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Abstract

ANALYSIS OF MOUSE EKLF/KLF2 E9.5 DOUBLE KNOCKOUT: YOLK SAC
MORPHOLOGY AND EMBRYONIC ERYTHROID MATURATION
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Science at Virginia Commonwealth University.
Virginia Commonwealth University, 2007
Co-Director: Dr. Jack L. Haar
Professor, Department of Anatomy and Neurobiology

Co-Director: Dr. Joyce A. Lloyd
Associate Professor, Department of Human Genetics

Kriippel-like factors (KLFs) are a family of transcription factors with 3 Cys2/His2
zinc fingers that regulate cell differentiation and developmental processes. EKLF is
involved in primitive and definitive erythropoiesis; KLF2 is implicated in the
development of primitive erythroid and endothelial cells of the vasculature. Using light
and electron microscopy, the yolk sacs and dorsal aortae from EKLF/KLF2 double
knockout (KO) E9.5 (embryonic day 9.5) were examined to determine whether these
KLFs have compensatory functions in morphology of blood cells and vessels.

EKLF/KLF2 double KO E9.5 erythroid, endothelial, and mesothelial cells had more



Xiil

severely abnormal morphology than WT and KLF2-/-. Flow cytometry and cytospins
were used to determine maturational effects of single and EKLF/KLF2 double KO
primitive erythroid cells double-labeled with anti-TER119 and anti-CD71. EKLF KO
and EKLF/KLF2 double KO erythroid cells display defective erythroid maturation.
EKLF and KLF2 have overlapping roles in the development of embryonic erythroid and

endothelial cells.



CHAPTER1

INTRODUCTION

In this section, the following topics are discussed to familiarize the reader with the
background of this study. Beginning with hematopoiesis, there is a review of
erythropoiesis and globin gene regulation. With specific focus on the Kriippel-like
factors, gene regulation during primitive erythropoiesis and embryo development are

examined. Finally, the aims of this study are described.

Hematopoiesis

Vertebrates rely on blood and its properties in order to sustain bodily function and
maintenance. The erythroid cell is exclusively designed to optimize the uptake and
transport of oxygen and other gaseous molecules to every part of the vertebrate body.
The origin of erythroid cells begins with hematopoiesis, which is the development of
myeloid and lymphoid cell lineages. The mouse has been extensively studied as a model
for human hematopoiesis. Consequently, similarities have been drawn between human
and mouse erythroid characteristics resulting in the use of analogous molecular markers
for genes as well as invaluable genetic manipulation and application of the mouse model.
In the mouse, mesoderm begins to differentiate into angioblastic cords in the
extraembryonic yolk sac around embryonic day 7.5 (E7.5). Lying between the visceral

endoderm and extraembryonic mesoderm layers of the visceral yolk sac, the cords



develop into blood islands, where centrally located cells become erythroid progenitor
cells and peripherally located cells become endothelial cells (Haar, 1971). The visceral
yolk sac forms an epithelial cell layer facing the yolk sac cavity and a mesothelial cell
layer facing the extraembryonic coelom and embryo. The primitive erythroid cells in the
blood islands are the product of primitive erythropoiesis. In addition to primitive
erythropoiesis, there is also a definitive hematopoietic lineage from which definitive
erythroid cells, megakaryocytes, mast cells, lymphocytes, and other myeloid lineage cells

are derived.

Primitive and definitive erythropoiesis in the mouse

Erythropoiesis begins with a primitive (embryonic) population of erythroid cells
(EryPs). The cells are characterized by distinct types of progenitors, unique sites of
proliferation and maturation, as well as distinguishing size and globin product. In yolk
sac blood islands, erythroid progenitors (EryP-CFC) begin to appear at the primitive
streak stage, E7.25, and then differentiate into primitive erythroblasts around E7.5 in the
mouse yolk sac (Palis, 1999). These progenitors are found in the yolk sac blood islands
and can only give rise to the primitive erythroid cell lineage (Wong, 1986). Various
erythroblasts or precursors begin circulating in the yolk sac and embryo around E8.25,
when mouse cardiac spasm has been reported to trigger the release of EryPs from yolk
sac blood islands (Ji, 2003; McGrath, 2003).

While circulating in the blood vessels, precursors differentiate into nucleated

large proerythroblasts. These become basophilic proerythroblasts which is the



predominant population from E9.5 to E12.5 (Fraser, 2007), identified mainly by their
intense Giemsa stain. From E12.5 to E13.5, orthochromatophilic erythroblasts become
the main primitive erythroid precursor circulating in blood. At this time, these cells have
lost their nucleoli, while at the same time have started to condense their nuclei and
decrease their cell diameter. Orthochromatophilic erythroblasts also stain less intensely
with Giemsa due to the loss of basophilic ribosomes (Sasaki, 1985; Fraser, 2007).
Eventually, these differentiate into mature reticulocytes, which by E18.5 have become
enucleated. It was previously thought that EryPs lost their nuclei between E12.5-E16.5
(Kingsley, 2004), however, Fraser et al (2007) used DNA-binding fluorescent dye
DRAQS to document exactly when EryPs lost their nuclei over the gestational period of
E9.5 to E18.5. They found that fifty percent of circulating EryPs lost their nuclei by
E14.5, which gradually increased as the population matured through E18.5. This stable
EryP population persists through birth (Kingsley, 2004; Fraser, 2007), but gradually loses
the capability to proliferate following approximately 9 days of gestation; at E9.5, EryPs
make up 97% of circulating blood (Fraser, 2007).

The onset of primitive erythropoiesis is similar to definitive erythropoiesis.
Definitive (adult) erythroid cells (EryDs) develop during a second synchronized wave of
erythropoiesis in the mouse and human from a separate population of definitive
hematopoietic stem cells (HSCs). Definitive HSCs, present throughout adult life, are
self-renewing to support definitive erythropoiesis; this contrasts with EryP-CFC
progenitors which remain in the yolk sac only until E9.0 (McGrath, 2005). It was

previously reported that yolk sac HSCs most likely did not produce definitive erythroid



cells (Robb, 1997). The intraembryonic AGM (aorta-gonads-mesonephros) region was
thought to act as the principle purveyor of definitive HSCs before circulation had fused
between yolk sac and embryo at E8.5-9.0 (Cumano, 2000). The AGM is located in the
para-aortic splanchnopleura around the embryo dorsal aorta and has been shown to
develop after the yolk sac vasculature (Palis, 1995). However, HSCs have been found to
originate from both the extraembryonic yolk sac and AGM with subsequent seeding of
the fetal liver. Labeled definitive HSCs could be traced from the yolk sac to the fetal
liver and adult (Samokhvalov, 2007). Definitive HSCs in the yolk sac are capable of
differentiating into definitive fetal liver and bone marrow erythroid precursors; however,
definitive HSCs in the AGM only serve to seed the HSCs in the fetal liver. Overall, the
fetal liver becomes the predominant site of definitive erythropoiesis by E11.5, which
eventually switches to the bone marrow post-natally.

As EryPs start to gradually decrease as a fraction in circulating blood, smaller
sized, enucleated EryDs begin a similar differentiation program in the fetal liver around
E11.5 (McGrath, 2005). HSCs differentiate into burst-forming units-erythroid (BFU-E)
and colony-forming units-erythroid (CFU-E) progenitors. Concurrently, several
definitive lineages are derived from the HSCs such as granulocyte-monocyte progenitor
(GMP) and megakaryocyte-erythroid progenitor (MEP), and common lymphoid
progenitor (CLP) (Ney, 2006). These can go on to form mast cells, megakaryocytes, and
lymphocytes around E11.5. Definitive progenitors, BFU-Es and CFU-Es, have been
found as early as E8.25 in the yolk sac (Palis, 1999). From these multipotent cells,

further differentiation is achieved through the precursor stages of proerythroblast,



basophilic erythroblast, polychromatophilic erythroblast, orthrochromatophilic
erythroblast, and reticulocyte. Reticulocytes must lose polyribosomes and nuclei before
becoming mature EryDs in the fetal liver. Mature EryDs are three-fold smaller than
mature EryPs (Kingsley, 2004). For both primitive and definitive precursors, they lose
their nucleoli as proerythroblasts become basophilic erythroblasts; followed by a decrease
in cell diameter and cross-section and condensation of nuclei as the cells progress to
chromatophilic and orthochromatophilic erythroblasts. Clearly, primitive and definitive
erythroid cells undergo similar stepwise maturational stages. This can be conclusively
shown with several studies employing flow cytometry to determine erythroid precursor
maturation.

Socolovsky et al. (2001) used flow cytometry to isolate definitive erythroid
precursors and thus established a maturational profile of these precursors. Using two
different markers, erythroid-specific TER119, an unknown protein known to associate
with membrane-spanning erythroid protein glycophorin A, and non-erythroid-specific
CD71 or transferrin receptor, erythroid cells were simultaneously labeled to determine
expression levels. TER119 marker is expressed in early proerythroblasts through mature
erythrocytes. Of note, TER119 is not found on cells containing progenitor BFU-E or
CFU-E behaviors. CD71 has a 671 amino acid extracellular C-terminal domain in order
to bind transferrin, which is required for the binding of iron.

Using this method, erythroid precursors (proerythroblast, basophilic,
chromatophilic, and orthochromatophilic erythroblasts) were isolated and characterized

with respect to TER119 and CD71 expression in conjunction with cell morphology from



cytospins (Socolovsky, 2001). E14.5 definitive erythroid cells were separated into
different maturational stages by regions R1-R5 and confirmed by May Grunwald-Giemsa
stain (Figure 1) (Zhang, 2003). Regions are characterized by cell type and TER119 and
CD71 expression (Table 1). Hodge et al. (2006) also employed TER119 and CD71
double-labeling in order to look at changes in maturation of EKLF KO E14.5 EryDs and
E11.5 EryPs. Fraser et al. (2007) used the method in order to compare maturation
profiles specifically of primitive erythroid cells. Although percentages could vary

somewhat in R1-R5 regions among mice, they were consistent.
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Figure 1: May-Grunwald Giemsa-stained cytospins from E14.5 fetal liver. R1
shows mature BFU-Es and CFU-Es. R2 are proerythroblasts and early basophilic
erythroblasts. R3 are early and late basophilic erythroblasts. R4 are chromatophilic
and orthochromatophilic erythroblasts. RS5 are late orthochromatophilic
erythroblasts and reticulocytes. Reticulocytes are indicated by arrows (Zhang,
2003).



Table 1. Erythroid Precursors in R1 - R5 Regions Expressing Varying Levels of
CD71 and TER119

R1 R2 R3 R4 RS
o i Late
Primitive Chromatophilic
progenitors glr oetrythilo- 1 Early and late and ogochromato-
Cell and b as S;irll. €2ty | basophilic orthochromato- | P rythrobl s
proerythro- asop bic ¢ erythroblasts philic en f) as
blasts erythroblasts erythroblasts anc
reticulocytes
CD71 MED HIGH HIGH MED LOW
TER119 LOW LOW HIGH HIGH HIGH

(Socolovsky, 2001)




Endothelial cell and vasculature development

Essential to embryo survival and primitive erythropoiesis is the development of a
vasculature system. This has been proven with early mouse embryonic lethality (E9.5-
E10.5) as a consequence of disruption of cardiovascular developmental genes: NCX1,
VEGFR1 (Flk-1), Tie2, and EphrinB2 (Wakimoto, 2001; Shalaby, 1995; Gerety, 2002;
Dumont, 1994). While EryPs are developing in the yolk sac blood islands, endothelial
cells are also developing in the yolk sac. Endothelial cells develop from mesoderm, as do
other hematopoietic lineages. A common precursor of erythroid and endothelial cells,
called the hemangioblast, is believed to have the ability to differentiate into both
endothelial and hematopoietic cells (Choi, 1998). On the other hand, some believe
endothelial and erythroid cells are derived from hemogenic endothelium with
mesodermal origin. Li et al. (2005) isolated hematopoietic precursor cells from mouse
embryos using a combination of CD41, Tie2, and Flk1 markers, and determined that the
fraction without CD41 differentiated into endothelial cells while the cells labeling with
CD41 became definitive hematopoietic cells. Hematopoietic lineages have been shown
to derive from this vascular endothelium surrounding mouse dorsal aorta at E9.5 (Garcia-

Porrero, 1998).

