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Abstract

KLF2 is a Kriippel-like zinc-finger transcription factor required for blood vessel, lung, T-cell and
erythroid development. KLF2-/- mice die by embryonic day 14.5 (E14.5), due to hemorrhaging
and heart failure. In KLF2-/- embryos, -like globin gene expression is reduced, and E10.5
erythroid cells exhibit abnormal morphology. In this study, other genes regulated by KLF2 were
identified by comparing E9.5 KLF2-/- and wild-type (WT) yolk sac erythroid precursor cells,
using laser capture microdissection and microarray assays. One hundred and ninety-six genes
exhibited significant differences in expression between KLF2-/- and WT; eighty-nine of these are
downregulated in KLF2-/-. Genes involved in cell migration, differentiation and development are
over-represented in the KLF2-regulated gene list. The SOX2 gene, encoding a pluripotency factor,
is regulated by KLF2 in both ES and embryonic erythroid cells. Previous work had identified
genes with erythroid-enriched expression in the yolk sac. The erythroid-enriched genes reelin,
adenylate cyclase 7, cytotoxic T lymphocyte-associated protein 2 alpha, and CD24a antigen are
downregulated in KLF2-/- compared to WT, and are therefore candidates for controlling primitive
erythropoiesis. Each of these genes contains a putative KLF2 binding site(s) in its promoter and/or
an intron. Reelin has an established role in neuronal development. Luciferase reporter assays
demonstrated that KLF2 directly transactivates the reelin promoter in erythroid cells, validating
this approach to identify KLF2 target genes.
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Introduction

Mammalian erythropoiesis occurs in successive primitive and definitive phases. Primitive or
embryonic erythropoiesis begins in the mouse yolk sac at approximately embryonic day 7.5
(E7.5) and results in large nucleated erythroblasts that produce the embryonic globins.
Definitive or adult erythropoiesis begins in the fetal liver at approximately E10.5. Definitive
erythroid cells are small, enucleated and synthesize the adult globins. Less is known about
the genes that regulate primitive, as opposed to definitive, erythropoiesis. Identifying genes
that are important for embryonic erythroid development could provide new therapeutic
approaches for sickle-cell anemia and p-thalassemia. Gene ablation studies in the mouse
have established the essential roles of transcription factors (GATA-1, GATA-2, LMO2,
EKLF, KLF2), signaling and growth factors (BMP4, VEGFA, FLK1), and proto-oncogenes/
leukemia genes (such as TAL1) in primitive erythropoiesis [1-7].

The Kriuppel-like factor (KLF) family has 17 members, each with 3 Cys2/His2 zinc finger
DNA-binding domains (reviewed in [8-10]). The KLF transcription factors control cellular
proliferation, differentiation, apoptosis and embryonic development. The CACCC elements
in the human and mouse B-like globin promoters are important regulators of globin gene
expression, and consensus binding sites for KLF factors. Erythroid Krippel-like factor
(EKLF or KLF1) positively regulates adult B-globin gene expression. More recently, it has
become clear that EKLF also plays an essential role in embryonic erythropoiesis and globin
gene expression [11-14].

Phylogenetic analyses indicate that EKLF and KLF2 belong to a subfamily of KLFs with
90% similarity in their zinc finger DNA binding domains [8,9,15]. KLF2 is expressed in a
variety of tissues and is necessary for blood vessel, lung, T-cell and embryonic erythroid
development [16-20]. KLF2-/- mice die between E12.5 and E14.5 due to hemorrhaging and
cardiac failure [16,17,21]. KLF2 positively regulates the expression of the mouse and human
embryonic globin genes [20]. In addition, KLF2-/- E10.5 primitive yolk sac erythroid
precursor cells are abnormally shaped, displaying pseudopodia-like appendages. Recent
evidence indicates that the EKLF and KLF2 genes interact in embryonic erythropoiesis,
resulting in a more severe phenotype in double than in single null embryos [14].

