ABSTRACT
KIM, TAE-HYUNG. Transcription Factor Sp2 Regulates Growth, Differentiation, and
Tumorigenesis of Epidermal Stem Cells. (Under the direction of Jonathan M. Horowitz).
Transcriptional regulation requires the collaboration of a variety of proteins,
including sequence-specific DNA-binding proteins. Sp proteins are sequence-specific DNAbinding proteins encoded by nine genes that control the expression of a constellation of
mammalian genes including genes required for cell-cycle control, differentiation, and
development. De-regulation of Sp protein abundance and/or activity has been associated
with a variety of maladies, including cancer, however direct evidence implicating any given
Sp-family member has been lacking. Although the biochemical and functional properties of
many Sp proteins are well-understood others, such as Sp2, have received relatively little
attention. Prior to the initiation of the work to be reported here, little was known about the
requirement for Sp2 for mammalian development nor was it known if the de-regulation of
Sp2 plays an important role in tumorigenesis. A major goal of the research to be described
was to determine whether Sp2 over-expression is oncogenic.
To initiate these studies, I generated transgenic mouse lines that over-express an
epitope tagged mouse Sp2 cDNA in epidermal progenitor cells. Two transgenic mouse lines
were identified and termed Sp2-A and Sp2-C. An additional transgenic mouse line, termed
Sp2-NotI, was generated that over-expresses a mutated Sp2 protein that lacks DNA binding
activity. The integration sites for the transgenes carried by Sp2-A and -C mice were
determined to be on mouse chromosomes 6 and 5, respectively. Transgene integration
occurred within an intergenic region of chromosome 6, whereas integration on

chromosome 5 resulted in the disruption of Latrophilin 3 (Lphn3). Lphn3 encodes a brainspecific G protein-coupled receptor of uncertain functional significance. Transgene
expression in Sp2-C animals is ten-fold greater than that in Sp2-A mice and three-fold
greater than in Sp2-NotI mice. Sp2-A, Sp2-C, and Sp2-NotI hemizygous animals are viable
and fertile. Sp2-A and Sp2-NotI hemizygotes develop alopecia following weaning, whereas
Sp2-C animals do not. Sp2-A and -C homozygotes perish prior to post-natal day 13 due to a
severe disruption of the epidermal differentiation program. Sp2-C hemizygotes are at
increased risk of developing tumors following exposure to environmental carcinogens and
are extremely susceptible to wound-induced neoplasia. In contrast, (i) Sp2-NotI animals are
more resistant to tumorigenesis induced by chemical carcinogens than wild-type littermates,
and (ii) Sp2-A and Sp2-NotI hemizygotes exhibit delayed wound healing.
Primary keratinocyte cultures prepared from each transgenic strain were
characterized for their growth properties in vitro. In contrast to cultures prepared from
wild-type animals, primary keratinocyte cultures derived from transgenic animals
proliferate poorly and are characterized by large numbers of apoptotic cells. Cell-cycle
analyses revealed that the majority of Sp2-A, -C, and -NotI keratinocytes are arrested in all
cell-cycle compartments, and DNA synthetic capacity is reduced significantly relative to
wild-type keratinocytes. When these in vitro data are taken together with in vivo results, I
conclude that Sp2 over-expression is a "driver" of tumorigenesis and that Sp2 regulates the
proliferation and differentiation of epidermal progenitor cells. Moreover, I speculate that
that Sp2 may be a useful target for anti-cancer therapeutics.
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If by life you were deceived,
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In the day of grief, be mild
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Merry days will come, believe.
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Heart is living in tomorrow;

Настоящее уныло:

Present is dejected here;

Всё мгновенно, всё пройдет;

In a moment, passes sorrow;

Что пройдет, то будет мило.

That which passes will be dear.
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Chapter 1

1

1.

Introduction

1.1

General introduction to mammalian transcription factors
Gene expression is regulated at multiple levels, including transcriptional initiation,