Hemoglobin in erythroid cells
While maturation of EryPs and EryDs has been shown to be similar in stage
progression, the two populations clearly differ in their globin protein products.

Hemoglobin is a tetramer of two a- and two - noncovalently bound subunits, where each
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subunit contains a non-protein heme group inclusive of an iron atom responsible for
binding to an oxygen atom. Once oxygen atoms are cooperatively bound to hemoglobin
during the act of exchange of oxygen and carbon dioxide in the lungs, oxygen can be
transported to various tissues of the body. Mutations in the globin genes result in
hemoglobinopathies. These include sickle cell anemia and B-thalassemia, where the
former pertains to a defective hemoglobin product and the latter involves a lack of -
globin. These genetic disorders cause significant morbidity and mortality, showing the
essential role of hemoglobin in humans.

Sickle cell anemia is an autosomal recessive disorder resulting in the production
of hemoglobin S (Hb S). The globin product causes erythroid cells to lose their elasticity
and become sickle-shaped due to polymerization of hemoglobin during low oxygen
levels or oxygen exchange in the blood. The inability of the erythroid cell to recover its
shape and the subsequent decrease in healthy erythroid cells cause anemia, can lead to
painful vaso-occlusive crises, acute chest syndrome, stroke and liver failure. The sickle
cell shape contributes to vaso-occlusive crises by adhering to vascular endothelium
(Frenette, 2007). Sickle-cell anemia affects approximately 72,000 Americans livelihoods
and lifespan.

Similarly, B-thalassaemia is an autosomal recessive disorder involving the
decreased production of hemoglobin. The defect in the B-globin gene results in a-globin
aggregates, due to an improper balance of a- and - subunits, which can lead to anemia

and possibly heart failure. As a result of the globin defect, erythroid cells tend to damage
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easily and die earlier than their typical 120-day lifespan in circulation. Currently, bone

marrow transplants and blood transfusions are used to treat patients.

B-globin as a model for developmental regulation

During gestation, erythroid cells undergo globin gene switching events, which
regulate expression of the B-like-globin proteins. In the case of humans, the first B-like
globin to be expressed is e-globin in embryos, followed by y-globin in fetuses, and finally
B-globin in adults (Figure 2A). The genes are fbund on chromosome 11 in humans and
the proteins have a length of 146 amino acids. In mouse, the B-globin gene cluster is
found on chromosome 7 and expression begins with Bhl and €’ in embryonic blood
(EryPs), followed by B-major and B-minor in adult blood (EryDs) (Figure 2B). Upstream
of the globin genes is a locus control region (LCR) which is required for enhancement of
the activation as well as the appropriate type and timing of globin produced. When the
LCR is disrupted, globin expression levels are lowered (Epner, 1998). Within the LCR
are several DNase-hypersensitive sites; 5> HSs 1 to 7 in humans and 5° HSs 1 to 6 in
mouse (Figure 2A, 2B). These hypersensitive sites can be erythroid and non-erythroid
specific (Stamatoyannopoulos, 2002). By providing an enhancement to activation, the
LCR acts as a cis-acting element for globin genes. It has the capability to give the globin
chromatin an “open” configuration to enhance transcription. The LCR has proven to be
necessary for trans-acting elements such as transcription factors which bind to cis-acting
elements such as globin promoters, enhancers, and silencers present upstream of

individual globin genes. B-globin promoters and the LCR include a critical conserved
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sequence, termed the CACCC box, which allows the globin genes to be activated by

CACCC-binding nuclear factors such as EKLF.

A. Human B-globin gene (chr 11)

LCR g Gy Ay 3 B

5’ 3’

B. Mouse B-globin gene (chr 7)

5’ 3

Figure 2: B-globin gene clusters from human and mouse. A) Human. B) Mouse.
LCR indicates the locus control region upstream of the genes which is required for
enhancement of globin gene activation. Arrows represent DNase hypersensitive elements
(5’ HS) in the LCR.
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Genes required for erythropoiesis

Many genes have been implicated for different stages of erythroid development,
which suggests there is temporal and spatial regulation of globin (Orkin, 1997). In
studies involving definitive lineage commitment, gene expression shows required genes
are “primed” by being transcriptionally active in preparation for differentiation (Ney,
2006). This was shown in studies which looked at expression of various myeloid,
megakaryocyte, erythrocyte, monocyte, and granulocyte markers in multipotential
progenitors. In another study, cDNA filter arrays were used to track expression of 1200
mouse genes in HSCs and various multipotential cells (Terskikh, 2003). The arrays
showed that as the cells differentiated, they lost global gene expression but upregulated
lineage-specific gene expression.

As the erythroid progenitors become lineage specific, there are some important
genes involved (Figure 3). Erythroid transcription factor, GATA1, and myeloid
transcription factor, PU.1, determine whether HSCs differentiate along an erythroid or
myeloid lineage (Ney, 2006). GATAL1 is expressed as early as in the CFU-E through the
polyerythroblast stage. Loss of GATAI1 induces apoptosis in erythroid progenitors
(Weiss, 1995). It has been shown to repress GATA-2, c-Kit and c-Myc activity, in order
to allow erythroid cells to terminally differentiate. GATA2 is required for early
hematopoietic development. GATA2 is expressed in the HSC through the
polyerythroblast stage, and has been found to be crucial for survival of primitive and

definitive progenitors. Further along in development, SCL or Tall, a helix-loop-helix
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transcription factor, regulates embryonic erythropoiesis and is expressed in HSCs. Lmo2
is involved in embryonic erythropoiesis (Ney, 2006).

In definitive erythropoiesis, core-binding factor (CBF) and c-myb are expressed
for the differentiation of erythroid cells (Ney, 2006). Several genes have been found to
be important in the erythroid proerythroblast. Starting in the CFU-E, erythroid Kriippel-
like factor (EKLF or KLLF1) and NF-E2 are active and show transcriptional regulation of
erythroid cells (Koury, 2002). Erythropoietin and erythropoietin receptor are important

for erythroid cell survival (Koury, 2002).



A. Stage of Erythroid differentiation
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B. Transcription factors for erythroid differentiation
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Figure 3: Gene regulation of erythroid differentiation. (Koury, 2002). Stages of
erythroid differentiation: HSC=hematopoietic stem cell, BFU-E=burst-forming units-
erythroid, CFU-E=colony-forming units-erythroid, Pro EB=proerythroblast, Baso
EB=basophilic erythroblast, Poly EB=polyerythroblast, Ortho EB=orthoerythroblast,
RET=reticulocyte, RBC=red blood cell.
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Kriippel-like Factors

Identified based on its homology with Drosophila Kriippel protein, EKLF has
been studied extensively in mouse erythropoiesis and globin regulation. The discovery
has also spurred the establishment of a KLF family inclusive of at least fifteen more
factors involved in vascularization, endothelial cells, and terminal differentiation of
various other cell types. As a family, all KLF transcription factors contain 3 Cys2/His2
zinc fingers. The zinc finger DNA-binding motif uses a zinc atom to stabilize the 3
cysteine and histidine fingers at the C-terminus of the factor, which subsequently allows
the motif to bind to DNA. If EKLF zinc-finger DNA binding domain is disrupted by
mutations, the result can be a B-thalassemia-like phenotype in the mouse (Feng, 1998).
EKLF can bind to CACCC promoter boxes upstream of globin genes via its zinc-finger
domain. The activation level of KLFs is based on the amount and orientation of these
CACCC sites found on target genes (Bieker, 1995). EKLF and Kriippel-like factor 2
(LKLF or KLF2) have very similar zinc-finger domains, and are located close to each

other in the mouse and human genomes. They were examined in this study.

Role of EKLF in erythropoiesis

EKLF mRNA is found in the chicken in the posterior primitive streak prior to the
formation of the blood islands (Chervenak, 2006). In mouse, EKLF is found in primitive
streak stage (E7.5) in the yolk sac blood islands as well as the embryo dorsal aortae by E9
and splanchnic mesoderm by E10.5 (Southwood, 1996). EKLF is crucial for definitive

cells, as seen in EKLF knockout experiments as described later. EKLF binds to adult -
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globin promoters and LCR DNase hypersensitive sequences, HS 4, HS 3, HS 2, and HS 1
in primitive and definitive cells (Zhou, 2006). By using chromatin immunoprecipitation
assays (ChIP), EKLF is bound three-fold more to adult globin promoters in EryD than in
EryP progenitors. EKLF is also preferentially bound to embryonic globin promoters in
EryPs as compared to EryDs. Analogously, EKLF mRNA is more abundant in EryDs
than in EryPs (Chervenak, 2006; Zhou, 2006). This suggests that the erythroid cell
embryonic/fetal globin switch to adult globin relies on spatial- and temporal-specific
factors.

In prior studies involving single knockout (KO) of EKLF (Perkins, 1995),
embryos developed fatal anemia and died by E14.5-16.5. The EKLF gene was knocked
out in embryonic stem cells by inserting a neomycin-resistance neo® cassette interrupting
the EKLF zinc-finger DNA binding domain. Once a heterozygous animal was produced,
EKLF+/-, they could be bred together to produce EKLF KO animals (EKLF-/-). In
knockout studies, EKLF was shown to regulate adult f-major and B-minor globin
expression in EryDs (Nuez, 1995; Perkins, 1995). It also affects regulation of EryP
hemoglobin metabolism and membrane stability (Hodge, 2006; Drissen, 2005; Nilson,
2006). Although previously reported that EKLF had no effect on embryonic/fetal globin
genes, Basu et al. (manuscript under revision) found that E10.5 EKLF KO yolk sac has
significantly lower amounts of £’ and Bh-1 globin mRNA than WT. In EKLF KO studies
in E12.5 EryDs, erythroid cells accumulated a-globin chains in the form of inclusion or
Heinz bodies, due to an imbalanced ratio of a- and B-globin chains (Lim, 1997; Drissen,

2005). Interestingly, the presence of Heinz bodies can be seen in B-thalassemia. By
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introducing a human LCR/y-globin gene into differentiated embryonic stem cells to
compensate for the lack of B-globin, the cells were rescued and differentiated into
normal, mature adult erythrocytes (Lim, 1997). However, EKLF KO mouse embryos
could not be rescued with expression of y-globin and were still unable to survive through
the gestational period (Nilson, 2006). Therefore, EKLF has other gene targets besides the
B-globin genes that must be important to embryonic survival and erythroid cells.
Spadaccini et al (1998) had previously reported EKLF was not needed for morphological
maturation of EryD, which was contradicted by later studies.