Because morphological changes are observed in KLF2-/- embryonic erythroid cells, it seems
likely that genes other than the globin genes are normally regulated by KLF2 in these cells.
Previously, we used laser capture microdissection (LCM) to isolate E9.5 erythroid and
epithelial cells from frozen embryonic yolk sac sections and generated high quality
expression profiles [22]. Sixty-seven unique erythroid-enriched genes were identified, and
are candidates for positively regulating primitive erythropoiesis. Because KLF2 is essential
for primitive erythropoiesis, in this study, we determined which genes are differentially
expressed between wildtype (WT) and KLF2-/- embryonic erythroid cells. A biological
filter was then applied to determine which of the genes that are downregulated in KLF2-/-
embryonic erythroid cells also have an erythroid-enriched expression pattern, as determined
in the previous work [22]. Using erythroid-enriched genes as a biological filter, the aim was
to focus on genes more likely to control primitive erythropoiesis. A limited number of genes
are erythroid-enriched and downregulated in KLF2-/- compared to wildtype (WT)
embryonic erythroid cells. The microarray expression assays showed that KLF2 acts directly
or indirectly to positively regulate 89 genes. In addition to the globin genes, four of the 89
KLF2-regulated genes are also erythroid-enriched [22], and these genes encode the cell
signaling factors CD24a antigen, cytotoxic T-lymphocyte associated protein 2 alpha
(Ctla2a), adenylate cyclase 7 and reelin. These genes are candidates for controlling
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embryonic erythropoiesis. We also show that KLF2 directly regulates the reelin gene, which
has an established role in nervous system development.

Material and Methods

Matings, sample preparation and microarray analyses

KLF2+/- 129/BI6/Swiss mice [17] were bred with female FVVB/N inbred mice for at least 5
generations to generate KLF2+/- offspring with at least 97% FVB/N character. These
KLF2+/-mice were used in timed matings to obtain E9.5 KLF2-/- embryonic yolk sacs for
freezing, cryosectioning and laser capture microdissection [22]. A small portion of the
embryo tail was used for PCR genotyping. For each of the 4 erythroid KLF2-/- microarrays,
approximately 4,000 erythroid cells were collected from 30 to 80 microscope slides, using 2
to 4 embryonic yolk sacs obtained from 2 different pregnant females. RNA extractions from
the 4 KLF2-/- erythroid samples yielded 10 to 20 ng of RNA, and quality was assessed using
capillary electrophoresis, microarray hybridizations and RNA digestion plots as previously
described [23]. Fifteen pg of labeled erythroid cRNA was fragmented and 10 ug was
hybridized to Affymetrix GeneChip® Mouse Genome 430A 2.0 arrays for 18 hours
(Affymetrix Inc.). The Robust Multi-average (RMA) algorithm [24] was used to obtain
probe set expression summaries which were calculated using the rma function available in
Bioconductor in the affy package, within the R programming environment [25-27].

Statistical analysis, Ingenuity pathway analysis and gene classification

An extension to the probe-level S-score method for performing probe set level hypothesis
tests when comparing two GeneChips [28], which is capable of comparing two independent
conditions where more than one GeneChip is available for each condition, is called the
Multi-Chip S-score [29]. The Multi-Chip Significance score method is available in the
publicly available sscore package [30] and was used to compare the 4 wildtype and KLF2-/-
GeneChips to identify significant differences in gene expression between these types of
erythroid cells. P-values were calculated from absolute S-score values and then used to
obtain g-values. A g-value <0.05 indicates a false discovery rate (FDR) <5%.

Ingenuity Pathway Analysis (IPA, Ingenuity Systems, Mountain View, CA;
(http://www.ingenuity.com) was used to determine how differentially expressed genes
interact in erythroid cells. The KLF2-regulated genes were mapped to their corresponding
gene object/symbol in the IPA biological knowledge database. These focus genes were used
as the basis to generate significant biological networks.