mRNA degradation, and protein translation. Transcription is tightly regulated by numerous
proteins that together ensure that genes are expressed at the correct time in the proper
place. One class of proteins responsible for the regulation of transcription is typified by
transcription factors that bind DNA specifically. Sequencing of the human genome revealed
approximately 20,000 - 25,000 protein-coding genes (1), and sequence-specific DNA-binding
proteins form the second largest functional category (2). Sequence-specific DNA-binding
proteins are sub-divided into structurally distinct families based on the precise structural
motifs utilized to bind DNA. The largest family of sequence-specific DNA-binding proteins in
the human genome, represented by some 700 genes (3% of total protein-coding genes),
bind to DNA via structural motifs termed zinc-"fingers" (3). The Cys2-His2 sub-class of zinc"finger" proteins are the most common DNA-binding motif found in humans (2, 4). Indeed,
analysis of genes encoded by the human genome revealed approximately 900 members of
the Cys2-his2 sub-class of zinc-“finger” proteins amongst more than 2,000 hypothetical
genes that encode transcriptional activators including Cys2-His2 zinc-“finger”, Homeo box,
Helix-loop-helix DNA binding, Basic leucine zipper (bZIP), Forkhead transcription factors and
so on in the human genome (5). The reason why there is a difference between 700 and 900
in the number of estimation of zinc-“finger” proteins is those estimations are based on
various algorithms used in different references. One family of mammalian Cys2-His2 zinc"finger" proteins is encoded by the Sp/XKLF (specificity protein/Krüppel-like factor) family of
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mammalian transcription factors. The Sp/XKLF family is comprised of two major subgroups,
the Sp proteins (nine members) and the KLFs (17 members), the latter sub-family deriving
its name due to sequence homology with the Drosophila gap gene Krüppel (6, 7). Sp/XKLFfamily members share an evolutionarily-conserved DNA-binding domain at their respective
carboxy-termini, whereas other portions of these proteins are considerably more diverse.

Sp1 is the first mammalian transcription factor to be cloned (8, 9). Its name initially
referred to the requirement for the use of Sephacryl and phosphocellulose columns for
purification, however the "Sp" designation soon reflected its designation as Specificity
protein 1 (10). Closely related proteins were identified subsequently and named Sp2, Sp3
(SPR-2), and Sp4 (SPR-1) (11, 12). In addition to Sp1-4, smaller proteins sharing a similar
DNA-binding domain were identified and named Sp5, Sp6 (KLF14, Epiprofin), Sp7 (Osterix),
Sp8 (mBtd), and Sp9 (13-18). Previous studies have reported that Sp- family members are
expressed widely in mammalian tissues. Sp1 is expressed ubiquitously in mouse embryos
(19). Saffer et al. reported that Sp1 expression is variable during mouse development based
on the analysis of Sp1 mRNA in 11 tissues from age of 5 to 64 post-natal days. In addition,
Sp1 is highly expressed in developing hematopoietic cells, neural tissues in fetus and
spermatids suggesting that Sp1 may play a role in differentiation (19). Like Sp1, Sp3 is
expressed ubiquitously in early mouse embryos (20). Recently our lab reported that Sp2 is
expressed in 16 adult mouse tissues using RT-PCR analysis although often at relatively low
levels, and variably (skin, stomach, intestine are low whereas thymus is high) (21). Unlike
Sp1 and Sp3, Sp4 is expressed in a tissue-specific manner. Sp4 is expressed predominantly in
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brain, testis, epithelial tissues, and developing teeth (10, 20). Sp5-9 are also expressed
widely in mouse tissues. Additional details regarding the expression of Sp proteins will be
discussed in section 1.4.1.