Using EKLF KO E12.5 fetal liver EryDs in culture, several gene targets were
downregulated; a-hemoglobin stabilizing protein (AHSP), a hemoglobin stability protein,
and erythrocyte protein band 4.9 (Epb4.9), an erythrocyte membrane protein (Drissen,
2005; Hodge, 2006). As a result, these erythroid cells were deformed in shape and had
wrinkled membrane morphology. This shows the critical role of EKLF in membrane
stability and hemoglobin metabolism. Other erythrocyte membrane proteins, 3-spectrin
and ankyrin, have been shown to be downregulated in similar abnormally-shaped E13.5
EryDs (Nilson, 2006). In the first study of EKLF KO primitive erythroid morphology,
E11.5 EKLF KO blood cells had deformed membrane and cell morphology in cytospins,
which was similar to E14.5 definitive blood cell morphology (Hodge, 2006). EKLF is
involved in regulation of more genes in EryDs than previously believed. The lack of
expression of these genes contributes to embryonic lethality as does lack of globin

expression.
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Although found in progenitors and precursors, EKLF is reported to be primarily
required for terminal differentiation of EryDs (Nuez, 1995, Drissen, 2005). This can be
seen in flow cytometry studies of E14.5 EKLF KO EryDs double-labeled with TER119
and CD71. E14.5 EKLF KO EryDs expressed lower levels of TER119 and normal levels
of CD71 as compared to WT (Hodge, 2006). Interestingly, EKLF KO E14.5 EryDs also
showed transferrin receptor 1 (TfR1) mRNA was expressed at significantly lower (~10-
fold) levels. At some posttranscriptional timepoint before E14.5, low levels of TfR1
mRNA are compensated to assay normal CD71 expression as seen by flow cytometry.
E12.5 EKLF KO fetal liver (Drissen, 2005) and E14.5 EKLF KO fetal liver (Hodge,
2006) were labeled for annexin V, an early marker for apoptotic cells, and showed the
same expression as seen in WT and EKLF+/- genotypes. Therefore, the lack of EKLF
was not causing apoptosis in these EryDs.

To examine the EryP expression of TER119 and CD71 markers, flow cytometry
of E11.5 erythroid cells was performed (Hodge, 2006). However, as previously shown
by Fraser et al (2007), E11.5 blood may contain EryDs in spite of a large fraction being
EryPs. Additionally, at E11.5, EKLF+/- genotype generated intermediate levels of
TER119 while EKLF-/- genotype showed even lower levels when both were compared to
WT (no data for EKLF+/- at E14.5). It can be inferred that the number of expressed
alleles (+/+, +/-, -/-), directly correlates to the expression pattern of the TER119 cell
marker on erythroid cells. EKLF clearly has a role in cell surface expression and

maturation of EryPs and EryDs.
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Role of KLLF2 in development

KLF2 was discovered using the EKLF zinc-finger domain as a hybridization
probe; the two KLFs are about 90% similar in their zinc-finger domain (Anderson, 1995).
The EKLF and KLF2 genes are located 6 Mb apart on human chromosome 19 and mouse
chromosome 8. EKLF and KLF2 bind to similar CACCC elements, which suggest a
relationship between the two factors. KLF2 expression has been found in, but is not
limited to: lung tissue, endothelial cells, adipocytes, red blood cell precursors, epithelial
cells in yolk sac, and T lymphocytes. Using in situ hybridization, KLF2 was discovered
to be expressed as early as E8.5 in endothelial cells in all vasculature in the murine
embryo; by E14.5, KLF2 was expressed in the lung buds, vertebral column and
developing bone of the head and ribs (Lee, 2006; Kuo, 1997). Through microarray
expression profiling in human umbilical vein endothelial cells (HUVEC), KLF2 has been
implicated in cell migration, vasomotor function, inflammation, and hemostasis (Dekker,
2006). In thymocytes, KLF2 KO has resulted in incompetent T-lymphocyte migration
(Carlson, 2006). It also has been implicated in T-cell cell cycle and apoptosis regulation.
KLF2 expression has also been shown to be activated in cultured and in vivo endothelial
cells by fluid shear forces or proinflammatory stimuli (Lee, 2006, Suzuki, 2005, Wang,
2006).

KLF2 KO mice were produced by inserting a vector into the target KLF2 gene of
embryonic stem cells (Kuo, 1997, Wani, 1998). When homologously recombined with
the endogenous KLF2 gene, the resulting deletion removed the promoter region,

transcription activation domain, and some of the DNA binding domain. This deleted
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gene cannot be transcribed (Wani, 1998). On the other hand, Kuo et al (1997) inserted a
PGK-neomycin cassette to replace the entire KLF2 gene. The cells containing the vector
were selected, harvested, and screened for KLF2 and subsequently injected into
blastocysts and then female mice. The KLF2 KO mouse died in utero between E12.5-
E14.5 due to hemorrhaging. At E11.5, KLF2 KO embryos appeared to have normal
vasculogenesis and angiogenesis (Kuo, 1997). In the E12.5 KLF2 KO dorsal aorta,
endothelial cells were abnormally cuboidal in shape, but not apoptotic (Kuo, 1997).
Before embryonic lethality, the lack of KLF2 expression caused vascular endothelial cells
to become defective and to lead to intraembryonic hemorrhaging. Histologically, tunica
media around umbilical vessels were thinner than normal with disorganization and
reduced number of smooth muscle cells in E12.5 embryos (Kuo, 1997). Also,
extracellular matrix of the tunica media was significantly reduced in these embryos.
Tunica media and the smooth muscle cells are derived from the mesenchymal cells
differentiating adjacent to the endothelial cells surrounding developing vessels.
Importantly, loss of KLF2 did not have an effect on several vascular growth factors
which are crucial to blood vessel formation (Kuo, 1997; Lee, 2006). In endothelial cells
from E12.5 KLF2 KO, crucial genes Tiel, Tie2, PDGF-B, and HB-EGF were expressed
normally, as also seen with TGF-B which is required for smooth muscle cells (Kuo, 1997;
Lee, 2006). Conditional knockout of KLF2 in endothelial cells also lead embryos to
heart failure and death at E14.5 (Lee, 2006). Heart failure could be due to KLF2 direct

effects on vascular endothelial cells.
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While endothelial cells have been the large focus of KLF2 KO studies, erythroid
cells have also been studied due to the DNA-binding motif similarity between KLF2 and
EKLF. In vitro, cultured E11.5 KLF2 KO fetal liver definitive erythroid cells differed
little from cultured WT fetal liver cells. Also, E12.5 blood smears showed no
morphological differences between KLF2 KO and WT (Kuo, 1997). However, Wani et
al. observed in E11.5 KLF2 KO blood smears that a large number of nucleated primitive
erythroid cells rather than mature enucleated blood cells as seen in WT. This could be
due to the specific method the KLF2 gene was targeted and knocked out in the Wani
model. Basu et al (2006), using the Wani model, observed changes in E10.5 KLF2 KO
erythroid cells. The E10.5 KLF2 KO mouse yolk sac, primarily primitive erythroid cells,
contained two-fold more irregularly-shaped erythroid cells than in wildtype (WT).
Expression of ¢’ and Bh-1 globin mRNA was 2-fold lower than WT littermates. B-major
and B-minor globin expression did not differ in WT, KLF2+/-, and KLF2-/- at E12.5.
TUNEL assay showed that the KLF2 KO embryonic yolk sac contained a significantly

higher percentage (~5-fold) of apoptotic erythroid cells.

Simultaneous ablation of EKLF and KLF2 in E10.5 mouse embryo

Thus far, research on EKLF and KLF2 factors show that they are essential
transcriptional regulators of early development in erythroid and endothelial cell lineages.
They could potentially have overlapping roles in globin regulation, which is tied closely
to embryonic and definitive erythropoiesis. To examine this hypothesis, mice in this lab

were generated with null alleles of both EKLF and KLF2 on the same chromosomal
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homolog. Due to the proximity of the two genes on chromosome 8, over 100 pups were
tested for the recombination event before two mice were generated with the correct
genotype. Subsequent crosses were performed with wildtype mice to establish more
recombinant double heterozygotes (EKLF+/-KLF2+/-). EKLF+/-KLF2+/- mice were
then crossed to produce double KO (EKLF-/-KLF2-/-) embryos.

When examined at E10.5, the double KO embryos were discovered to be anemic
with pale aortae. From whole mount images, forebrain and hindbrain size was decreased
in 80% of embryos. This phenotype was also found in E12.5 KLF2 KO embryos (Kuo,
1997). In E10.5 EKLF-/-KLF2-/- yolk sacs, levels of ¢’ and Bh-1 globin mRNA were
one-fifth of WT, as well as significantly lower than in either EKLF KO or KLF2 KO.
Double KO levels of glycophorin A (GPA) mRNA were normal when compared to WT,
which suggested that primitive erythropoiesis was taking place in some capacity. Both
KLFs are clearly involved in the regulation of the embryonic globin genes, as
simultaneous ablation of both can greatly lower their expression levels. This confirms
the compensatory functions of the two KLFs.

This lead to the question of what events were occurring in the double KO
erythroid cells to cause drastic change in globin levels. Additionally, if globin expression
levels appeared significantly decreased, then it was hypothesized that the double KO
embryos would die at an earlier day of gestation than the single KOs. One hypothesis
was that EKLF-/-KLF2-/- primitive blood cells matured less well than single KO. With
flow cytometry techniques, problems seen in erythroblast differentiation could potentially

be quantified, as previously done for EKLF-/- cells. It was also important to determine
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whether circulation of erythroid cells was normal. In addition, it would be important to
analyze both erythroid and endothelial cells. Another hypothesis was that if EKLF
targets erythroid cell regulation and KLF2 targets endothelial cell development, then both
types of cells would likely be affected in the double KO.

This study was designed to examine the developmental effects and cell
morphology of E9.5 double KO embryos. At E9.5, it has been shown that about 97% of
the blood consists of primitive erythroid cells (EryPs) (Fraser, 2007). By performing
these experiments at E9.5, it was possible to study the roles of EKLF and KLF2 in
primitive erythropoiesis.

The model may prove useful in the future as gene therapy becomes more of a
reality in the clinic. EKLF and KLF2 gene targets such as erythroid membrane proteins,
globin, or endothelial cells can point to ways to recover deficient levels of globin or aid
in the treatment of B-thalassemia or sickle cell anemia. Ultimately, primitive
erythropoiesis is a model of developmental design; it has the potential to illuminate other

differentiation programs also starting from stem cells.



CHAPTER 2

MATERIALS AND METHODS

Generation of Mice

EKLF +/- (KLF1+/-) mice were acquired from Jackson Labs (USA) as made by
Perkins et al. (1995) and KLF2 +/- mice were obtained from Wani et al. (1998). As
previously described in those studies, the EKLF and KLF?2 alleles were each knocked out
or made inoperative on one chromosome. The two genotypes, EKLF +/- and KLF2 +/-
were bred together until a recombination event occurred during which the knockout
alleles of EKLF and KLF2 would be on the same chromosomal homolog, expressed as
EKLF +/- KLF2 +/- genotype (Basu et al, manuscript under revision). Matings were then
set up by against normal FVB/N mice to generate additional EKLF+/-KLF2+/- mice.
EKLF+/- mice were bred to generate EKLF-/- embryos, and KLF2+/- mice were bred to
generate KLF2-/- embryos. Once heterozygous mice (EKLF+/- KLF2 +/-; EKLF+/-;
KLF2+/-) were at the appropriate age of 6-8 weeks-old and weight of at least 23.0 grams,
the mice were mated to examine their progeny. Peanuts were given to mice to encourage
weight gain. Vaginal openings of female mice were examined every day after their dark
cycle ended. Once a vaginal plug was discovered, the time of gestation was established
as day 0.5 and the female mouse was isolated from the male. The female mice were

monitored and dissected nine (9) days following presence of plug, hence E9.5 embryos.
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The predicted genotypes and percentages obtained from the double heterozygous matings
were 25% EKLF+/+ KLF2+/+, 50% EKLF+/- KLF2+/-, and 25% EKLF-/- KLF2-/-.
Similarly, both EKLF+/- and KLF2+/- matings produced 25% WT, 50% heterozygous
(EKLF+/- or KLF2+/-), and 25% knockout (EKLF-/- or KLF2-/-). Recombination events

could occur at about 2% frequency, as seen in previous matings.