Functional gene categories were determined with GO (Gene Ontology) using DAVID
(Database Annotation Visualization and Integrated Discovery). In addition, a gene
annotation enrichment analysis was performed using DAVID, to determine whether any of
the gene categories were over-represented in the gene list compared to their representation in
the genome.

cDNA synthesis and quantitative real-time RT-PCR (QRT-PCR)

For the qRT-PCR verification of microarray data, cDNA was prepared from total RNA from
between approximately 1,500 and 2,900 microdissected erythroid cells, as previously
described [23]. Oligonucleotide primers were designed using PrimerExpress (Applied
Biosystems), and these sequences are indicated in Table 1. The NCBI database
(http://www.ncbi.nih.gov) was used to establish that the primers are gene specific. gRT-PCR
experiments were performed using the ABI-Prism 7300 system (Applied Biosystems, Foster
City, CA, USA). A pre-designed Tagman probe and primer set was used for gRT-PCR for
cyclophilin A mRNA (Applied Biosystems, Foster City, CA, USA), which was the internal
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standard to normalize the expression data. All other reactions were performed with SYBR
Green chemistry, and a dissociation curve was used to verify that only a single product was
amplified. gRT-PCR was performed in duplicate using three biological replicates.

Transient co-transfections and reporter gene assays

The human reelin wildtype and mutant promoter/luciferase constructs were previously
described [31,32]. The reelin =514 minimal promoter (-514 to +76 bp) was subcloned into a
PGL3-basic luciferase construct. This region contains three putative Sp1/KLF consensus
binding sites located at -230, -180 and -150. These binding sites were individually mutated
to create three mutant constructs (mSp1-230, mSp1-180, and mSp1-150). The KLF2 cDNA
expression construct driven by the CMV (cytomegalovirus) immediate—early promoter was
described by Anderson et al. [33].

Transfection assays were performed with 1x108 log-phase K562 cells and Effectene reagent
(Qiagen), according to the manufacturer's protocol with slight modifications. Briefly, 0.05
ug of a reelin promoter-luciferase construct (wildtype, mSp1-230, mSp1-180, mSp1-150)
and 0.35 pug of the KLF2 expression construct or PMT2-empty vector (control) was
transfected. The promoter-less PGL3 basic-luciferase construct was transfected as a negative
control. Two different plasmid preparations per construct were transfected and the
transfection assays were repeated at least 4 times and the mean for the trials was determined.
Luciferase activities were determined for equal amounts of protein from cell lysates. The
amount of luciferase activity for transfections of the wildtype construct was set at 1, and
three different data comparisons were performed. For the initial comparison, transfections
with the reelin wildtype promoter-luciferase construct were compared to wildtype plus the
KLF2 expression construct. In the second, wildtype was compared to each of the mutant
promoter-luciferase constructs. An additional comparison was conducted between wildtype
plus KLF2 and each of the three mutant constructs plus KLF2. The statistical analyses were
performed using a two-sample Student's t test, and all findings were judged to be significant
using an a=0.05 level of significance.

Results and Discussion

Because morphological changes are observed in KLF2-/- embryonic erythroid cells, it seems
likely that genes other than the globin genes are normally regulated by KLF2 in these cells.
The objective of this study was to identify KLF2-regulated genes that may be essential for
embryonic erythropoiesis and globin gene regulation in E9.5 erythroid precursor cells, using
microarray assays. The LCM approach was used to isolate erythroid precursor cells from the
embryonic yolk sac. The E9.5 developmental time point was selected because by E10.5
KLF2-/- cells appear dysmorphic and apoptotic, and this could confound the results. Also, at
E10.5 some adult erythroid cells are present.

KLF2-regulated genes in E9.5 yolk sac erythroid cells

LCM was performed to collect erythroid cells from E9.5 KLF2-/- yolk sacs. E9.5 yolk sacs
were chosen for the study to enrich for precursor cells in the primitive erythroid population.
High quality RNA was isolated, as determined by the presence of strong rRNA peaks, and
greater than 15% of the RNA was rRNA (Table 1). The RNA was linearly amplified,
labeled, and hybridized to Affymetrix GeneChip® Mouse Genome 430A 2.0 arrays. For all
hybridizations, greater than 40% of genes were present as determined by the Affymetrix
detection call algorithm, confirming successful amplification and hybridization (Table 2).
RNA digestion plots show that the KLF2-/- and previously performed WT E9.5 erythroid
microarrays [22] have similar linear relationships, indicating equivalent RNA quality

Blood Cells Mol Dis. Author manuscript; available in PMC 2012 June 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Redmond et al.

