102,427 occurrences of CANNTG, followed by a 6-14 bp
spacer and AGATAA. This number drops 11.5-fold to 8,913 when CATCTG, is considered.
Only small percentages (0.4% for CANNTG-(N6-14)-AGATAA and 0.3% CATCTG-(N6-
14)-AGATAA) of sequences are conserved between the human and mouse genomes using
the standard lift-over utility of the UCSC Genome Browser. To apply a broader definition of
conservation, we annotated these elements as distal, promoter, intronic, and exonic, relative
to known genes and assessed whether these elements exhibited location-based conservation
between human and mouse. This comparison revealed that 13% and 25% of the human
CANNTG-(N6-14)-AGATAA and CATCTG-(N6-14)-AGATAA elements are conserved
in mouse, respectively (Figure 1B). We integrated GATA-2 occupancy data from CD34*
bone marrow cells (Beck et al., 2013) and observed that 17% and 28% of the GATA-2-
occupied CANNTG-(N6-14)-AGATAA and CATCTG-(N6-14)-AGATAA elements were
conserved. The conserved elements were located in diverse contexts and not predominantly
at promoters (Figure 1B).

We devised a multi-factorial strategy to prioritize the elements with the goal to identify
enhancers functionally resembling +9.5. GATA-2 occupancy was overrepresented (p = 5.4 x
1079) at composite elements containing 8 base pair spacers in lineage-negative (Lin~) mouse
bone marrow hematopoietic progenitors (Figure 1C). Prioritization involving only
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composite elements with CATCTG-(N8)-AGATAA yielded 797 (excluding +9.5) in the
mouse genome, which we considered to be candidate enhancers involved in HSPC genesis/
function (Table S1). While these elements were similarly distributed throughout the genome,
more than half (53%) showed location-based conservation in humans (Figure 1C).

We reasoned that elements sharing factor occupancy and histone modification patterns with
the +9.5 may functionally resemble the +9.5. We compiled mouse ChlIP-seq datasets from
hematopoietic/erythroid cell lines (Wu et al., 2011), HPC-7 cells (Wilson et al., 2010),
G1ME cells (Dore et al., 2012), as well as 76 histone modification and 38 chromatin
occupancy datasets (Shen et al., 2012b). These data from diverse primary cells/tissues and
biologically relevant cell lines included GATA-2 and Scl/TAL1, among others. We derived
a “chromatin occupancy signature” of the +9.5 site and compared factor occupancy and
histone modification patterns at each element to the +9.5 site. This resulted in a +9.5-
dissimilarity metric for each of the 797 +9.5-like elements (Table S1). Scoring was based on
a 0-5 scale, in which 0 represents the +9.5 chromatin signature and 5 is entirely dissimilar.

Four of the top 20 ranked +9.5-like elements resided at loci with established developmental
and/or homeostatic functions in the hematopoietic system [Bcl2l1 (Chao and Korsmeyer,
1998) Dappl (Bam32) (Han et al., 2003), Inpp5d (Helgason et al., 1998), and Pstpipl
(Shoham et al., 2003)]. Among the top 300 elements, 68 were GATA-2-occupied, 49 were
Scl/TAL1-occupied, and 34 were GATA-2-Scl/TAL1-co-occupied (Table S2). Bcl211 +12.2
and Samd14 +2.5 candidate HSPC enhancer elements were conserved between human,
mouse, and rat (Figure 1D). Based on conservation, we annotated human GATA-2
occupancy in 52 of the conserved elements (12.3%), including Samd14 +2.5 and Bcl2l1
+12.2, which correlate with putative enhancers, inferred from chromatin accessibility/
attributes in diverse tissues (Cheng et al., 2014) (Table S2).

The highly ranked Samd14 +2.5 element resided in the first intron of Samd14, which
encodes a sterile alpha motif domain protein of unknown function. GATA-2 occupied
Samd14 +2.5 in human bone marrow-derived CD34+ HSPCs (Beck et al., 2013), K562
erythroleukemia (Fujiwara et al., 2009), and HUVEC (Linnemann et al., 2011) cells. In
addition, Scl/TAL1 occupied Samd14 +2.5 in K562 cells, resembling the +9.5 (Figure 1E).