Genotyping

In order to determine the genotypes of embryos and mice, PCR was used.
Primers were used to distinguish the wildtype and deleted EKLF and KLF?2 alleles.
Mouse ear punches were digested in digestion buffer (SOmM KCl, 10mM Tris HCL (pH
8.5), 40mM MgCl,, 0.45% Nonidet P40 lysis buffer, and 0.45% Tween 20) and 1pg/pl
proteinase K (serine protease that cleaves at the carboxylic ends of aliphatic, aromatic,
and hydrophobic amino acids) and incubated overnight at 60 °C. Proteinase K was
inactivated by heating samples for 2 10-minute cycles at 95 °C. In between heating steps,
samples were zip-spun in an Eppendorf 5415C micro-centrifuge (Eppendorf, Westbury,
NY) for a few seconds. Samples were stored at 20°C until ready for polymerase chain
reaction. A PCR grand mix was prepared with 10X PCR buffer (200 mM Tris-HCl-pH
8.4 and 500 mM KCl), 0.2 mM dNTP mixture, 1.5 mM MgCl,, 0.5 uM of each normal
and knockout primer, and subsequently stored at 20 °C. Primers used in this case were
forward and reverse normal and forward and reverse knockout (Table 2). For the PCR
reaction, Taqg DNA Polymerase (0.04 U/ pl), 1.75 pg/pl/reaction RNase A, and molecular

grade H,O was added to the PCR. 24 pl of PCR mix and 1 pl of cellular extract were
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added to 8-strip PCR tubes. Previously confirmed tissue samples were used as EKLF and
KLF2 positive controls and duplicates of samples were included in each PCR run.
Duplicates were performed to confirm results. For negative controls, a sample was run
containing 1 pl of H20 in PCR grand mix in order to test for contamination in PCR mix
or H20. PCR tubes were initially denatured at 94 °C for 3 min, then 35 cycles at 94 °C
for 40 sec, 58 °C for 45 sec, and 72 °C for 1 min 15 sec, and finally ended with an
extension step of 72 °C for 5 min. PCR samples were run on 2% agarose gels made with
100 ml of 1X TAE buffer (10X TAE: 2M Tris base, 10mM Glacial Acetic Acid, 10mM
EDTA pH=8, and deionized H,0), 2.0 grams of Seakem LE agarose (Cambrex), and
0.00075% ethidium bromide. The solution was heated in an Erlenmeyer flask in a
household microwave oven (Sharp Electronics Corp) for 3-4 minutes. Once the flask’s
contents stopped bubbling and ethidium bromide had been incorporated, the agarose was
poured into a medium size gel casting tray with two 20-lane gel combs inserted at the top
and halfway point of the gel. Upon solidifying, the gel apparatus was filled with 1X TAE
buffer. Each well was loaded with 10 pl of PCR product mixed with 1 pl of loading
buffer. Electrophoresis was performed at 95 volts for 0.5 hr for EKLF gels and 1.5-2.0
hrs for KLF2 gels. Gels were imaged and analyzed using an Alpha Innotech
fluorochrome imager camera and software (San Leandro, CA). For EKLF gels, +/- bands
were present at about 200 bp and 400 bp where the knockout band is 400 bp, while in
KLF2 gels, +/- bands were closer in proximity at 380 bp and 422 bp where the latter is

the knockout allele.



TABLE 2: EKLF and KLF2 primers
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Forward normal

Reverse normal

Forward knockout

Reverse knockout

5’-
CCTGAGCTACTTAGTG

5-
TTCTTCTCCCATCTCTA

5’
AGAGGCTATTCGGCTA

5’-
TTCGTCCAGATCATC

EKLF
AGATCC-3’ ACCC-3’ TGACTG-3’ CTGATC-3’
5- 5- 5°- 5-

KLF2 | TIGTTTAGGTCCTCATC | TTGCCGTCCTTTGCCAC | TGCTTACAACCTCCTA | CCTACCCGCTTCCATT
CGTGCCG-3’ TTTCG-3’ AATGTTCTGA-3’ GCTC-3’

Microdissection of E9.5 embryos for sectioning

Nine days following the presence of the vaginal plug, the pregnant female mice

were anesthetized with 2.5% Avertin (10g of tribomoethyl alcohol in 10 ml tertiary amyl

alcohol) at 0.015 ml/g body weight and sacrificed by cervical dislocation. The embryos

were dissected out into 1X PBS and 30mm Petri dishes using watchmaker forceps and

surgical scissors under an Olympus SZ2-ILST microscope at 20X magnification [eye

piece objective-WHSZ10X-H/22, objective-110AL2X-2]. Whole mount images were

taken with an Olympus Q-Color 3 camera and QCapture 2.81.0 software (Quantitative

Imaging Corporation). Yolk sac and embryo were carefully separated from each other

and a piece of the embryo tail was used for genotyping by PCR. Remaining yolk sacs

and embryos were placed in fixative (2% paraformaldehyde and 2.5% glutaraldehyde)
|y

overnight in 2 dram tooled neck glass vials. The next day, tissues were rinsed three times

and left in Millonig’s buffer (pH=7.2-7.4, Appendix-Solutions) where they were stable

until embedding.
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Plastic embedding of yolk sacs and embryos

Samples were processed by passing them 3 times through a 5-minute wash of
Millonig’s buffer and osmicating for 40 minutes in 1% Osmium tetroxide at 4 °C. At
room temperature, they were dehydrated with 30%, 40%, 50%, 60%, and 70% ethanol for
5 minutes each and 80%, 95%, 95%, 100%, and 100% ethanol for 10 minutes each.
Tissues were then placed in a 50:50 mix of 100% ethanol and propylene oxide for 5
minutes, followed by washing twice for 10-minutes with propylene oxide, and finally
incubated overnight in a 50:50 mix of eponate 12 and propylene oxide. The tissues were
embedded the next day after 4 hours in 100% eponate 12 resin. The plastic blocks were

placed in a 55 °C oven for 3 days to allow the eponate 12 resin to polymerize.

Sectioning for light and electron microscopy

Semi-thick sections of yolk sac and embryos were cut at 2 pm and 6 pm,
respectively, on a Leica LKB 2128 Ultramicrotome. Sections were placed in series on
Superfrost©/Plus microscope slides (Fisher Scientific), heated gently on a hot plate and
stained with 1% Sodium borate, 0.1% Methylene Blue, 0.1% Azure Blue, and 0.1%
Toluidine Blue. Microscopic analysis was performed with a Nikon Optiphot microscope
fitted with an Olympus DP70 digital camera.

For electron microscopy, sections were cut at 100 nm with a LKB 2128 Ultratome
and stained with 5% Uranyl Acetate and Reynold’s Lead Citrate. Images were taken on
the JEOL JEM-1230 TEM (JEOL (U.S.A.), INC., Peabody, MA) with the Gatan

Ultrascan 4000 digital camera (Gatan Inc., Pleasanton, CA).
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Microdissection of E9.5 embryos for flow cytometry analysis

Each uterine implantation site containing an E9.5 embryo was dissected in FACS
buffer [1x PBS + 5% Fetal Bovine Serum] to isolate the embryo and visceral yolk sac.
After removing maternal tissues, the yolk sacs and embryos were rinsed in FACS buffer
and FACS buffer + heparin (0.2U/ml) and finally placed in 500 pul of FACS buffer +
heparin in a 24-well plate and the large vessels were cut. Embryonic blood was allowed
to drain for 10 minutes and subsequently collected in a 1.5 ml Eppendorf tube. An
additional 500 pl of FACS buffer was used to rinse the well. Blood was centrifuged for 5
minutes at 3000 rpm and the clear supernatant was removed. The blood cells were

resuspended in 100 pl of FACS buffer.

Antibodies and flow cytometry

Cells were double-labeled with PE-conjugated anti-TER119 and FITC-conjugated
anti-CD71 (transferrin receptor) (eBiosciences, San Diego, CA) and incubated in the dark
at 4° C for 20 minutes. Cells were spun and washed once more and resuspended in 100pl
FACS buffer in preparation for flow cytometry. Samples were gently pushed through 35
um nylon mesh into flow cytometry tubes and run on an EPICS Elite ESP Flow
Cytometer (Coulter, Fullerton, CA) at low rate. Level II and III beads of the EPICS
intensity standard kit were used for calibration of fluorescent intensity (Coulter). Once
forward scatter and side scatter plots were produced, a gate was drawn around the
primitive erythroid population. Based on single-stained samples of PE-anti-TER119 and

FITC-anti-CD71, five gates R1-RS could be drawn. R1 and R2 were drawn as TER119



negative and R3, R4, and RS were drawn as TER119, according to Zhang et al. (2003)

and Fraser et al. (2007).

Cytospins

Samples containing 5,000 to 20,000 cells were sorted into 100 pl of media in
plastic cytospin buckets. Cells were spun on a SCA0081 cytospin (Shandon Southern)
with filter cards (Shandon) at 20,000 rpm for 5 minutes onto Superfrost©/Plus (Fisher)
glass slides. Slides were then air dried, fixed with methanol for 3 minutes, and Giemsa
stained for 10 minutes (Sigma Aldrich, St. Louis, MO). Once washed, the slides were

analyzed on a Nikon Optiphot microscope and Olympus DP70 digital camera.
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CHAPTER 3

RESULTS

EKLF-/-KLF2-/- embryonic lethality

EKLF/KLF2 double knockout (KO) mice died by E11.5. At E9.5, E10.5, and
E11.5 progeny were statistically examined to determine if the predicted ratio of
genotypes resulted from heterozygous [EKLF+/-KLF2+/- x EKLF+/-KLF2+/-] matings.
Expected genotypes are WT (EKLF+/+KLF+/+), heterozygous (EKLF+/-KLF2+/-), and
double KO (EKLF-/-KLF2-/-) in a 1:2:1 ratio. At E9.5, the progeny had the expected
distribution of genotypes. Among forty-one embryos dissected at E9.5, fourteen live
embryos were genotyped to be EKLF-/-KLF2-/-, which proved not to be statistically
different from expected as the y-square value was 0.8234 (Table 3). A x-square
value>5.99 was taken as significantly different from the expected distribution. In gross
morphology, E9.5 EKLF-/-KLF2-/- whole mount images (Figure 4B) did not look
different from WT (Figure 4A) embryos and yolk sacs. At E10.5, the sixty-five
genotyped embryos were at the expected ratio of WT, heterozygous, and KO with a -
square value of 0.143. Whole mount images of E10.5 WT yolk sacs surrounding
embryos had normal vasculature and color (Figure 4C), while EKLF-/-KLF2-/- yolk sacs
appeared pale (Figure 4D). WT and EKLF-/-KLF2-/- yolk sacs were then removed

without severing the vitelline and umbilical vessels in order to show embryo vasculature
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(Figure 4E and 4F). In E10.5 EKLF-/-KLF2-/- embryos and yolk sacs, vasculature
appeared devoid of normal amounts of red blood cells. At E11.5, out of twenty-three live
embryos, no EKLF-/-KLF2-/- embryos were found. This proved to be a statistically
significant difference from the expected distribution, with a y-square value of 6.817. At
E11.5, although ten EKLF-/-KLF2-/- embryos were observed, they were all dead and in
the process of resorption back into maternal tissue. Therefore, the expected number of

EKLF-/-KLF2-/- conceptuses was observed, but they do not survive to E11.5.