Page 5

(Figure 1). Therefore, it is valid to compare the WT and KLF2-/- E9.5 erythroid
microarrays.

After applying the Robust multi-array (RMA) average algorithm to calculate probe set
expression summaries, the multi-chip S-score statistical method was used to compare the
wildtype and KLF2-/- data sets and p-values were obtained. These raw p-values were used
to estimate the g-value, which is a quantifiable measure of the false discovery rate (FDR).
Figure 2 is a volcano plot, which is a scatter-plot of the negative log;g-transformed p-values
from the S-score versus the logo-fold change between KLF2-/- and WT groups. The logo-
fold change was estimated by first estimating the mean log, expression in each group and
then taking the difference. The g-value estimates were used to identify genes that are
differentially expressed between the KLF2-/- and WT microarrays. At a g-value of 5%, 196
genes exhibited significant differences in expression. In the scatter plot, genes to the left of
the leftmost vertical line, and above the horizontal line are expressed significantly lower in
KLF2-/- compared to WT samples. The genes to the right of the rightmost vertical line and
above the horizontal line are expressed significantly higher in KLF2-/- compared to WT
samples. The genes labeled in red are known to be erythroid-specific genes. The genes
labeled in blue are involved in cardiovascular development, perhaps reflecting a close
relationship between KLF2 regulation in erythropoiesis and in vascular development.
Eighty-nine unique genes are expressed lower in KLF2-/- than in wildtype cells, suggesting
that they are directly or indirectly positively regulated by KLF2 (Table 3). One hundred-
seven unique genes are expressed higher in KLF2-/- than in wildtype erythroid cells, and
these genes are negatively regulated by KLF2 (Table 4). Most of the subsequent studies
were focused on genes that are positively regulated by KLF2.

E10.5 KLF2-/- erythroid cells are abnormally shaped, suggesting that KLF2 regulates genes
that are essential for erythroid cell morphology [20]. Circulating E9.5 EKLF-/- erythroid
cells also have abnormal morphological characteristics [14]. EKLF-/- erythroid cells have
reduced amounts of mMRNA for major red cell membrane proteins and heme synthesis
enzymes [11,12,34]. The erythroid membrane genes and heme synthesis genes that are
controlled by EKLF do not appear to be regulated by KLF2. However, there are some
similarities in the genes regulated by EKLF and by KLF2 in erythroid cells. For example,
members of the solute carrier family 2, which are facilitated glucose transporters, are
positively regulated by KLF2 (Slc2a2/GLUT2 and Slc2a3/GLUT3) and by EKLF (Slc2al/
GLUT1 and Slc2a4/GLUT4) [11,12]. Interestingly, GLUT1 has recently been shown to bind
directly to dematin and adducin, and thus may play a role in attachment of the spectrin-actin
junction to the lipid bilayer in erythrocyte membranes [35]. It is possible that dysregulated
glucose transporter expression contributes to the abnormal shape of KLF1-/- and KLF2 -/-
erythrocytes [36], but this has not yet been directly tested. In addition, the reelin and CD24a
genes are positively regulated by KLF2 in primitive and by EKLF in definitive erythroid
cells [11,12].

A reduction in Ey- and Bhl-globin gene expression was detected by qRT-PCR in KLF2-/-
compared to wild-type erythroid cells [20]. Unexpectedly, differential expression of these
genes was not detected on the microarrays. This may be due to the fact that these genes are
expressed in very high amounts, which may not be within the linear range of the microarray
analyses. In support of this theory, the signals for Ey- and Bh1-globin expression are higher
than any other genes on the array, except for 2 of the ribosomal protein genes. The mouse
adult B-globin gene, which is expressed at levels much lower than Ey- and ph1-globin at
E9.5, was expressed in lower amounts in KLF2-/- than in normal erythroid cells in the
microarray analyses. This was unexpected, because we had previously shown by qRT-PCR
that KLF2 does not regulate the adult gene at a later time point, E12.5. This may indicate
that KLF2 has a different role in adult B-globin gene expression at E9.5 than it has at E12.5.
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Functional classification of E9.5 KLF2-regulated genes and identification of biological