1.2

Biochemical and functional properties of Sp family members

1.2.1 Structural and functional properties of the DNA-binding domain
Members of the Sp family of transcription factors share a highly-conserved carboxyterminal DNA binding domain (Figure 1) (22). The DNA binding domain consists of three
Cys2-His2 zinc "fingers" that are required for high-affinity interactions with GC-rich promoter
elements, e.g., GC-box (5’-GGGGCGGGG-3’) and GT/CACC-box (5’-GGTGTGGGG-3’), often in
close proximity to sites of transcriptional initiation (23). Each zinc-"finger" contains 21-23
amino acids that are separated from one another by seven-amino acid spacers, which are
also highly conserved. A single zinc ion is chelated by each zinc-"finger" (Figure 1). Crystal
structures of the DNA-binding domains of Sp proteins have not as yet been reported.
However, X-ray crystallographic studies of TFIIIA, a related zinc-"finger" protein, and a
Zif268 protein-DNA complex have suggested that zinc-"fingers" bind to the G-rich strand of
the nine base pair recognition sequence in a 3’-to-5’ fashion (7, 24). DNA-binding studies
have shown that Sp proteins have similar affinities for their cognate GC-rich sites, e.g. Sp1
exhibits an equilibrium dissociation constant (Kd) of 410-530pM for its consensus-binding
site (5'-GGGGCGGGGC-3') and Sp2 binds its consensus-binding site (5’-GGGCGGGAC-3’) with
a Kd of 225pM (25, 26). The amino-acid sequences of the three zinc-“fingers” of Sp1, Sp3,
Sp4, and Sp5 are highly conserved (more than 90%) whereas Sp2 and Sp6 exhibit less
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sequence homology, 75% and 85%, respectively (7, 10, 27). Even though the overall aminoacid sequences of the three zinc-"fingers" carried by Sp proteins is well conserved, subtle
amino acid differences within the zinc-"fingers" account for differences in the DNA-binding
specificity of each family member (7). It is not known whether sequence variations in the
inter-"finger" linker region contributes to the sequence specificity of Sp proteins. Most Spfamily members encode nuclear localization sequences adjacent to, or within the zinc"finger" motif. (28, 29).
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Figure 1 Conserved domains in Sp transcription factors. The trans-activation domain
consists of domains A, B and C. The A and B domains carry alternating serine/threonine-rich
and glutamine-rich regions and the C domain contains highly charged amino acids. The
Cys2His2 zinc-“fingers” of the DNA-binding domain (DBD) consists of highly-conserved zinc"finger" and linker sequences. The carboxy-terminal D domain is required for
multimerization of Sp proteins. Sp1, Sp3, and Sp5 encode "inhibitory domains" that
antagonize trans-activation.
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1.2.2 Structural and functional properties of the trans-activation and multimerization
domains
Four structurally-distinct regions flanking the DNA-binding domain, termed domains
A, B, C, and D have been defined in Sp-family members and their contributions to Sp1-4
transcriptional activity have been analyzed (Figure 1). Domains A and B are encoded at the
extreme amino-terminus of Sp proteins and in Sp1, 3, and 4 consist of sub-regions that
feature alternating glutamine- (~25% glutamine) and serine/threonine-rich (~50% serine
and threonine) residues (30). In contrast, Sp2 encodes only domain B. The glutamine-rich
sub-domains are believed to be responsible for trans-activation whereas the functions of
the serine/threonine-rich sub-domain are less understood (31). The serine/threonine-rich
regions of Sp1 have been reported to be targets of glycosylation that regulate
protein/protein interactions (32, 33). Domain C is adjacent to the first zinc-"finger" and
contains the so-called Buttonhead (Btd) box as well as highly-charged amino acids. The
presence of the Btd box distinguishes Sp-family members from XKLF proteins. Little is
known about the precise functional significance of the Btd box, however it is likely that it is
functionally important since it is conserved in Sp-related factors in Drosophila and C.
elegans (22). Domain C encodes numerous charged amino acids and is well conserved
among Sp-family members (22, 30, 34). Domain D is located at the extreme carboxyterminus and has been shown to be required for multimerization of Sp1 and synergistic
trans-activation (35). Another structural feature of many Sp proteins is that they share a
stretch of 13 amino acids, termed the Sp box, at their amino termini. The function(s) of the
Sp box has not as yet been elucidated. The trans-activation domains of Sp5-9 have not
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been defined, although they share many of the domains and sub-domains carried by other
members of the Sp family (36). It is worth noting that Sp1, Sp3, and Sp5 encode "inhibitory
domains" that function to antagonize trans-activation. The Sp1 "inhibitory domain" is
encoded at the extreme amino-terminus (amino acids 1-82) (37, 38), whereas a functionally
analogous domain in Sp3 is encoded within the C domain (amino acids 547-559) (39, 40).

1.3

Regulation of the Sp transcription factor family
Sp1 is the best characterized member of the Sp family. Sp1 acts as a trans-activator

of both proximal promoter elements as well as distal enhancers (41). Sp1 trans-activation
has been reported to be regulated by a variety of post-translational modifications. For
example, phosphorylation of Sp1 by Akt in phosphatidylinositol-3-kinase (PI3K) pathway
increases vascular endothelial growth factor (VEGF) expression in several prostate cancer
cell lines (42). In addition to PI3K, various kinase pathways, e.g., mitogen-activated protein
kinase (MAPK), cyclin A- dependent kinase, and protein kinase C (PKC), have been reported
to play a role in phosphorylation of Sp1 (36). Glycosylation of Sp1 results in the repression
of trans-activation without affecting DNA-binding activity in vitro (43). Acetylation is also
reported to play a role in the induction of Sp1 trans-activation in pancreatic cancer cell lines.
Treatment of cancer cell lines with trichostatin A (TSA), an inhibitor of histone deacetylases,
increased Sp1 acetylation and transcription of the transforming growth factor beta type II
receptor (TbetaRII) (44). The amino-terminus of Sp1 has been reported to be subject to
cleavage by proteasome-dependent degradation at Leu56 and Leu57 (45). Recently, Sp1 was
reported to be sumoylated in vivo with a high-probability sumoylation consensus motif,

8

VK16IE18, and sumoylation of this lysine residue is critical to prevent proteasome-dependent
cleavage of this domain. As a result, sumoylation of Sp1 inhibits Sp1-dependent
transcription due to increased stability of the negative regulatory domain of Sp1 (46). In
addition to the aforementioned post-translational modifications, the activities of Sp
proteins are regulated by protein/protein interactions (47). For example, Sp1 forms
homotypic multimeric complexes as well as heterotypic interactions with numerous nuclear
proteins such as the TATA-box binding protein (TBP) and TBP-associated factors (TAFs),
which can result in transcriptional activation (31, 36).