Table 3: Number of Live Embryos Observed from Matings of EKLF+/-KLF2+/-
mice

Days of Gestation WT EKLF+/-KLF2+/- EKLF-/-KLF2-/-
E9.5 9 18 14

E10.5 14 34 17

E11.5% 6 (2) 17 0(10)

* means significantly different distribution of embryos than expected according to y-
square analysis
() means number of resorbed, dead embryos
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EKLF-/-KLF2-/-

Figure 4A-F: Whole Mount Images of E9.5 and E10.5 WT and EKLF-/-KLF2-/-
Embryos. WT embryos in the left panel. Double KO embryos in the right panel. A)
E9.5 WT embryo. 16x magnification. B) E9.5 double KO embryo. 16x mag. C) E10.5
WT embryo within yolk sac. 20x mag. D) E10.5 double KO embryo within yolk sac. 20x
mag. E) E10.5 WT embryo with yolk sac peeled off. 20x mag. F) E10.5 double KO
embryo with yolk sac peeled off. 20x mag.
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Abnormal morphology of erythroid, endothelial, and mesothelial cells in E9.5
EKLF-/-KLF2-/- yolk sac

EKLF-/-KLF2-/- double KO yolk sacs and embryos were compared to WT and
KLF2 KO. Tissues were fixed in 2% paraformaldehyde/2.5% glutaraldehyde overnight
and subsequently rinsed in Millonig’s buffer. After embedding in epoxy plastic, semi-
thick sections were cut and stained with Toluidine Blue. Interestingly, at the light
microscopic level, it was possible to identify abnormalities in erythroid, endothelial, and
mesothelial cells of the yolk sac in the double KO embryos (Figure SA-D). Three
different yolk sacs for each genotype were used to confirm histological findings. In both
WT and KLF2-/- (KLF2 KO) yolk sac, the attenuated endothelial and mesothelial cell
layers contained normal, squamous cells (Figure 5SA). The erythroid cells were round and
regular in shape. This was in sharp contrast to the double KO yolk sacs, which showed a
thickening of the combined endothelial and mesothelial cell layers (Figure 5B). Four
measurements of the space between the two cell layers (not inclusive of endothelial or
mesothelial cells) were taken of one yolk sac section from each genotype. The average
width of the double KO endothelial and mesothelial cell layers was 10.75um. This is
statistically different from averages from WT (p-value=0.0165) of 1.75pm and KLF2 KO
(p-value=0.0208) of 2.25um (Table 4). EKLF-/-KLF2-/- erythroid cells appeared
irregular in shape with the presence of protruding cytoplasmic extensions compared to
the regular shape of the WT and KLF2 KO (Figure 5A, B, C). Partial cross-sections of
erythroid cell cytoplasmic extensions frequently were present in the blood vessels of the
double KO yolk sac. Endothelial and mesothelial cells were not squamous but ballooned

into the blood vessel and extraembryonic coelom, respectively. In the double KO yolk
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sacs, some epithelial cells appeared to form ingrowths (Figure 5D) resulting in a deep
ciliated epithelial-lined invagination protruding into the extraembryonic coelom.
Consequently, epithelial cells formed invaginations resulting in a new lumen or cavity
where it is not usually found. Examining two sections from three yolk sacs per genotype,
instances of epithelial ingrowths were averaged per yolk sac and subsequently averaged
per genotype. In the first double KO yolk sac, two sections each had three epithelial
invaginations. In the second yolk sac, one section had three while the second section had
two invaginations. Out of two sections of the third yolk sac, only one section had one
invagination present. These morphological anomalies occurred on average two times in
double KO yolk sac and zero times in WT and KLF2 KO (Table 4). Except for these rare
invaginations, the epithelial cells lining the yolk sac cavity appeared normal and therefore

were not involved in histological abnormalities.
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B. KLF2-/-

Figure SA-D: Light micrographs of E9.5 yolk sac at 400X. A) Wildtype yolk sac.
Squamous endothelial (En) and mesothelial (Me) cell layers are tightly apposed.
Erythroid (Ery) and epithelial (Epi) cells are normal. B) KLF2 single KO yolk sac. Ery,
En, Me, and Ep cells appear normal. C) EKLF-/-KLF2-/- KO yolk sac with irregularly
shaped erythroid (Ery), bulbous mesothelial and endothelial cells, and increased
intercellular space between En and Me cell layers. Ery show cytoplasmic protrusions.

D) Presence of epithelial ingrowth (IGEp) in double KO. Double KO yolk sacs appear to
have a disturbance in development of blood cells and blood vessels, not seen in the single
KO of KLF2 or WT.

Table 4: Quantification of Other Abnormal Morphology in the E9.5 Yolk Sac

Average Epithelial Ingrowths Average Distance Between

Genotype per Yolk Sac En + Me Layer
n=3 n=3

WT 0 1.75 pm

KLF2-/- 0 2.25 um

EKLF-/-KLF2-/- 2 10.75 um *

* means significantly different from WT and KLLF2 at p-value<0.025

www.manaraa.com
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EKLF-/-KLF2-/- E9.5 yolk sacs contain more abnormal cells than KLF2-/- or WT

In order to quantify the morphological results, we used criteria to discern
abnormal from normal erythroid, endothelial, and mesothelial cells. The criterion used to
designate erythroid cells as abnormal was that at least 25% of the cell volume protruded
from the cell, resulting in an irregular shape. Partial cross-sections of cells were not
counted. Abnormal endothelial and mesothelial cells were counted as abnormal if they
appeared non-squamous and bloated into the blood vessel or extraembryonic space,
respectively. One plastic section from each of the three different yolk sacs per genotype
was used to analyze erythroid, endothelial, and mesothelial cells. The percentage of
abnormal cells and standard deviation was calculated and Student’s unpaired, two-tailed
t-test was used to identify significant differences (Figure 6). A p-value<0.025 was
considered significant. In WT sections, approximately 380 (n=380) erythroid cells were
counted and 2.9% appeared abnormal. In EKLF/KLF2 KO sections, 737 (n=737)
erythroid cells were counted and 54.2% were abnormal, which is 19-fold higher than WT
with a significant p-value of 0.001. In KLF2 KO sections, 280 (n=280) cells were
counted with 1.2% abnormal; the percentage of abnormal erythroid cells in KLF2 KO
and WT were not significantly different from each other. Similarly, the percentages of
abnormal endothelial cells in EKLF/KLF2 KO (n=445 total cells) were 32-fold higher
and significantly different from those in WT (n=148 total cells) with a p-value of 0.0108.
EKLF/KLF2 KO abnormal endothelial cells were 5-fold higher in percentage from those
found in KLF2 KO (n=181 total cells) and the results gave a p-value of 0.0239.

Abnormal endothelial cells were further quantified based on which side of the blood
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vessel they lay on, either next to the epithelial cell layer or the mesothelial cell layer. In
EKLF/KLF2 KO, 60.7% of endothelial cells located next to the mesothelial cell layer
were abnormal, while a significantly lower percentage (1.2%, p-value=0.0029) of
endothelial cells found on the epithelial cell side were abnormal (Figure 7). There was a
4-fold higher percentage of abnormal mesothelial cells in EKLF/KLF2 KO (n=1154 cells,
p-value=0.002) than in KLF2 KO (n=320 cells) and WT (n=330 cells) (Figure 6).
Therefore, EKLF/KLF2 double KO proved to be significantly different from both WT
and KLF2 KO yolk sacs. Taken together, there are significantly higher percentages of
abnormal erythroid, endothelial, and mesothelial cells in the yolk sacs of the double KO

than in single KO and WT.
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Figure 6: Quantification of abnormal erythroid, endothelial, and mesothelial cells in
E9.5 yolk sac. Average percentages of abnormal Ery, En, and Me cells in WT, KLF2
KO and EKLF-/-KLF2-/- KO yolk sacs were calculated. Genotype and total erythroid
cells counted: WT (n=380 cells), KLF2 KO (n=280), and EKLF/KLF2 KO (n=740 cells).
Genotype and total endothelial cells counted: WT (n=150), KLF2 KO (n=180 cells), and
EKLF/KLF2 KO (n=445 cells). Genotype and total mesothelial cells counted: WT
(n=330 cells), KLF2 KO (n=320 cells), and EKLF/KLF2 KO (n=1150 cells). [“n”
represents the number of cells used to determine the percentages from 3 yolk sac sections
of each genotype. “n” signifies the number of mice yolk sacs were counted for each
genotype.] Error bars are standard deviation from the mean. “*” means significantly
different from WT and KLF2 at p-value<0.025.
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Figure 7: Quantification of abnormal endothelial cells in E9.5 yolk sac based on
location in WT, KLF2 KO, and EKLF/KLF2 double KO. Three different yolk sacs
were used to quantify abnormal endothelial cells. Abnormal endothelial cells were
counted based on bloated morphology and placement-either on epithelial side or
mesothelial side of the blood vessel in yolk sacs. No abnormal endothelial cells were
found in WT yolk sacs, hence no bars are present. Additionally, no abnormal endothelial
cells were observed on the epithelial side of the KLF2 KO yolk sac. “*” means
significantly different from WT and KLF2 KO at p-value<0.025. Error bars are standard
deviation.
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Electron microscopy reveals abnormal erythroid, endothelial, and mesothelial cells
in EKLF-/-KLF2-/- E9.5 yolk sacs

Electron microscopy was used to further examine the phenotypic differences in
the yolk sac between the WT and EKLF/KLF2 KO genotypes. In the WT yolk sac
(Figure 8A), endothelial and mesothelial cells were squamous and tightly apposed on the
extraembryonic coelom side of the yolk sac. In the EKLF/KLF2 KO yolk sac (Figure
8B), the intercellular space between the two cell layers appeared disturbed with
innumerable cytoplasmic protrusions from the endothelial and mesothelial cell layers.
The mesothelial cells appeared to balloon into the extraembryonic coelom as was also
observed using light microscopy. A representative erythroid cell from a double KO
(Figure 8C) also has an interrupted morphology as evidenced by approximately 25% of
the cytoplasm displaced from the cell. Epithelial ingrowths were present which produced
a lumen as evidenced by microvilli-lined invaginations (Figure 8D). E10.5 KLF2-/- yolk
sac was previously examined using electron microscopy (Basu, 2005), and most primitive
erythrocytes were found to have cytoplasmic protrusions. However, there were no
abnormalities of endothelial or mesothelial cells observed, at E10.5, and no erythroid
abnormalities were observed at the light microscopic level in E9.5 KLF2 KO erythroid
cells (Figure 5B). At this higher level of magnification, yolk sac problems confirm light

microscopy findings.
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Figure 8A-D: Representative electron micrographs of E9 yolk sacs. A) 6000 mag.
Wildtype yolk sac showing mesothelial cell layer (Me), endothelial layer (En), erythroid
cells (Ery), epithelial cells (Ep) and its microvilli (MV), as well as normal intercellular
space between the Me and En layer (IC). B) 6000 mag. EKLF-/-KLF2-/- yolk sac
showing an increased IC, abnormal cytoplasmic projections (CP) from endothelial layer,
discontinuous basal lamina (B Lm), and bulbous mesothelial cells (Me). C) 16,000 mag.
Additional anomaly seen in the EKLF-/-KLF2-/- erythroid cell at this level. Basal lamina
(B Lm) appears detached and cytoplasm projects (CP) from the erythroid cell. D) 16,000
mag. EKLF-/-KLF2-/- epithelial cells. Microvilli (MV) are seen lining an invagination of
the epithelium that has formed.
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Histological analysis of embryos