networks

The list of genes positively regulated by KLF2 was arranged into functional categories using
GO through DAVID and the available literature. The functional categories identified are in
the bar graph in Figure 3. They include transcription factor, cell signaling, chromatin
assembly, cell surface receptor, development, differentiation, erythroid-enriched, migration/
motility, cell adhesion and RNA processing genes, genes of unknown function, and genes in
other categories. The number of genes in specific GO categories in the differentially
expressed gene list was compared to the number of genes in that category in the genome, to
determine if certain gene categories are over-represented in the KLF2-regulated gene list.
Interestingly, genes in 3 GO categories, cell migration, development and differentiation are
over-represented in the KLF2-regulated gene list using a p-value <0.05. These over-
represented categories indicate important biological themes in the gene list.

Erythroid-enriched genes were used as a biological filter, and four of the genes positively
regulated by KLF2 are erythroid-enriched in E9.5 yolk sac cells [22]. The genes which meet
these conditions encode the cell signaling proteins reelin, adenylate cyclase 7, cytotoxic T
lymphocyte-associated protein 2 a (Ctla2a), and CD24a antigen. The cellular roles of these
proteins are discussed in more depth below. These genes are all potential direct targets of
KLF2 (http://www.ncbi.nlm.nih.gov/). The reelin, Adcy7 and CD24a genes have at least one
consensus binding site for KLF2 (CCACCC or CCGCCC, [37]) in their promoters, within
400 base pairs upstream of their transcription start sites. The Ctla2a gene has a CCACCC
site in the first intron. Transcription factors such as SRY-box containing gene 2 (SOX2) and
Hairy and Enhancer of Split 5 are also downregulated in KLF2-/- compared to wildtype
erythroid cells, and these genes are essential for development/differentiation.

To further define how KLF2-regulated genes might interact in gene networks, an Ingenuity
Pathway Analysis (IPA) was performed with the 196 genes that are either up- or down-
regulated in KLF2-/- compared to WT erythroid cells. IPA uses a knowledge base program
to generate relevant biological networks. These IPA networks visually describe direct or
indirect functional relationships between genes, based on known interactions from the
literature. One hundred and thirty-eight of the 196 differentially expressed genes were
mapped to significant genetic networks using the IPA tool. Thirteen major networks were
discovered in the gene list and nine of these networks have a p-value of 1.0E-21 or less,
indicating that it is highly unlikely that they were detected by chance. The top ranked
network had a score of 48 (p-value of 1.0E-48), and contains Cadherin 2 (Cdh2) and
quaking (Qk), which are downregulated in KLF2-/- compared to wildtype erythroid cells
(data not shown). These two KLF2-regulated genes are important for blood vessel
development [38,39], and in so far as the two processes are related, may potentially be
important for primitive erythropoiesis. The second network includes activated leukocyte cell
adhesion molecule (ALCAM), lectin, galactoside-binding soluble 3, and S100 calcium
binding protein A6 (S100A®6), and is necessary for cardiovascular and nervous system
development and function and cell-to-cell signaling (score of 43, data not shown). The third
network (Figure 4A; score 43) is required for cellular proliferation, cancer and cell-to-cell
signaling and includes cadherin 2 (CDHZ2), alpha integrin V (ITGAV), and CD24a antigen
(CD24a), which the microarray assays indicate are downregulated in KLF2-/- compared to
wildtype erythroid cells. Alpha integrin V is involved in blood vessel development [40]. The
fourth network (Figure 4B; score 36) includes globin, reelin and cytotoxic T lymphocyte-
associated protein 2 alpha (Ctla2a), and is important for cellular movement, molecular
transport, and lipid metabolism. Interestingly, CD24a antigen, reelin and cytotoxic T
lymphocyte-associated protein 2 alpha are erythroid-enriched [22] and are KLF2-regulated
genes, and therefore are prime candidates for regulating primitive erythropoiesis. Overall,
the data indicate that KLF2-regulated genes cluster in highly significant biological networks.
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Reelin is a large glycoprotein expressed in the Cajal-Retzius cells of the cerebral cortex.
During development, reelin signaling is required for normal cortical neuronal migration
(reviewed in [41]). Human reelin mutations can cause an autosomal recessive form of
lissencephaly [42]. These clinical findings predict a role for reelin in cells other than neural
cells, as the patients can have persistent lymphoedema neonatally. The role of reelin in adult
neural cells is less clear, but it may play a role in synaptic transmission, and some evidence
suggests that reelin could be involved in neurological conditions, such as epilepsy, autism
and schizophrenia (reviewed in [43]). Reelin is frequently silenced in pancreatic cancers,
and this correlates with increased cellular motility and invasiveness [44]. So, reelin is
involved in the migration/mobility of both neural and pancreatic tumor cells. Interestingly,
in erythroid cells lacking KLF2, there is reduced expression of the cell adhesion molecules
N-cadherin (Cdh2) and integrin aV, suggesting that motility of the cells could be altered.