+9.5-like elements were assayed for enhancer activity in a transient transfection assay in
G1E cells, in which +9.5 is active (Wozniak et al., 2007). While Samd14 +2.5 and Akap13
—65 had strong activity, Dappl +23.5 and Pstpipl +0.7 had modest activity, and
Bcl211+12.2 was inactive (Figure S1A). Replacing the core composite element from the
inactive Bcl2|1 element with the active +9.5 did not alter +9.5 activity (Figure S1B). A
Bcl2l1 +12.2 reporter containing the 3’ region of the +9.5 was active, indicating that
additional 3’ determinants of activity flank the +9.5 site (Figure S1C). We tested whether
Samd14 +2.5 functions as an enhancer when integrated as a LacZ fusion in E12.5 transgenic
mouse embryos. This analysis revealed +9.5-like activity in hematopoietic tissues
[descending aorta (DA) and fetal liver (FL)], in 4 of 6 Samd14 +2.5-LacZ embryos (Figure
S1D).
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To test whether GATA-2 regulates Samd14 expression, we quantitated Samd14 expression
in Gata2 +9.5~~ mouse embryos in which Gata2 expression is downregulated in the E11.5
AGM and E12.5 fetal liver 4- and 20-fold, respectively (Figure 1F). Samd14 mRNA was 2-
and 8-fold lower in the AGM and fetal liver, respectively. GATA-2 overexpression in Lin~
fetal liver erythroid precursors upregulated Samd14 expression 7.5-fold (Figure 1G).
GATA-2 regulation of Samd14 expression and Samd14 +2.5 enhancer activity suggest that
Samd14 +2.5 function resembles +9.5, and GATA-2 and Samd14 may function in a
common pathway.

Cistrome Constituent Function at Endogenous Loci

To determine if +9.5-like elements function at endogenous loci, we designed transcription
activator-like effector nucleases (TALENS) (Kim et al., 2013) or clustered, regularly
interspaced, short palindromic repeats (CRISPR)/Cas9 targeted endonucleases (Cho et al.,
2013) to delete the respective sequences. We selected high-ranked (Samd14 +2.5, Bcl2l1
+12.2 and Dappl +23.5) and low-ranked +9.5-like elements (Mrps9 +17.6 and Mgmt +182)
for deletion in murine G1E cells. These Gatal-null, embryonic stem cell-derived cells
resemble a normal erythroid precursor (proerythroblast) and express endogenous GATA-2
and Scl/TAL1 (Weiss et al., 1997). Heterozygous clonal lines were isolated after
transfection with vectors encoding TALEN pairs or a targeting sgRNA and Cas9-expression
vector. Allele-specific primers were used to quantitate primary transcripts from wild type
and mutant alleles (Figure 2A). Using 9.5%/~ fetal liver cells, the wild type Gata2 allele is
considerably more active than the mutant allele (Sanalkumar et al., 2014). Samd14 +2.5
mutations generated with TALENS revealed that deleting the entire cis-element (Sam
HET1), E-box (Sam HET2), or GATA motif (Sam HET3) decreased transcription 80, 50,
and >90%, respectively (Figure 2B). Thus, Samd14 +2.5 regulates endogenous Samd14
expression.

Although Bcl2l1 +12.2 was inactive in the transfection assay (Figure S1), not all enhancers
function in plasmids, and plasmid activity does not invariably predict endogenous activity.
TALEN-mediated deletion of the E-box or spacer sequence from endogenous Bcl2l1 +12.2
markedly reduced transcription of the mutant vs. wild type allele in multiple clonal lines
(Figure 2C). As Bcl211 +12.2 functions at its endogenous locus, this highlights the
limitations of enhancer screening by transient transfection. CRISPR/Cas9-mediated deletion
of a 22 bp sequence including the E-box and spacer of the highly ranked intronic Dappl
+23.5 reduced mutant allele transcription 2.3-fold (Figure 2D). Gene editing was used to
generate heterozygous deletions at low-ranked elements. The Mrps9 +17.6 GATA motif and
spacer were deleted, while the Mgmt +182 GATA motif was deleted. Wild type and mutant
primary transcripts were not significantly different (Figure 2D).

Since GATA-2 and Scl/TAL1 occupy the +9.5 (Wozniak et al., 2008), +9.5 confers open
chromatin (Sanalkumar et al., 2014), and we discovered +9.5-like elements, we used allele-
specific ChIP and chromatin accessibility assays to analyze function of these candidate
enhancers. We compared occupancy at wild type and mutant Bcl2I1 +12.2 and Samd14 +2.5
alleles. Resembling the +9.5 deletion (Johnson et al., 2012; Sanalkumar et al., 2014),
deletion of Samd14 +2.5 and Bcl2I1 +12.2 E-boxes nearly abolished GATA-2 and Scl/TAL1
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occupancy (Figure 3A and 3B). Though an E-box mediates Scl/TAL1 binding to naked
DNA, Scl/TAL1 co-localizes with GATA-1 at certain GATA maotif-containing chromatin
sites lacking an E-box (Tripic et al., 2008), and Scl/TAL1 function does not always require
DNA binding activity (Kassouf et al., 2008). Scl/TAL1 and GATA-2 occupancy at
endogenous +9.5-like sites required the E-box.