Abnormal endothelial cells were observed in EKLF-/-KLF2-/- yolk sacs at E9.5;
the next step was to determine if this endothelial cell phenotype occurred in the embryo.
Therefore, the dorsal aorta of the embryo was examined. By E8.5 in the mouse embryo,
the dorsal aorta forms a pair of vessels, which are the first and the predominant blood
vessel in the body. The dorsal aortae also serve as a transient site of erythropoiesis
between the yolk sac and the fetal liver. At E9.5, the WT dorsal aorta (Figure 9A)
showed regularly shaped erythroid cells contained within a blood vessel consisting of a
single layer of endothelial cells, which in turn also apposes an area of mesenchymal cells.
Mesenchymal cells are similar to the mesothelial cells in the yolk sac in that they are both
mesodermal in origin and provide support around forming blood vessels. In the dorsal
aortae of EKLF/KLF2 KO embryos (Figure 9B), erythroid cells again appear irregular
and associated with extra cytoplasm. The space between endothelial and mesenchymal
cells was also thickened in double KO, showing a loss in integrity of their cell layer
contact. Dorsal aorta of E9.5 double KO showed similar features as seen in the double
KO E9.5 yolk sac. However, only one double KO dorsal aorta has been thoroughly
examined thus far, and more analysis will need to be performed in order to determine if

this is a representative finding.
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Ventral

Figure 9A-C: Light micrographs (400X and 200X) of E9.5 embryo sections with
focus on dorsal aorta. Dorsal and ventral orientations are as indicated. Two embryos of
each genotype were examined and representative micrographs are shown. A) Inset: E9.5
WT embryo section at 100X. Red frame: area magnified in next image. WT dorsal aorta.
WT shows tight, compact endothelial layer (En L) as well as normal shaped erythroid
cells (Ery) and squamous endothelial cells (En). Endothelial cells have normal
interactions with mesenchymal cells (Me). B) 200X mag. EKLF-/-KLF2-/- dorsal aorta
shows a disturbed endothelial cell layer. Erythroid cells have cytoplasmic projections.
Erythroid and endothelial cells in the embryo, as in the yolk sac, are abnormal.
Mesenchymal cell interactions with endothelial cells show disorganization. C) 200X
mag. KLF2-/- dorsal aorta appears normal with regular erythroid and endothelial cells.
Endothelial cell layer surrounding the dorsal aorta is compact and tight as in WT.
Mesenchymal and endothelial cell interaction is normal.
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Primitive erythroid cells are apparently larger in size in EKLF-/- and EKLF-/-
KLF2-/- than in KLF2-/- and WT

Flow cytometry was used to determine the presence of the cell surface markers,
TER119 and transferrin receptor (CD71), on primitive erythroid cells. When comparing
seven different genotypes, TER119/CD71 histoplots were used to examine maturational
changes. If TER119 and CD71 expression were lowered compared to E9.5 WT blood, it
would signify a change in erythroid cell maturation or differentiation. Based on TER119
and CD71 staining intensity, five regions, R1-R5, were drawn in order to separate the
primitive cell populations by erythroblast precursor stage; R1 being the more immature
cells while progressing towards mature cells in RS. At least eight different blood samples
were used to corroborate the phenotypes generated by crosses, EKLF+/- x EKLF+/- and
EKLF+/-KLF2+/- x EKLF+/-KLF2+/-. For the KLF2+/- x KLF2+/- matings, only one
KLF2-/- blood sample has been obtained. The number of erythroid cells from the yolk
sac and embryo ranged from 28,000 to 588,000. When maternal blood cells were plotted
on forward scatter and side scatter plots (FS/SSC) to compare size and granulation
(Figure 10A), primitive erythroid cells were larger in size than maternal red blood cells,
as expected. In the E9.5 double KO FS/SSC plot (Figure 10D), primitive erythroid cells
are apparently increased in size as seen in the upper shift of the targeted population
compared to WT or EKLF-/- primitive erythroid cells (Figure 10B and C). Based on the
FS/SSC plot, a gate was drawn to isolate the primitive erythroid cells with minimal
maternal blood contamination, (ranging from 5,000 to 80,000) to be sorted for cytospins.
Additionally, this population was further analyzed based on double-staining with FITC-

anti-CD71 and PE-anti-TER119.
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Figure 10A-D: Representative forward/side scatter histoplots of maternal blood and
“A” region marks the gate used for cell sorting primitive
erythroid cells for cytospins as well as for further analysis based on TER-119 and
transferrin receptor markers. A) Maternal blood. Histoplot shows maternal blood does
not contaminate “A” gate. B) WT. C) EKLF-/- KO genotype. D) EKLF-/-KLF2-/-
double KO shows population of primitive erythroid cells has shifted higher on forward
scatter.
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Cytospins of E9.5 EKLF-/- and EKLF-/-KLF2-/- primitive erythroid cells indicate
morphology changes

In observing cytospins, WT erythroid cells appeared round in shape with normal
staining in the nuclei (Figure 11A). WT differed little from EKLF+/-KLF+/- or KLF2-/-
in erythroid shapes (Figure 11B and C). EKLF-/- erythroid cells have morphological
abnormalities in the cell membrane and possibly cytoplasm. Abnormal protrusions were
noted in many of EKLF-/- erythroid cells (Figure 11D). Compared to EKLF-/-, EKLF-/-
KLF2-/- double KO erythroid cells showed a more progressively perturbed and
lengthened shape (Figure 11E). At least eight different blood samples were used to
corroborate each genotype: WT, EKLF+/-KLF2+/-, EKLF-/-, and EKLF-/-KLF2-/-.

Only one KLF2-/- blood sample was obtained from KLF2 matings.
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Figure 11A-E: Flow Cytometry Cytospins (400x) of Giemsa-stained E9.5 primitive
erythroid cells. A) WT erythroid cells are regular (n=32 embryos). B) EKLF+/-KL.F2+/- double
heterozygous erythroid cells appear normal (n=9 embryos). C) KLF2-/- erythroid cells appear
like WT (n=1 embryo). D) EKLF-/- erythroid cells appear irregular with cytoplasmic protrusions
(n=10 embryos). E) EKLF-/-KLF2-/- erythroid cells look most irregular in the double KO with
abnormal elongation and protrusions of cell shape.
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Quantification of abnormal primitive erythroid cells in EKLF-/- and EKLF-/-
KLF2-/- cytospins

Using embryonic blood cytospins from three E9.5 embryos for each genotype,
quantification of the percentage of abnormal erythroid cells was carried out to determine
the extent of altered morphology. At least 500 cells from one embryo were counted for
each genotype examined. Criterion for abnormal erythroid cells was that at least 25% of
the cytoplasm was part of a cell protrusion or elongation. Blebbing-type cytoplasmic
extensions of less than 25% of the cell volume were not counted as abnormal as these
were seen in WT erythroid cells. Averages and standard deviations were calculated for
each genotype and Student’s t-test was performed, and a p<0.0025 was considered
significant (Figure 12). The percentage of abnormal erythroid cells in EKLF+/- and
KLF2+/- embryos was not significantly different from WT. The percentages of abnormal
erythroid cells in EKLF-/- and EKLF-/-KLF2-/- double KO were significantly greater
than WT. However, in comparing EKLF-/- to EKLF-/-KLF2-/-, erythroid cells were not
significantly different (p-value=0.6088). When using different criteria (i.e. percentage of
elongated cells), there were significantly more abnormal cells in EKLF-/-KLF2-/- than
EKLF-/- (data not shown). This indicates that based on the criteria used, different results
could be obtained. In most cases, using criteria based on specific structures such as
cytoplasmic blebbing, nuclear polarization, and pleiomorphic cytoplasm may be more
conclusive. Statistical analysis could not be performed with KLF2-/- genotype because
of insufficient sample size. Taken together, these results show a significantly abnormal

erythroid cell phenotype in both EKLF KO and double KO E9.5 embryos.
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Figure 12: Abnormal Cell Count from E9.5 Primitive Erythroid Cytospins. For each
genotype, 3 different embryos were chosen at random for quantification of abnormal cells.
At least n=500 cells were counted for each genotype and an abnormal average percentage
was determined, with the exception of KLF2-/- (n=1). Error bars represent standard
deviation from the mean. [“*” means genotype significantly different from WT.]
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TER119/CD71 staining of E9.5 EKLF-/- and EKLF-/-KLF2-/- primitive erythroid
cells indicate maturational abnormalities

When primitive erythroid cells were plotted against TER119 and CD71 markers,
it was possible to determine their maturational stage. Using PE-anti-TER119 only and
FITC-anti-CD71 only labeled E9.5 WT blood as controls, gates were set for R1
(CD71™9TER119"%), R2 (CD71""TER119"°%), R3 (CD71"&"TER119""), R4
(CD71™9TER119"&"), and R5 (CD71°“TER119"#") (Table 1). Based on where the
double-labeled cells fell on histoplots, the percentage of cells in the R1-RS5 regions could
be quantified (Figure 13). Average percentages of cells within each gate were calculated
among the seven genotypes: WT (EKLF+/+KLF2+/+), EKLF+/-, KLF2+/-, EKLF+/-
KLF2+/- (Figure 14A) and EKLF-/-, KLF2-/-, EFLF-/-KLF2-/- (Figure 14B). Average
percentages from WT (n=32) gates R1-R5 came to a total of 92.3% (Table 5); the
remaining percentage of cells were present on the histoplots but did not fall in gates R1-
RS. Subsequently, the other genotypes were corrected to this total percentage in order to
normalize the raw averages for more accurate comparison (Table 5). A second
population could be seen in most FITC/PE histoplots from all genotypes, which plotted
below the primary population usually straddling the R1 and R4/R5 regions. It is not
certain how the labeling of this secondary subpopulation of cells influences this analysis
or what is exactly contained in this population. WT (n=32 blood samples) showed the
majority, 77%, of labeled cells were in R3 (Figure 14A and B). KLF2+/- (Figure 13C,
14A) and KLF2-/- (Figure 13F, 14B) plotted most similarly to WT. Percentages of cells
were considered significantly lower in R1 and R2 in KLF2+/- when compared to WT.

(No statistical analysis for KLF2-/-) EKLF+/-KLF2+/- heterozygous (n=9 blood
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samples) (Figure 13D, 14A) showed most of the labeled cells are in R2, which also
resembles EKLF+/- (n=23) averages (Figure 13B, 14A). In EKLF/KLF2 double
heterozygous, the percentage of cells in R2 and R3 were significantly higher and lower,
respectively, from those in WT. In R1 and R2 of EKLF+/-, percentages were
significantly higher than WT, while in R3, EKLF+/- percentages were significantly lower
from WT (Table 5). The blood from EKLF-/- (n=10) (Figure 13E, 14B) showed that
almost the same percentage of double-labeled cells were in R1 and R2, but then sharply
decreased to the lowest levels found for R3 among all genotypes. For regions R1 and R2,
EKLF-/- had significantly higher percentages of cells when compared to WT. In R3,
EKLF-/- had significantly lower percentages of cells than WT (Table 5). Finally, in the
EKLF-/-KLF2-/- double KO (n=8), about the same percentage of cells were labeled in
regions R1-R3 and R4-R5. Percentages in R1, R2, and R4 were significantly higher than
those found in WT, while those found in R3 were significantly lower than WT (Figure
14B, Table 5). Surprisingly, double KO percentages in regions R4 and RS were the
highest found among these seven genotypes; this was unexpected since it was
hypothesized that the double KO cells would be more immature rather than mature.
While progression towards R4 and RS is an indication of increased maturation, the
double KO cells do not appear to be more mature then those in WT. EKLF-/-KLF2-/-
was significantly higher than EKLF-/- in two of these regions: R3 and R4 (Table 5).
Overall, double KO cells showed the most altered cell morphology with an unexpected

cell surface expression neither definitively more nor less mature.
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An additional comparison between WT and EKLF-/-KLF2-/- sorted primitive
erythroid cells showed significant differences between mean TER119 and CD71 staining
intensity (Figure 15). Taking the mean measurement of marker staining for two embryos
of WT and three of EKLF-/-KLF2-/-, the latter showed a significant decrease in both
CD71 and TER119 staining. However, when EKLF-/- (n=3) was compared to EKLF-/-
KLF2-/- (n=3), sorted primitive cells were 1.5-fold lower in TER119 and CD71 mean
fluorescence intensity. While results were significantly different by a p-value<0.025, it is

uncertain how different EKLF-/- are from EKLF-/-KLF2-/- primitive erythroid cells.