CD24a antigen is a cell surface glycoprotein expressed on immature cells of most major
hematopoietic lineages [45]. Although CD24a null adult mice are viable, among other
defects, hematopoiesis is compromised. Erythrocytes tend to aggregate, are more susceptible
to hypotonic lysis, and have a shorter half-life in CD24a-/- than in WT mice [46]. The
potential role of CD24a in regulating globin gene expression has not been explored. As a
membrane protein, CD24a may play a role in establishing or maintaining normal erythroid
morphology or cell-cell interactions.

Ctla2a is a cysteine proteinase inhibitor that was first identified in activated T lymphocytes
and mast cells [47]. Although Ctla4 is well-characterized, the function of other Ctla family
members, such as Ctla2a, remains unclear (reviewed in [48]). Two studies have reported that
Ctla2a is expressed in both hematopoietic and germline stem cell niches [49,50]. This
suggests that Ctla2a could be a regulator for stemness. In several recent studies, KLF2 and
KLF4 have been implicated in the regulation of embryonic stem cell pluripotency and
renewal [37,51]. It is possible that Ctla2a is required for hematopoietic stem cell renewal.
Further work would need to be done to determine whether the Ctla2a gene is a direct KLF2
target and is essential for embryonic erythropoiesis.

Adenylate cyclase type VII (Adcy7) belongs to the family of enzymes that convert ATP to
the intracellular second messenger CAMP. Forskolin-activation of the cAMP pathway
increases expression of the fetally expressed B-like globin gene, y-globin, in primary adult
erythroblasts derived from BFU-E progenitors, but in contrast the cAMP pathway blocks -
globin gene expression in the K562 erythroid cell line [52]. In human CD34+ cell cultures,
CcAMP production is required for full induction of fetal hemoglobin by hydroxyurea, sodium
butyrate and 5-azacytidine [53]. It is possible that regulation of the Adcy7 gene by KLF2
may have a role in embryonic and fetal globin gene regulation.

Interestingly, our microarray assays indicate that Sox2, a transcription factor essential for
self-renewal of undifferentiated embryonic stem cells, is regulated by KLF2. A cocktail of
the Sox2, KLF2 and Oct3/4 genes has been used to generate induced pluripotent stem cells
(iPS) from mouse fibroblasts [51]. KLF2 binds directly to the Sox2 promoter in ES cells, in
chromatin immunoprecipitation and microarray assays (ChlP-on-chip) [37]. It is interesting
that our microarray assays indicate that the Sox2 gene is also regulated by KLF2 in primitive
erythroid cells. Because Sox2 null mice die early in embryogenesis [54], the role of SOX2 in
erythropoiesis has not been fully explored. However, SOX2 may have a role in globin gene
regulation. In fact, SOX6 is known to down-regulate Ey-globin expression during definitive
erythropoiesis [55].
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gRT-PCR validation of KLF2-regulated genes identified in microarray analyses