To test whether +9.5-like elements promote chromatin accessibility, formaldehyde-assisted
isolation of regulatory elements (FAIRE) (Giresi et al., 2007) was used to quantitate open
chromatin. Accessible chromatin was detected at +9.5, Samd14 +2.5, and Bcl211 +12.2 in
G1E cells, while the low ranked Mrps9 +17.6, Mgmt +182, Wnt7a +8.6, and Fgf5 +19.5
exhibited low accessibility, indistinguishable from the negative control necdin (Figure 3C).
Allele-specific FAIRE with heterozygous clones revealed markedly reduced accessibility at
Samd14 +2.5 and Bcl2l1 +12.2 mutant alleles lacking the E-box (Sam HET2 and Bcl
HET1), GATA motif (Sam HET3), or spacer region (Bcl HET3) (Figure 3D). Thus,
prioritized +9.5-like elements confer occupancy, accessibility, and transcriptional activation.

A defining feature of E-box-GATA composite elements is the ability to assemble a complex
containing GATA-1 or GATA-2 and Scl/TAL1, Ldb1, and Lmo2 (Love et al., 2014). Since
+9.5-like element deletions reduced factor occupancy and accessibility, we asked whether
Ldb1 functions through Samd14 +2.5 and Bcl2l1 +12.2. Ldb1 occupied +9.5 and +9.5-like
sites in G1E cells (Figure 3E). shRNA-mediated Ldbl knockdown (83% reduction)
decreased Samd14 expression (6.5-fold) without affecting Gata2 or Bcl2l1 expression
(Figure 3F). At Gata2, Ldbl and BRG1 reductions are required to decrease transcription
(Sanalkumar et al., 2014). shRNA-mediated Ldb1 knockdown in heterozygous G1E cells
containing E-box or GATA motif deletions of Samd14 +2.5 only influenced Samd14
expression from the wild type allele (Figure 3G). Thus, Ldb1-mediated regulation of
Samd14 requires Samd14 +2.5, and GATA-2-Scl/TAL1-Ldbl occupy Samd14 +2.5, thereby
activating Samd14 transcription. Deleting Samd14 +2.5 reduces chromatin accessibility,
abrogates GATA-2-Scl/TAL1 occupancy, decreases transcription, and the locus is rendered
Ldbl-insensitive (Figure 3H).

Samd14 Increases Hematopoietic Progenitor Levels/Activity

Our analysis of the +9.5-like stem/progenitor cell cistrome revealed loci with known and
unknown functions. By opposing apoptosis in HSPCs, Bcl2l1 (Bcl-xL) controls
hematopoiesis and is linked to myeloproliferative neoplasms and leukemia/lymphoma (Chao
and Korsmeyer, 1998; Chonghaile et al., 2014). Dappl (Bam32) regulates B- and T-cell
receptor signaling, germinal center progression, and mast cell activation (Han et al., 2003).
Samd14 function in hematopoiesis or any other system is unknown. Samd14 protein
contains a conserved SAM and a coiled-coil domain (Figure 4A). Mining RNA-seq data
(Lara-Astiaso et al., 2014) revealed Samd14 expression in HSPCs and differentiated progeny
(Figure S2A).

To gain insight into Samd14 function, we compared its sequence, expression, and
subcellular localization to two potential Samd14 paralogs, Ppplr9a and Ppplr9b. Ppplr9a
and Ppp1r9b encode regulatory subunits of the protein phosphatase | complex, neurabin-1
and neurabin-2, respectively (Terry-Lorenzo et al., 2002). Samd14 and Pppl1r9b have similar
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expression patterns during hematopoiesis (Lara-Astiaso et al., 2014) (Figure S2A) and in
fetal erythroid precursors (Chen and Lodish, 2014) (Figure S2B). Immunostaining of
expressed HA-Samd14 in G1E cells revealed a cytoplasmic localization (Figure 4B),
resembling neurabin-2 in HelLa (Sagara et al., 2009) and immature dendritic cells (Bloom et
al., 2008). ER-GATA-1 uniquely upregulated Samd14 expression in GIE-ER-GATA-1 cells
(Figure S2C) (DeVilbiss et al., 2013). Though Ppplr9b and Samd14 are neighboring genes
(Figure 1E), heterozygous Samd14 +2.5 deletion did not affect Ppplr9b expression (Figure
S2D). Sequence alignments of intron-1 from Samd14, Pppl1r9a, and Ppplr9b revealed a
common GATA motif and partial E-box, albeit with a unique spacer length (Figure S2E).
Neurabin-2 counteracts B-arrestin function to regulate GPCR signaling (Wang et al., 2004).
Samd14 and Neurabin-2 share homology in GPCR- and PP1-interaction domains and
additional regions (Figure 4A and S2F).