Sp3 is another well-studied member of the Sp-family and its characterization has
revealed properties not shared by Sp1 or other members of the Sp family. Sp3 has been
termed a bifunctional transcription factor in that it has been reported to trans-activate or
repress the transcription of target genes. Sp3 function is complicated, however, by the fact
that the Sp3 gene encodes three functionally distinct isoforms: a full-length protein termed
Sp3 (110-115kDa) and two smaller isoforms (60-70kDa) termed M1 and M2 that are
synthesized via internal translational initiation (48). M1 and M2 function as potent
transcriptional repressors or are transcriptionally inactive in certain promoter settings (48,
49). All three isoforms carry a lysine residue (K539) embedded within a consensus
sumoylation motif and this lysine is the major site of sumoylation in vivo. Mutations that
prevent sumoylation of M1/M2 in vivo convert these Sp3 isoforms into transcriptional
activators, whereas an analogous mutation in Sp3 only marginally increases transcriptional
activity (48). Sumoylation of Sp3 has been reported to modulate its sub-nuclear localization
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(50). Although the precise mechanism that accounts for transcriptional repression by
M1/M2 following sumoylation is still unknown, it is believed that sumoylation recruits corepressors that are then tethered to DNA via the Sp3 DNA-binding domain. In addition to
sumoylation, activity of Sp3 can be regulated by acetylation. Repression of transcription by
Sp3 can be histone deacetylase (HDAC) dependent or independent (51, 52). As for Sp1,
trans-activation by Sp3 has been reported to be enhanced by acetylation in vivo (53, 54).

1.3.1 Biochemical and functional properties of Sp2
Sp2 carries the least conserved DNA binding domain (75% amino acid identity)
amongst Sp-family members, and binds a nonameric consensus DNA-binding sequence (5’GGGCGGGAC-3’) with high affinity (225pM) in vitro (7, 26, 27, 55). In keeping with the
contention that Sp-family members have distinct DNA-binding specificities, Sp1 and Sp3
exhibit significantly less affinity for the Sp2 consensus sequence (700pM and 8.9nM,
respectively) (26). In the absence of bona fide Sp2 target genes, artificial promoter
constructs, such as dihydrofolate reductase (DHFR), have been utilized to assess Sp2
transcriptional activity (26). The DHFR promoter is regulated by Sp1/Sp3 in vivo via four
well-characterized GC-rich promoter elements (56). To assess Sp2 transcriptional activity,
these four elements were mutated to generate consensus Sp2-binding sites and the
transcriptional activity of this "Sp2-specific" DHFR reporter gene was examined in transient
co-transfection assays with a Sp2 expression vector. Co-expression of Sp2 led to a mild
increase in DHFR reporter activity, whereas the co-expression of Sp1 or Sp3 led to robust
levels of transcription. Indeed, Moorefield et al. reported that transient over-expression of
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Sp1 resulted in a 300-fold induction of DHFR promoter activity. Transient over-expression of
Sp3 resulted in a 200-fold induction, whereas Sp2 transfection resulted in little changes in
DHFR transcription (26). To determine if one or more portions of Sp2 limited its capacity to
stimulate transcription, a series of Sp1/Sp2 chimeras were created by swapping analogous
portions of Sp2 with those of Sp1 and examined in transient co-transfection assays with the
"Sp2-specific" DHFR reporter gene. These chimera experiments revealed that both the Sp2
trans-activation and DNA-binding domains were negatively regulated in vivo. Consistent
with these results, little or no Sp2 DNA-binding activity was detected in many human and
mouse cell lines examined in vitro protein/DNA-binding assays. When taken together, these
results indicate that Sp2 is functionally distinct from other Sp-family members and suggest
that Sp2 may have a unique role in cell physiology (26).