Three genes were of particular interest because they are KLF2-regulated, erythroid-enriched
and found in high-scoring IPA networks. Therefore, the Reln, Ctla2a, and CD24a genes
were selected for quantitative real-time PCR verification of differential expression.
Independent LCM experiments were performed to collect additional samples for gRT-PCR,
to avoid any possible bias in the microarray data. Between approximately 1,500 and 2,900
erythroid cells were collected from each of three individual E9.5 wildtype and from three
KLF2-/- yolk sacs. gRT-PCR was performed using SYBR green chemistry on 3 samples of
each genotype, to verify the microarray expression data. Cyclophilin A was used as an
internal standard to normalize the expression data. As shown in Figure 5, CD24a mRNA is
3-fold, Ctla2a mRNA is 2-fold, and Reln mRNA is 1.5-fold lower in KLF2-/- than in WT
E9.5 erythroid cells. The fold change for these three genes is higher in the gRT-PCR
analysis than estimated from the microarray assays (at least 1.2-fold). Importantly, there is a
positive association between the microarray and gRT-PCR data for all three genes. This
confirms the accuracy of the microarray assays in identifying genes differentially expressed
between the wildtype and KLF2-/- erythroid samples.

KLF2 upregulates reelin promoter activity

Microarray assays indicate that reelin is regulated by KLF2 and is erythroid-enriched in the
E9.5 yolk sac [22], making it a strong candidate for regulating primitive erythropoiesis. In
addition, reelin is involved in development and cellular migration, categories of genes that
are over-represented in the KLF2-regulated gene list. To determine whether KLF2 has a
direct effect on reelin promoter activity, transient co-transfection assays were performed in a
human erythroleukemia cell line, K562. A reelin promoter-luciferase reporter construct was
transfected into K562 cells in the presence or absence of a KLF2 cDNA expression
construct. KLF2 activated the human reelin promoter-luciferase reporter by 1.7-fold, which
was a statistically significant effect (Figure 6A). This modest effect may reflect the fact that
some KLF2 is already present in K562 cells [15]. The -514 reelin promoter contains three
GC rich (Sp1/KLF) binding sites located at -230, -180 and -150 within its enhancer region
[31]. To determine whether any of these sites are KLF2 responsive elements, reelin
promoter-luciferase constructs mutated at these three sites were transfected into K562 cells.
There is a small but significant reduction (p<0.05) in luciferase activity for the K562 cells
transfected with the constructs with the mutant -230 and -180 sites, compared to wildtype
(Figure 6B). This data suggests that the -230 and -180 reelin promoter sites are necessary for
positive regulation of the reelin gene in erythroid cells. Interestingly, in K562 cells co-
transfected with the KLF2 expression construct, there is a significant 4-fold reduction in
luciferase activity in cells with the -230 mutant site compared to the wildtype reelin
promoter-luciferase construct (Figure 6C). This indicates that KLF2 regulates the reelin
promoter via the -230 site (CCCCGCCC) in K562 cells. In NT2 neural progenitor cells, the
-150 element (GCCCGCCQC) is the main retinoic acid responsive site in the reelin promoter,
mediating an Sp1-dependent response [32]. The -230 site is identical to the KLF2 consensus
binding site [37]. It appears likely that KLF2 regulates the reelin gene through the -230 site
in erythroid cells, whereas Sp1 regulates the gene through the -150 element in neural cells.

Future studies will be performed to determine the specific roles of CD24a, Ctla2a, Adcy7
and Sox2 in embryonic erythroid development. In addition, other biological filters will be
used to identify candidate genes likely to have a role in primitive erythropoiesis. The EKLF
and KLF2 genes interact to produce a more severe anemia phenotype in embryos, so
microarray assays will be used to identify genes are regulated by both KLF2 and EKLF in
E9.5 yolk sac erythroid cells. This approach should pinpoint key players in embryonic
erythropoiesis.
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Figure 1.