ATC.CDT

FTC.COM

55

. EKLF+/-

FITC.Cor

5 t“v‘v'ﬂ’i‘:l g |c-'5;s| T TAT I OEEEETIT i . ..
‘ﬁﬁ !0' 10} 0 L) linhl ¥ % v-uuil T ;nmt T 4 RasiI
wo* 1w’ 10* 10
FEIRIS
PE-IR11Y PEIR1S

C. KLF2+/- D. EKLF+/-KLF2+/-

't

-

P

8

g
(2] ’k"!iil L) Wi!iﬂ] E RN D'IHI‘ DR L 33 liﬁ“' L) b!(sﬂli I )i}hl, I ELIL
10° 1 0 10 30* 10' 10% 10

PETRIS PETRI1S



56

E. EKLF-/-

100 R ¢
i R3}
£ £
3 o 3 R4
E =
19
¥ nr’uﬂfx' -Qirmaiﬂqu \*‘ DR ) - F" ')3 ) -
5 ¥ cnﬁ‘ﬂi LN AL L B R R S AL S R L
0 0 1ot 1o 1* 1 10% 0
PETRY
A PETRIIS
F. KLF2-/- G. EKLF-/-KLF2-/-
10y e ! : .
102 P
" R3
E g
g !
- L - "
10¢ R5
104
LN Ll IR R I RN S LL SO N R LT
10* 1! 10 0 U L B R N R T LLL S N R R
10° 1w’ 10¢ ]
PETRITS
PETRIIS

Figure 13A-G: Representative double-labeled FITC-CD71 and PE-TER119
histoplots from E9.5 blood. “A” gated populations were plotted to determine intensity
of cells staining for both CD71 and TER119. (Refer to FSC/SSC plots for “A” region)
A) WT. High levels of TER119 and CD71 staining. B) EKLF+/-. C) KLF2+/-. D)
EKLF+/-KLF2+/-. E) EKLF-/-. F) KLF2-/-. G) EKLF-/-KLF2-/-. “R1-R5” gates are
drawn according to Zhang et al (2003) and flow cytometry controls.
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Figure 14A and B: Maturational Changes in E9.5 Erythroid Cells from EKLF+/-
only, KLF2+/- only, and EKLF+/-KLF2+/- heterozygous matings. Primitive
erythroid cells were double-labeled FITC-CD71 and PE-TER119 histoplots from E9.5
blood. “A” gated populations were plotted to determine intensity of cells staining for
both CD71 and TER119. (Refer to FSC/SSC plots for “A” region). Depending on where
cells fell in regions R1-R5 (See Figure 13), average percentages were calculated from
each region and corrected to total average WT percentages. In Panel A, E9.5 blood from
WT was compared to EKLF+/-, KLF2+/-, and EKLF+/-KLF2+/-. In Panel B, WT was
compared to knockouts in EKLF, KLF2, and EKLF/KLF2. These results can be seen in
the data table which follows.

Table 5: Data Table of Corrected Percentages of CD71 and TER119 Labeled
Primitive Erythroid Cells Plotted in Regions R1-R5. [ | marks the region and
genotype which differed significantly from WT at p-value<0.025. ¢ signifies the region
in EKLF-/-KLF2-/- that was significantly different from EKLF-/- and from WT. * value
signifies standard deviation.

EKLF+/+

KLF2+/+ EKLF-/- **KLF2-/- EKLF-/-KLF2-/-
R1 4.3+£2.9 36.3£12.3 1.2 22.1+£14.0
R2 4.0+£3.2 38.9+14.4 0.6 28.049.1
R3 77.2+13.4 9.2+10.4 83.0 423.3+10.8
R4 3.5£2.7 4.6+4.3 4.3 +10.9+5.1
RS 3.4+0.9 3324 33 8.0+8.9

**No statistical analysis was done with KLF2-/-, n=1.
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CHAPTER 4

DISCUSSION

Earlier embryonic lethality of EKLLF/KL.F2 KO indicates more severe phenotype
than single knockouts

EKLF/KLF2 KO embryos die by E11.5, which is earlier than the E12.5-E14.5
death of KLF2 KO and E14.5-E16.5 death of EKLF KO (Wani, 1998; Perkins, 1995). At
E10.5 (Figure 4C-F), the double KO embryos appear anemic and developmentally
stunted and have pale yolk sacs. E10.5 yolk sac embryonic globin mRNA also was
significantly more decreased compared to WT in the double KO. Neither EKLF KO nor
KLF2 KO show as dramatic a decrease in globin mRNA as seen in the double KO.
Developmental deficits in the double KO embryo and yolk sac lead to early embryonic
death at E11.5. The quantification of the number of abnormal erythroid, endothelial and
mesothelial cells in E9.5 EKLF/KLF2 proved significantly higher than WT and KLF2

KO, likely leading to earlier embryonic death than the KLF2 KO.

Migration of EKLF/KLF2 KO primitive erythroid cells from yolk sac to embryo

By studying the E9.5 double KO yolk sac and also embryonic aorta, it was shown
that primitive erythroid cells produced in the yolk sac can successfully migrate to the
embryo. This indicates that in the EKLF/KLF2 KO embryos, not only has primitive

erythropoiesis occurred, but also that the mouse circulation has fused between yolk sac
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and embryo, as normally occurs at approximately E8.5. No obvious anemia could be
reported in E9.5 EKLF/KLF2 KO embryos; however, a day later at E10.5, anemia was
apparent in EKLF/KLF2 KO yolk sacs and embryos (Basu, unpublished). In E9.5 single
KO, double KO, and WT embryos and yolk sacs, both normal and irregularly-shaped
erythroid cells were present. As expected, the number of abnormal erythroid cells in the
double KO yolk sac was significantly greater than either EKLF KO or KLF2 KO.
Nevertheless, it is clear that primitive erythropoiesis has occurred to some extent, even in

the double KO embryos.

Morphological changes in yolk sac are possible contributors to early death

Histologically, the E9.5 mouse yolk sac of EKLF/KLF2 KO showed unexpected
developmental problems. The erythroid, endothelial and mesothelial cells appeared
abnormal in the double KO yolk sac when compared to WT and KLF2 KO yolk sacs.
Although not investigated in this study, EKLF KO yolk sacs were examined at E12.5
(Drissen, 2005).

In the analysis of erythroid cells of the EKLF KO yolk sac, previous studies show
evidence of defective primitive erythropoiesis. At E12.5, EKLF KO yolk sac erythroid
cells were abnormal with blue-staining inclusion or Heinz bodies, which appeared to be
a-globin aggregates (Drissen, 2005). In this study, these bodies were not observed in
E9.5 EKLF/KLF2 KO or KLF2 KO yolk sac erythroid cells. In E10.5 KLF2 KO yolk
sac, there were about 2-fold more abnormal erythroid cells than WT and 5-fold more

apoptotic cells (Basu, 2006). Interestingly, in E9.5 KLF2 KO, yolk sac did not contain a
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significantly different percentage of abnormal erythroid cells compared to WT; this may
indicate KLF2 becomes functionally active between E9.5 and E10.5. According to the
criteria set forth in this study, E9.5 abnormal yolk sac erythroid cells were significantly
increased (19-fold) in EKLF/KLF2 KO compared to both WT and KLF2 KO. No
perceived anemia was present in the E9.5 double KO or KLF2 KO yolk sacs when
compared to WT, in whole mount or histological sections. Eventually at E10.5, double
KO yolk sacs were pale and embryos were anemic (Basu, under revision), which supports
the assertion that KLF2 has functional importance after E9.5. The phenotype of
EKLF/KLF2 KO yolk sac primitive erythroid cells suggests that globin expression is not
the only abnormality.

In the E12.5 EKLF KO yolk sac, no abnormalities were reported in endothelial
cells, although this was not a primary focus of the study (Drissen, 2005). While EKLF
has not been implicated in the function of endothelial cells, KLF2 has been strongly
implicated in vascular and endothelial cell development. According to Wani et al. (1998),
KLF2 KO yolk sac vasculature appeared normal at E11.5, but pale by E12.5. E9.5
double KO yolk sacs showed a 32-fold increase in abnormal endothelial cells compared
to WT, whereas the KLF2 KO was not significantly different from WT. Morphologically
in the double KO, abnormal endothelial cells appeared non-squamous and inappropriately
protruded into the yolk sac blood vessels. While endothelial cells are a confirmed target
of KLF2, this work indicates for the first time that they are also affected by EKLF, as
seen in the remarkable change in the double KO compared to single KOs. The double

KO endothelial cells are affected at an early developmental time point, when the KLF2
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KO endothelial cells are not. Additional evidence supports analogous regulation of
endothelial and erythroid cells due to their closely related ontogeny based on both
originating from the mesoderm germ layer (Minko, 2003). The theories of the ontogenic
relationship between the two cells are based upon either a common precursor between
endothelial and erythroid cells termed hemangioblast or that erythroid cells are derived
from hemogenic endothelium (Choi, 1998; Li 2005).

Abnormal yolk sac mesothelial cells have not been documented in either EKLF
KO or KLF2 KO. E9.5 double KO embryonic yolk sacs had a significantly (4-fold)
higher percentage of abnormal mesothelial cells than did WT and KLF2 KO. These
novel results support the hypothesis that development is dramatically more affected in
EKLF/KLF2 KO than in KLF2 KO. It is not certain whether this means the mesothelial
cell is a direct target of EKLF or KLF2, or if the cell is reacting to the absence of EKLF

or KLF2 in other cell types. However, mesothelial cells also have a mesodermal origin.

Irregular yolk sac endothelial cells are located adjacent to mesothelial but not
epithelial cells, indicating a spatial-effect in EKLF/KLF2 KO

In E9.5 EKLF/KLF2 KO yolk sac, there were 38-fold more abnormal endothelial
cells on the mesothelial (60.7%) than on the endodermal epithelial cell side (1.6%). This
introduces the possibility of a disturbance in the interaction between the erythroid,
endothelial, and mesothelial cell layers. The mesothelial cell layer lacks the robust nature
and structure of the endodermal epithelial cell layer which may explain why most of the
abnormal endothelial cells in double KO were found on the mesothelial cell layer side.