We conducted loss-of-function analysis to elucidate Samd14 function in GATA-2-
expressing hematopoietic progenitors. Lineage-depleted (Lin™) E14.5 fetal liver cells were
infected with control or Samd14 shRNA retrovirus. Three days post-expansion, two distinct
shRNAs significantly reduced Samd14 expression (Figure 4C). In a colony-forming unit
assay, Samd14 knockdown reduced BFU-E and CFU-GM colonies 3.4- and 2.5-fold,
respectively (Figure 4D). To determine changes in fetal liver cellularity following Samd14
knockdown, we utilized CD71 and Ter119 markers to delineate R1-R5 populations. Early
erythroid precursors reside in R1/R2 compartments, with differentiating erythroblasts in R3-
R5. R1 (CD71!°%, Ter1197) and R2 (CD71M9h Ter1197) immature erythroid precursors
decreased ~2-fold, concomitant with increased mature R3 and R4/5 populations (Figure 4E).

To determine whether Samd14 knockdown altered the erythroid precursor transcriptome,
RNA-seq was conducted using early erythroid precursor cells (R1) isolated from E14.5 fetal
liver Lin~ cells cultured for 3 days. This analysis identified 576 differentially expressed
genes (g-value < 0.05) upon Samd14 knockdown (254 upregulated; 322 downregulated)
(Table S3). The magnitude of expression changes was low; only 1 gene was downregulated
>2-fold (Samd14), and 1 was upregulated >2-fold (Rabl). RT-PCR established that Ptpn11
(Shp2), Mtap, Rabl, Timm10 and Serinc3 were upregulated 2—-3-fold in R1 cells, validating
the RNA-seq (Figure 4F). Gene Ontology revealed links to cell-cycle regulation and protein
localization/transport (Figure 4G). Flow cytometric analysis indicated little to no change in
fetal liver cell DNA content (Figure S3A), the proliferation marker Ki67 (Figure S3B), or
the apoptotic marker AnnexinV (Figure S3C). The bioinformatic tool STRING revealed
Ptpnll interactions with genes upregulated by the knockdown (Figure 4H). Samd14 activity
to suppress Ptpnll expression has important implications, as Ptpn11 encodes a phosphatase
that controls SCF/c-Kit signaling and regulates normal and malignant hematopoiesis (Mali
etal., 2012).

Integrating Samd14 Into a Critical Hematopoietic Signaling Pathway

The RNA-seq analysis indicated that Samd14 knockdown decreased c-Kit expression in
erythroid precursor cells (R1) (~1.4 fold, q = 0.04), and c-Kit promotes HSPC self-renewal
(Deshpande et al., 2013). Transferrin receptor (Tfrc), Cd47, Epo receptor (Epor) and FIt3
were unchanged (Figure 5A). We used flow cytometry to test whether Samd14 regulates c-
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Kit surface expression in R1 cells. Median fluorescence intensity (MFI) of c-Kit-stained
cells was reduced 40% in Samd14-knockdown vs. control (Figure 5B); CD71 surface
expression was unaffected (Figure 5B). In Samd14-knockdown cells, Kit mRNA and
primary transcripts (Figure 5C) were significantly reduced 1.5- and 1.6-fold, respectively.
Two distinct Samd14 shRNAs downregulated c-Kit protein (Figure 5D). Cell surface c-Kit
expression, assayed by cell biotinylation was detected in control cells, but not after Samd14
knockdown (Figure 5E), contrasting with membrane-bound CD71. Thus, Samd14 increased
c-Kit expression, total c-Kit, and cell surface c-Kit in erythroid precursors.

To assess consequences of Samd14 knockdown for c-Kit signaling, E14.5 fetal liver Lin~
cells were expanded for 3 days, and Ter119™ cells were isolated. Cells were cultured without
serum and the c-Kit ligand SCF for 1 h, and then treated with SCF or vehicle. Phospho
(S473)-AKT (p-AKT), a mediator of c-Kit signaling, was quantitated by phospho-flow
cytometry in control and Samd14 knockdown cells. SCF induced p-AKT in control cells
(Figure 6A). Cells were segregated into CD71!°% and CD71h9" populations, and SCF
induced p-AKT in both control populations (Figure 6B and 6D). Samd14 knockdown
rendered both populations insensitive to SCF (Figure 6C and 6D). We tested the impact of
Samd14 knockdown on p-AKT induction in HPC-7 cells, an immortalized embryonic stem
cell-derived multipotent hematopoietic precursor (Pinto do et al., 1998). Whereas SCF
induced a transient 2.7-fold increase in p-AKT after 10 min in control shRNA-infected cells,
the SCF response was reduced significantly in Samd14 knockdown cells (Figure 6E).