Quality control assessment of wildtype and KLF2-/- E9.5 erythroid microarray assays.
Shown is the RNA digestion plot for the 4 wildtype and 4 KLF2-/- Affymetrix 430A 2.0
Mouse Genome GeneChip hybridizations. The simpleaffy package in the Bioconductor R
program (http://www.bioconductor.org) was used to assess RNA quality. The x-axis shows
the 5’ to 3’ probe number for the position of the 22,690 probes. The y-axis indicates the
mean intensity of the perfect-matched probes. The red lines are WT and black lines are the
KLF2-/- samples.
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Figure 2.

Volcano plot showing differentially expressed genes between KLF2-/- and WT E9.5
erythroid cells using both biological and statistical dimensions. The x-axis is the fold change
on a log scale. The y-axis represents the negative log,p-transformed p-values of differences
between the samples calculated using the S-score method. Above the horizontal line, there is
a p-value <0.0004 and a g-value<0.05. Genes located between the two vertical lines had no
change in expression. The genes in red are erythroid-enriched genes and those in blue are
essential for cardiovascular development. The single gene in green (SOX2) is important for
stem cell renewal.
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Figure 3.

Functional Classifications of genes exhibiting decreased expression in KLF2-/- compared to
wildtype embryonic erythroid cells. Functional gene categories were determined with GO
(Gene Ontology) using DAVID (Database Annotation Visualization and Integrated
Discovery, http://david.abcc.ncifcrf.gov/). Other Factors are genes of known function that do
not fit in the other categories. The bar chart represents the number of genes assigned per
category. Some genes are in more than one category so the total is greater than 89.
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Figure 4.

Representative gene networks identified in KLF2-regulated gene list. Gene networks were
explored using Ingenuity Pathway Analysis. Networks A and B are representative of the 11
significant networks identified. Network A scored 43 and B scored 36, indicating that their
p-values are 1E-43 and 1E-36, respectively, and that they are highly significant. The genes
shaded in red are upregulated and those shaded in green are downregulated in KLF2-/-
compared to WT erythroid cells. Genes in white are not differentially expressed or not
detected. Solid lines indicate direct relationships and dotted lines are indirect relationships.
The genes surrounded by boxes are erythroid-enriched according to previous data.
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Figure 5.

gRT-PCR verification of KLF2-regulated genes identified by microarray analyses. Laser
capture microdissection was performed to collect independent E9.5 wildtype and KLF2-/-
erythroid cells. qRT-PCR was performed using between 70 and 150 erythroid cells per
assay. Cyclophilin A mRNA was used to normalize the data. The normalized amount of
mMRNA in WT erythroid cells was set as 1. The relative fold expression in KLF2-/- cells is
indicated on the y-axis. The error bars indicate the data mean + standard error.
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Figure 6.

KLF2 transactivates the reelin promoter in K562 cells. Data shown are the mean values from
at least 4 independent transfection experiments. Error bars indicate standard deviation. (A)
K562 cells were co-transfected with the wildtype reelin promoter-luciferase construct, and
either an empty vector plasmid or the KLF2 expression vector. The “*” indicates
significantly different luciferase activity at P<0.05 when cells with the WT luciferase
construct are compared to WT plus KLF2 expression vector. (B) K562 cells were co-
transfected with the wildtype reelin promoter-luciferase construct, or the mutant reelin
promoter-luciferase constructs mSp1(-230)-Luc, mSp1(-180)-Luc or mSp1(-150)-Luc, plus
the empty expression vector. The “#” indicates significantly different luciferase activity at
P<0.05 for cells transfected with the mutant compared to WT reelin promoter-luciferase
constructs. (C) The same luciferase constructs were transfected as in (B), but with the KLF2
expression construct. The “+” indicates significantly different luciferase activity in cells
with mutant compared to WT luciferase constructs.
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Table 1
Primer sequences for real-rime PCR.
Gene symbol  Forward primer Reverse primer
CD24a 5TCAGGCCAGGAAACGTCTCTAZ 5TCTTTCTTCTGATCACATTGGA’
Ctla2a 5'TCTGTCTCCTGGTATGAGAGGAATG3" 5'CAAAGCAGGTGCTGGAAGCT3'
Reln 5'CAAGAACAATACCGCTGATTGG3' 5'GATGTGGATGACTGTGCTCACA 3’
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