Both epithelial and mesothelial layers function as primary absorptive layers between
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maternal and fetal tissues (Pendergrass, 1982). There is evidence suggesting that visceral
and parietal endoderm of the yolk sac provides inductive signals aiding in the
development of erythroid and endothelial cells (Miura, 1969; Belaousoff, 1999; Palis
1995; Yoder, 1994). Taken together, this shows that EKLF and KLF2 may largely target
mesodermally derived tissues such as endothelial and mesothelial cells on the visceral
yolk sac. Another explanation is that EKLF loss in erythroid cells can lead to defective
developmental signals passed to the endothelial and mesothelial layers to change their
morphology as well as negatively affect embryo development. This should be considered
because EKLF is expressed only in erythroid cells. In addition, since EKLF mRNA was
found in the primitive streak of the chicken, this could point to an earlier global role of
EKLF in progenitors (Chervenak, 2006). However, mouse EKLF mRNA has not been
noted in primitive streak, either because it is not there, or is transiently expressed and was
not detectable.

Although there were many more normal than abnormal endothelial cells found
adjacent to the epithelial cell layer in the double KO yolk sac, epithelial cells did
demonstrate changed morphology in the form of invaginations. Due to the rarity of these,
it may or may not be a significant finding in the double KO. Or, the epithelial
invaginations may occur due to instability of other cell layers, not due to abnormalities in

the epithelial cells themselves.



65

EKLF and KLF2 function in early embryos

In E9.5 embryos, the dorsal aortaec were examined. Because the aortae are part of
the transient definitive erythropoiesis site, the AGM (aorta-gonado-mesonephros), it may
be a potential EKLF and KLF2 target. In situ analyses of E9 embryos showed that EKLF
mRNA is expressed near the dorsal aortae (Southwood, 1996). Beginning at E9.5, KLF2
expression was found throughout the embryo vasculature by in situ hybridization (Kuo,
1997). E11.5 KLF2 KO embryos do not have any overt organ abnormalities, which is
one to three days prior to KLF2 KO embryonic lethality (Wani, 1998). Kuo et al (1997)
showed that at E12.5, abnormal, non-squamous, cuboidal endothelial cells surround
KLF2 KO embryo dorsal aortae. The loss of KLF2 in endothelial cells, leads to
embryonic heart failure and lethality by E14.5 (Lee, 2006).

In the E9.5 KLF2 KO examined in this study, dorsal aorta showed no defective
endothelial or erythroid cells. However, in the E9.5 double KO dorsal aorta, erythroid
and endothelial cells showed the same phenotype as those in the yolk sac. Erythroid cells
also showed irregular shapes in the form of multiple cytoplasmic projections. This
indicates that at E9.5, the double KO affects yolk sac and embryo endothelial cells,
although the single KLLF2 KO does not. Again, KLF2 may not be functionally active
until after E9.5, though KLF2 mRNA has been confirmed at this stage. Also, the double
KO phenotype may be caused by the loss of EKLF in erythroid cells subsequently
triggering other endothelial-specific gene targets to lose function, which could be located
in either erythroid or endothelial cells. As a control, E9.5 EKLF KO embryos should be

examined next, though it is not expected that endothelial defects will be observed.
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Cytospins confirm erythroid cell membrane abnormalities with loss of EKLF

In previous studies, it was suggested that EKLF is not necessarily required in
developing progenitors, but is absolutely essential in terminal differentiation of definitive
erythroid precursors (Nuez, 1995). Similarly, KLF2 regulation of embryonic globins in
primitive erythroid cells suggested a role in the later stages of differentiation of erythroid
cells (Basu, 2005). E12.5 EKLF KO nucleated primitive erythroid cells had abnormal
membrane morphology in cytospins, characterized by wrinkles and deformity (Drissen,
2005). Inthe E12.5 EKLF KO definitive erythroid cells, several crucial membrane
proteins are downregulated. In this study, E9.5 KLF2 KO primitive erythroid cells
showed morphology similar to WT. From this, the question arose whether E9.5 EKLF
KO contained morphologically normal primitive erythroid cells and, furthermore,
whether the E9.5 double KO had the same characteristics.

The morphology of E9.5 double KO primitive erythroid cells was significantly
altered when compared to WT and KLF2 KO. Although the morphology in double KO
cells was more drastically altered than EKLF KO E9.5 erythroid cells, the percentage of
abnormal cells was not statistically different. EKLF KO erythroid cells had multiple
cytoplasmic protrusions resulting in misshapen, but yet still round cells. However, the
double KO erythroid cells had elongation and larger portions of cytoplasm protruding out
of the cell. In comparison, the EKLF KO E9.5 primitive cells looked similar to the
EKLF KO E12.5 primitive cells (Drissen, 2005). This suggests that EKLF has an earlier
role in primitive differentiation than previously recognized. Also, since the role of KLF2

in primitive erythroid cells had been documented by embryonic globin levels in the KLF2
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KO at E10.5, the more severe double KO phenotype at E9.5 shows that KLF2 could
target other primitive erythroid genes such as membrane proteins. Due to a similar DNA-
binding motif, KLF2 and EKLF could share essential membrane protein gene targets.
Gene expression of these EKLF targets should be examined in the KLF2 KO and double
KO.
Maturational profiles of primitive erythroid cells show EKLF has a role in erythroid
differentiation

Primitive erythropoiesis was the large focus of this study because of its direct
correlation with embryo development; additionally, embryonic globin is a confirmed
regulatory target of both EKLF and KLF2. Besides the morphological changes in
cytospins, it was important to describe the maturational stage of erythroid cells at E9.5 by
using flow cytometry. This would give a more in depth understanding of how EKLF and
KLF2 affect the primitive erythroid cell. At E10.5, double KO yolk sacs had one-fifth of
the normal amount of embryonic B-like globin mRNA (Basu, under revision for Blood)
but normal amounts of the cell membrane protein glycophorin A (GPA) mRNA. In
definitive erythroid cells, the amount of EKLF transcripts correlates to the élmount of
TER119 cell surface marker expression, such as seen in haploinsufficiency (Drissen,
2005). While normal E10.5 double KO (Basu, under revision) GPA levels indicated that
erythroid cells developed at least through the proerythroblast stage or R2 (according to
gates set by Zhang, et al. 2003), it seemed that they were stunted at some later stage as

evidenced by the low globin mRNA compared to normal. This is similarly seen in the
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adult erythroid cells in the EKLF KO, which are unable to terminally differentiate
(Coghill, 2001).

The flow cytometry data suggests that E9.5 double KO erythroid cells do not
differentiate normally, as evidenced by the significantly different distribution of cells
among gates R1 - RS5. In gates R1-R4, the percentage of double KO cells was
significantly different from WT cells. Histoplots of cells labeled with FITC and PE with
their mean peak intensity show that both TER119 and CD71 expression is significantly
lowered in the double KO. This demonstrates that TER119 and transferrin receptor are
not manufactured as in normal WT erythroid cells. Interestingly, cells labeled differently
for KLF2 KO and EKLF KO. KLF2 KO cells have levels of TER119 expression similar
to WT. A lowered TER119 marker intensity in EKLF KO and EKLF/KLF2 KO cells
suggests that many cells do not become differentiated past a certain stage, most likely
proerythroblast. Compared to EKLF KO, mean TER119 and CD71 marker intensity was
significantly higher in the double KO, however by only 1.5-fold. Since the double KO
has lower transferrin receptor levels than WT and KLF2 KO, this suggests that most
double KO cells do not reach the basophilic erythroblast stage. Collectively, double KO
cells could be developmentally stunted at the proerythroblast stage. E9.5 EKLF KO
showed significantly reduced levels of CD71 expression, which is not seen in E11.5
EKLF KO (Drissen, 2005). KLF2 KO or KLF2+/- did not show any significant TER119
or CD71 differences from WT. Primitive erythroid cells appeared the same in KLF2+/-
and KLF2 KO further supporting the assertion that KLF2 has no bearing on erythroid cell

differentiation. However, KLF2 must have some enhanced effect in the absence of
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EKLF because in the case of simultaneous ablation in double KO primitive erythroid
cells, they have more severe morphology than EKLF KO. However, the flow cytometry
analysis yields similar results for EKLF KO and EKLF/KLF2 KO, thereby showing a
strong contribution of the ablation of EKLF to the abnormal phenotype of EKLF/KLF2
KO.

It was originally reported that ablation of KLF2 did not change EKLF mRNA
expression in E11.5 embryos (Wani, 1998); but, it was later found that EKLF mRNA was
decreased 2-fold in E10.5 KLF2 KO yolk sac (Basu, unpublished). In this study, E9.5
KLF2 KO primitive blood cells did not have any obvious morphological defects or
maturational profile changes. However, EKLF KO erythroid cell TER119/CD71
histoplots do not appear identical to double KO erythroid cell TER119/CD71 histoplots.
E9.5 EKLF KO and double KO maturational profiles were only significantly different
(2.5-fold higher in double KO) in R3 and R4 gates, which were unexpected results. This
suggests that E9.5 double KO erythroid cells are more mature than EKLF KO. Possible
explanations are that double KO primitive erythroid cells are not more immature than
EKLF KO cells. However, it is also plausible that this simple assay cannot explain the
maturational problems in the double KO cells. The unexpected distribution could be
attributed to severely altered cell membranes, which affected the ability of membrane
proteins such as TER119 and transferrin receptor to be recognized in the assay. Overall,
double KO primitive erythroid cells appear to have more defective cell morphology and

increased membrane deformities compared to EKLF KO cells.
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EKLF and KLF2 necessary for primitive erythroid differentiation

Both EKLF and KLF2 are implicated in embryonic globin gene regulation, but
now both have been determined to be involved in primitive differentiation programs or
stabilization of cells. Parallel changes in erythroid cell morphology occurred in EKLF
KO primitive and definitive cells. E9.5 KLF2 KO primitive erythroid cells did not seem
to be malformed, but the E9.5 EKLF/KLF2 KO demonstrated the early involvement of
the KLFs in erythropoiesis. By E10.5, KLF2 KO primitive erythroid cells in yolk sac
appeared abnormal, which indicates that erythropoiesis is KLF2-dependent (Basu, 2006).
Comparing the KLF2 KO yolk sac at E9.5 to E10.5, results show that KLF2 may target
erythroid temporal-specific genes. Similar DNA-binding motifs for EKLF and KLF2
suggest similar gene targets.

This may explain the more dramatic cell morphology of EKLF/KLF2 KO. EKLF
and KLF2 have confirmed compensatory roles in globin regulation, but this work shows
that they also likely have compensatory roles in the regulation of other genes, possibly
membrane proteins. The two KLFs are unable to completely substitute for each other;
otherwise single KO embryos would have normal erythroid cells. However, EKLF and
KLF2 do have overlapping functions.

There are many questions that remain to be answered in the future. For example,
it will be important to determine which genes in which cell types are regulated by both
EKLF and KLF2. Clearly, cardiovascular development and erythropoiesis are intricately
related, and more studies are required to test the roles of these two factors in

developmental regulation. Additionally, if EKLF mRNA is present in chicken prior to
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blood island formation, possibly in a stem cell, this may hold true for mouse as well. By
extension, this may mean that KLF2 could be transiently active at this point to suggest
that both EKLF and KLF2 are present in a common progenitor of erythroid and
endothelial cells.

EKLF and KLF2 may have more relevance to hemoglobinopathies, due to similar
erythroid cell phenotypes and globin expression found in knockout models. Sickle cell
anemia involves a defective globin protein; this causes abnormal cell shapes perhaps due
to erythroid membrane defects, as similarly seen in EKLF/KLF2 KO. Similarly, KLF2
KO can be used to study cardiovascular diseases. Therapies targeting primitive

erythropoiesis can ultimately be designed to treat genetic diseases.
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Appendix
Solutions
Millonig’s Buffer N
Solution A
Distilled H20 1000 ml
Sodium phosphate monobasic 226¢g
Solution B
Distilled H20 250 ml
Sodium hydroxide 64¢g

After dissolving, pour off 170 ml of Solution A and replace with 170 ml of Solution B.
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