Since Samd14 induced c-Kit expression on the cell surface and promoted SCF/c-Kit
signaling, we reasoned that cellular deficits resulting from lowering Samd14 may be caused
by insufficient c-Kit. We infected cells with c-Kit-expressing retrovirus, which increased c-
Kit MFI 7.1-fold (Figure 6F). Enforced c-Kit expression in knockdown cells rescued
erythroid precursors (Figure 6G). Quantitation confirmed that cells infected with both
shSamd14 and c-Kit-expressing retroviruses had erythroid precursor levels resembling
control cells (Figure 6H). Consistent with SCF/c-Kit signaling induction of c-Kit mRNA
(Zhu et al., 2011), SCF treatment of control-infected fetal liver cells upregulated c-Kit
primary transcripts and mRNA after 1 hour. As Samd14 knockdown abrogated this response
(Figure 61), Samd14 promotes SCF/c-Kit signaling as a mechanism important for
hematopoiesis.

DISCUSSION

Advances in genome editing (Kim and Kim, 2014) have transformed strategies to ascribe
cis-element function and transition beyond correlation-based functional inferences. Our
establishment of the +9.5 as an HSC-generating cis-element (Gao et al., 2013; Johnson et al.,
2012) provided a unique opportunity to discover an ensemble of HSPC-regulatory cis-
elements. Based on +9.5-similarity, we stratified 797 elements and used genome editing for
validation. GATA-2 occupied 68 elements (8.5%), representing a ~60-fold enrichment in
GATA-2 occupancy vs. occupancy at GATA motifs genome-wide (Fujiwara et al., 2009).
Eight sites were characterized by conserved GATA-2-Scl/TAL1 co-occupancy in humans
(Figure 7A). Although Scl/TAL1 can co-occupy chromatin with GATA-1 and GATA-2
(Tripic et al., 2008; Wozniak et al., 2008), Scl/TAL1 dissociation from GATA factor-
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chromatin complexes correlates with repression in certain contexts (Tripic et al., 2008; Yu et
al., 2009). Thus, GATA-2 and Scl/TALL1 are not expected to co-occupy all functional sites.

Our results provide evidence for a GATA-2-regulated HSPC cistrome with constituents
residing at a panoply of genes encoding regulators of hematopoiesis, proteins with functions
not linked to hematopoiesis or of unknown function (Figure 7A). The use of CRISPR/Cas9
to generate heterozygous cell lines harboring unique sequences for annealing primers
specific for a wild type or a mutant allele represents a powerful approach for delineating cis-
element requirements for gene regulation. Deletions of highly ranked +9.5-like sequences
had large influences on endogenous gene function and cis-element occupancy by cognate
factors. We defined a requirement for E-box and spacer sequences for GATA-2 occupancy
at these sites.

Bcl211, encoding Bcl-xL, exemplifies a HSPC cistrome constituent known to control
hematopoiesis. Bcl-xL confers HSPC survival (Chao and Korsmeyer, 1998). GATA-1
directly upregulates BclxL expression upon erythropoiesis (Gregory et al., 1999). GATA-2
functions through the +9.5-like element to confer Bcl2l1 expression and therefore HSPC
survival (Figure 7B). After GATA switching, in which GATA-1 replaces GATA-2 at an
ensemble of chromatin sites (Bresnick et al., 2010), GATA-1 usurps this function to confer
survival to the developing erythroblast lacking GATA-2. This mechanism illustrates a link
between +9.5-dependent control of genes important for HSC genesis/function and +9.5-like
element-regulated HSPC survival. Integrating functions of other cistrome constituents will
reveal additional links that constitute a systems-level developmental program, with a
GATA-2 molecular switch as the common denominator (Figure 7B).

We focused on elucidating function of Samd14, a cistrome constituent of unknown function.
SAMD14 SNPs are associated with blood platelet volume (Fehrmann et al., 2011), and
SAMD14 is downregulated and differentially methylated in cancers (Shen et al., 2012a; Sun
et al., 2008). GATA-2 function through Samd14 +2.5 controls myelo-erythroid progenitors
and erythroid precursor cell maturation/function (Figure 7C). Samd14 promoted SCF/c-Kit
signaling, and downregulating Samd14 abrogated SCF-mediated p-AKT, a key step in
SCF/c-Kit signaling. As SCF elevates c-Kit mRNA through p-AKT (Zhu et al., 2011), and
Samd14 promotes this mechanism (Figure 7C), lowering Samd14 levels reduced c-Kit
mRNA and protein expression.

Frequent c-Kit mutations in malignant and non-malignant hematopoietic disorders yield
constitutively active receptors (Lennartsson and Ronnstrand, 2012). AKT activation can
mediate c-Kit signaling (Blume-Jensen et al., 1998; Ma et al., 2012b) and SCF/c-Kit
signaling stimulates HSPC self-renewal (Deshpande et al., 2013). GATA-1 repression and
GATA-2 activation of Kit correlates with occupancy of an intron 1 and an upstream cis-
element, respectively (Jing et al., 2008; Munugalavadla et al., 2005). Our analysis identified
a candidate +9.5-like element 141 kb upstream of the c-Kit start site. While the function of
this site has not been established, it lies adjacent to a c-Kit enhancer (-147 to —154 kb) (Jing
et al., 2008). GATA-2 regulation of Samd14 and Kit and Samd14 regulation of c-Kit
expression/signaling conform to a Type | coherent feedforward loop (Figure 7C) (Shoval
and Alon, 2010).
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Samd14 and Ppplr9b are chromosomal neighbors (Figure 1E), and Ppplr9b encodes
neurabin-2, which opposes p-arrestin-mediated suppression of GPCR function (Wang et al.,
2004). Neurabin-2 controls multiple GPCRs, including alb adrenergic (Liu et al., 2006) and
thrombin (Ma et al., 2012a) receptors. Other SAM domain proteins include ephrin receptors,
the p73 transcription factors, and the signaling adapter SIp76, and since SAM domains
mediate diverse macromolecular interactions (Kim and Bowie, 2003), it will be instructive
to determine if the SAM domain controls SCF/c-Kit signaling. As our strategy revealed a
new mediator of a quintessential signaling pathway that regulates HSPC development/
function, our resource is expected to reveal functions of other HSPC cistrome constituents.

EXPERIMENTAL PROCEDURES

Bioinformatics

We ranked 797 loci (mm39), matching the +9.5 sequence CATCTG-N[8]-AGATAA, based
on their similarity to the +9.5 using multiple sources of genomic data (76 mouse ENCODE
histone modifications and 125 transcription factor ChlP-seq datasets (Dore et al., 2012;
Mouse et al., 2012; Tijssen et al., 2011; Wu et al., 2011)). We generated binary feature
vectors for each locus based on individual data sources by overlapping the loci coordinates
with the peak coordinates from the ChlP-seq datasets. We evaluated binary Jaccard
distances of each locus to the +9.5 based on each data resource and aggregated the distances
to generate a dissimilarity metric. The 797 +9.5-like loci were ranked based on this metric
and annotated based on proximity to mm9 Refseq genes (Table S1).

Generation of TALEN and CRISPR/Cas9-deleted cells

TALENS were generated as described (Kim et al., 2013), and sgRNAs were generated by
hemi-nested PCR-amplified construction of a U6 promoter-driven sgRNA, which was blunt-
end cloned into Smal-cut pBluescript (Addgene). 10 ug sgRNA-containing plasmids were
co-nucleofected into 3 x 10% G1E cells with Cas9-expressing plasmid using Amaxa Kit R
(Lonza). 72 h post-transfection, cells were cloned at limiting dilution in a 48 well plate.
Cells were screened after 1 week to detect mutations using T7 endonuclease test (Cho et al.,
2013; Kim et al., 2009). DNA was amplified by PCR, denatured, reannealed to facilitate
heteroduplex formation, incubated with T7 Endonuclease | (New England Biosystems) for
15 min. Clones containing target mutations were sequence-validated. Validation of allele-
specific primers was conducted using template or mutant cell cDNA.

Fetal liver culture

E14.5 fetal livers were disaggregated by pipetting in PBS containing 2% FBS, 2.5 mM
EDTA and 10 mM glucose, and filtered (3 livers/biological replicate). Cells were lineage-
depleted to enrich for progenitors using EasySep negative selection Mouse Hematopoietic
Progenitor Enrichment Kit (Stem Cell Tech.). Cells were expanded in StemPro-34 media
containing 2 mM L-glutamine, Pen-Strep, 0.1 mM MTG, 1 uM dexamethasone, 0.5 U/ml
erythropoietin, and 1% mSCF Chinese Hamster Ovary cell conditioned medium, and
maintained at 2.5 x 10° — 1 x 106/ml.
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Figure 1. GATA-2-regulated Hematopoietic Stem/Progenitor Cell Cistrome
(A) Gata2 +9.5 sequence and molecular attributes used to prioritize a “+9.5-like” element

cohort. (B) Human to mouse conservation analysis of composite elements with CANNTG or
CATCTG motifs by genome lift-over position or annotated location. Pie charts depict the
location of human composite elements at distal, intronic, promoter and exonic. Pie chart
values represent the number of elements in each location, and percent conserved in mouse
(parentheses). left, all elements; right, GATA-2-occupied elements. (C) GATA-2-occupancy
in murine Lin~ progenitor cells at sites containing CATCTG-(N),-AGATAA and variable
spacer lengths. The pie chart depicts the location of 797 mouse elements with CATCTG-
(N8)-AGATAA, and the percent conserved in human (parentheses). (D) Gata2 +9.5,
Samd14 +2.5 and Bcl2|1 +12.2 conservation. (E) ChlP-seq of human CD34* bone marrow,
K562, and HUVEC cells at GATA2 and SAMD14 (GEO accessions: GSE18829,
GSE29531). (F) Gata2 and Samd14 mRNA expression in E11.5 AGM and E12.5 fetal liver

Mol Cell. Author manuscript; available in PMC 2016 July 02.


http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE29531

1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Hewitt et al.

Page 17

from the +9.5 mutant mouse (Johnson et al., 2012). (G) Gata2 and Samd14 mRNA
expression in fetal liver cells infected with control (empty vector) or GATA-2-expressing
retrovirus. Statistical significance: mean +/- SEM; *, p<0.05; **, p<0.01; ***, p<0.001.
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Figure 2. +9.5-like Elements Function at Endogenous Loci
(A) TALEN or CRISPR/Cas9 strategy to delete +9.5-like elements in G1E cells.

Heterozygous clonal lines were analyzed for primary transcript expression using allele-
specific primers. (B) TALEN-generated heterozygous deletions in G1E clones, and allele-
specific expression at Samd14 +2.5. (C) TALEN-generated heterozygous deletions in G1E
clones, and allele-specific expression at Bcl2I1 +12.2. (D) Allele-specific expression in
CRISPR/Cas9-generated G1E clones at the high-ranked Dappl +23.5 and low-ranked
Mrps9 +17.6 and Mgmt +182. Statistical significance: mean +/-= SEM.; *, p<0.05; **,
p<0.01; ***, p<0.001. See also Figure S1.
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Figure 3. Molecular Mechanisms Underlying +9.5-like Element Function
(A) Allele-specific GATA-2 and Scl/TALL occupancy at Samd14 +2.5 in G1E clones. (B)

Allele-specific GATA-2 and Scl/TAL1 occupancy at Bcl2l11 +12.2 in G1E clones. (C)
Chromatin accessibility in G1E cells, measured by FAIRE, of high-ranked and low-ranked
+9.5-like elements vs. the negative control necdin. (D) Quantitation of allele-specific
chromatin accessibility in heterozygous clonal lines of Gata2 +9.5, Samd14 +2.5 and Bcl2|1
+12.2 deletions using FAIRE. (E) ChlP-seq of Ldb1 occupancy at Gata2 +9.5, Samd14 +2.5
and Bcl2I1 +12.2 in G1E cells. (Sequence Read Archive Accession: ERA000161). (F)
Gata2, Samd14, and Bcl2I1 mRNA expression following Ldb1 knockdown by retroviral
shRNA infection of G1E cells. (G) shRNA knockdown of Ldbl in heterozygous clonal G1E
cells containing Samd14 +2.5 mutations. (H) Model illustrating GATA-2, Ldb1, and Scl/
TAL1 function at Samd14 +2.5. Without the E-box, GATA-2, Scl/TALL, and Ldb1 cannot
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occupy/regulate Samd14. Statistical significance: mean +/-= SEM.; *, p<0.05; **, p<0.01;
**% p<0.001.

Mol Cell. Author manuscript; available in PMC 2016 July 02.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hewitt et al.

Page 21

Samdi4
1 417
L
f " 2%, Qdoited col
) / 25% identity - “jdentity
Neurabin-2 ./ {entity.,
. : ; 1 3
————] | PP1 ] ]
C Samd14 D = W Control shRNA

15 H O shSamd14
c ek k =
S g - s
n 2 2 60
2 40 S Control shRNA shSamd14
¢S o
o 2
w2 % 40
<2 os 2

S 0.
Ec e
£ £ 2
Q
- =

Total BFU-E CFU-GM CFU-GEMM

shSamd14-2 R1 R2 R3 R4/5
1”35.7 e B3 — . .
- S g 9 '—’
; ©
: =
] o
>4
—
5]
7 c
S
=
L o
K 1 Lss 0
Ri R1 w o
L E— S 3 p—— y——r— ControlShRNA + - - + - - + - - + -
10° 10*  10° 0 10° 10*  10° shSamd14-1 - + - -+ - -+ - -+
Ter119 shSamd142 - - + - -+ - -+ - -
F 6 [ m Control shRNA N 3 H
5~ O shSamd14-2
0 *
] 4
85 zaty
u% e Asfla_ = @
< .g /’\ Nck2
z T, —” »".
xc T N’
E e Sla |
BN @ & &)
& & A\ & & R - Sos2
& Q & D
id < o\ B mr}b ® mnnotz
G regulation of cell cycle p=2.27E-04 ~ A -
protein localization p=3.21E-04 f:\
protein transport p=1.50E-03 il
establishment of protein localization p=1.62E-03 Lat =
exocytosis p=4.21E-03 Q
vesicle-mediated transport p=5.40E-03 Slamf1 ¥/
cellular response to stress p=5.72E-03 o
secretion by cell p=9.26E-03 ~— ora
chromatin organization p=0.0113 F=\ PEC

GTPase mediated signal transduction p=0.0125

0 5 10 15 20
Genes

J

Figure 4. Samd14: a Regulator of Hematopoietic Progenitor Cells
(A) Samd14 contains a C-terminal sterile-alpha motif domain, a C-terminal a-helix, and is

homologous to Neurabin-2. (B) Immunofluorescence staining of G1E cells nucleofected
with pMSCV-HA-Samd14-IRES-GFP expression vector (100x magnification). (C)
Retroviral-mediated ShRNA knockdown of Samd14 in E14.5 fetal liver cells. (D)
Quantitation of GFP* colonies, BFU-E, CFU-GM, and CFU-GEMM and representative
fluorescent images at 4x magnification. (E) Flow cytometric staining of fetal liver cells for
CD71 and Ter119 retrovirally-infected with control or Samd14 shRNA expanded for 3 days.
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Quantitation was conducted with two different Samd14 shRNAs. (F) Real-time RT-PCR
validation of RNA-seq data showing genes significantly down- and up-regulated upon
Samd14 knockdown. (G) DAVID analysis of genes with significantly altered expression
based on RNA-seq of FACS-sorted fetal liver R1 cells using control or shSamd14
knockdown (n=3). (H) STRING analysis of genes interacting with Ptpn11 with significant
expression changes. Statistical significance: mean +/— SEM.; *, p<0.05; **, p<0.01; ***,
p<0.001. See also Figure S2 and S3 and Table S3.
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Figure 5. Samd14 Upregulates c-Kit Expression

(A) RNA-seq of c-Kit, cd47, Tfrc, Epor, and FIt3 mRNA in R1 fetal liver cells. (B)

Page 23

CD71!oW, Ter119- cells (R1 cells) were sorted from fetal liver cells 72 h post-expansion,
stained with anti-c-Kit and anti-CD71 antibodies, and MFI quantitated. (C) Kit mMRNA and
primary transcript analysis in R1 cells. (D) Western blot analysis of c-Kit in control and
Samd14-knockdown R1 cells. (E) c-Kit and CD71 surface protein analyzed by Sulfo-NHS-
Biotin conjugation of surface proteins in live cells, followed by streptavidin pulldown/
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Western blotting. Statistical significance: mean +/— SEM.; *, p<0.05; **, p<0.01; ***,
p<0.001.
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Figure 6. Samd14 Requirement for SCF/c-Kit Signaling
(A) CD71 and Ter119 flow analysis of ex vivo expanded fetal liver cells following bead

sorting for Ter119™ cells. SCF-treated (10 ng/mL, 10 min) Ter119~ cells analyzed for p-
AKT MFI by flow cytometry. (B) p-AKT staining with control ShRNA and CD71-low and
CD-71-high fetal liver cells. (C) Phospho-flow with Samd14-knockdown CD71-low and
CD-71-high fetal liver cells. (D) p-AKT MFI in control shRNA and shSamd14 fetal liver
cells treated with 10 ng/mL SCF for 10 min (E) p-AKT MFI in control ShRNA and
shSamd14 HPC-7 cells treated with 50 ng/mL SCF for 0, 10 or 60 minutes. (F) c-Kit MFI in
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control and c-Kit overexpressed fetal liver cells. (G) Flow cytometry of enforced c-Kit
expression, upon Samd14 knockdown, in fetal liver cells. (H) Percentage of cells in R1-R5
populations. (1) SCF treatment (50 ng/ml) of control or shSamd14-infected fetal liver cells O,
1 and 4 h post-stimulation. Statistical significance: mean +/— SEM.; *p<0.05. **p<0.01,
***p<0.001.
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Figure 7. GATA-2/Samd14/c-Kit Feedforward Loop Revealed from HSPC Cistrome
(A) Heat map depiction of 797 +9.5-like elements based on a dissimilarity index to the +9.5

stem cell-generating cis-element. The top 50 elements are expanded to show GATA-2- and
Scl/TAL1-occupancy in mouse/human, and human/mouse conservation. Samd14 +2.5,
Bcl211 +12.2, and Dappl +23.5 function was established by endogenous deletion. (B)
Diagram illustrating GATA-2-regulated HSPC cistrome function to control diverse
processes, including survival and SCF/c-Kit signaling. (C) Feedforward loop in which
GATA-2 regulates Samd14 and c-Kit expression, and Samd14 promotes c-Kit signaling. See
also Table S1 and S2
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