Given the widespread expression of Sp2 and yet the surprising absence of
detectable Sp2 DNA-binding activity, experiments were performed to compare its
subcellular localization with that of other Sp-family members. Western blots of
mechanically-fractionated cell extracts indicated that virtually all Sp2 protein is associated
with the nuclear matrix, whereas Sp1/Sp3 are localized in both soluble and insoluble
nuclear fractions (57). To confirm this result, the subcellular localization of an EYFP-Sp2
fusion protein was determined in COS-1 cells. This EYFP-Sp2 fusion localized to discrete
nuclear foci that are stably associated with the nuclear matrix and that are distinct from
promyelocytic (PML) oncogenic domains (PODs). Deletion analyses indicated that a 37
amino acid sequence (amino acids 513-549) spanning the first zinc-"finger" of Sp2 is
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required for nuclear matrix association. These amino acids are the most divergent amongst
Sp-family members, perhaps accounting for Sp2's unique subnuclear localization (57).

Recently, socs1 was identified as a Sp2 target gene in mouse and human cells (58).
Suppressors of cytokine signaling (SOCS) proteins are negative regulators of signaling
directed by the Janus-family of kinases (JAK) and signal transducers and activators of
transcription signaling (STAT) proteins (59, 60). SOCS1, one of eight members of the SOCS
gene family, is a critical regulator of IFN-γ signaling and is transcribed rapidly after
stimulation by various cytokines (58). The mouse socs1 promoter carries a Sp2 consensus
sequence proximal to an interferon regulatory factor binding element (IRF-E), and Sp2 and
IRF-1 were reported to physically interact on the socs1 promoter. Using Sp2 siRNAs, the
authors reported that Sp2 is required for the transcriptional expression of socs1 after IFN-γ
stimulation in both mouse and human cells (58). To my knowledge, this study is the first to
reveal a target gene (socs1) and a binding partner (IRF-1) of transcription factor Sp2.

1.4

The roles of Sp-family members in animal development and cancer

1.4.1 Development
With the completion of human genome project, thousands of potential Sp1 target
genes were predicted based on frequency of Sp1 consensus binding sites in the genome. In
reality, however, it is very likely that this is an over-estimate of the true number of Sp1
target genes. Cawley et al. reported a functional screen in which 353 Sp1 binding sites were
identified on human chromosomes 21 and 22 based on chromatin immunoprecipitation and
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high density oligonucleotide arrays (61). In some instances, predicted Sp1 target genes have
been validated experimentally. Vascular endothelial growth factor (VEGF) is a key mediator
of angiogenesis. The human VEGF promoter encodes three potential Sp1-binding sites, and
Sp1 and Sp3 were shown to physically interact with these sites in nuclear extracts using gel
"super-shift" assays (62). DNA methyltransferases (DNMTs) play pivotal roles in the
development of cancer (63), and the promoters of two DNMTs (DNMT3A and DNMT3B)
encode several Sp1-binding sites. Physical interaction between these binding sites and
Sp1/Sp3 was also confirmed by in gel-"shift" assays (64). Since angiogenesis and DNA
methylation are critical events during development, those reports imply that Sp1 plays
pivotal roles in animal development. I will describe more evidences that Sp1 is required for
the development below.

Consistent with its necessity for the regulation of many target genes, elimination of
Sp1 in mouse embryos via Cre-mediated recombination results in the retardation of
development due to a broad range of abnormalities, and all embryos perish in utero by
embryonic day 10 (E10). To determine if the requirement for Sp1 is cell autonomous, Sp1null embryonic stem cells were injected into wild-type blastocysts and the contribution of
nullizygous cells to the developing embryo was analyzed. Chimeric embryos developed
normally at early stages, but Sp1-null cells declined rapidly after embryonic day 11 (65).
These results indicate that Sp1 is an essential gene in vivo and is required cell autonomously.
Surprisingly, however, deletion of Sp1 had little or no effect on the viability or proliferation
of mouse embryo fibroblasts in vitro. Moreover, many Sp1 target genes continued to be
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expressed in these cells. Thus, although required absolutely in vivo other Sp-family
members can compensate for the loss of Sp1 in vitro.

To evaluate the requirement for Sp2 for animal development, two approaches have
been adopted. First, the zebrafish Sp2 orthologue was cloned and shown to be closelyrelated to human and mouse Sp2 with respect to sequence, sub-cellular localization, and
function (66). Zebrafish Sp2 was shown via RT-PCR to be a maternally-inherited transcript
in unfertilized eggs, and zygotic transcription of zebrafish Sp2 begins 3 hours after
fertilization. In situ hybridization confirmed that zebrafish Sp2 is expressed at the earliest
stages and throughout development, as well as in adult tissues (66). To determine whether
Sp2 is an essential gene, zebrafish Sp2 was eliminated by microinjection of embryos with
gene-specific morpholinos. Morpholinos that prevent splicing of Sp2 message or translation
resulted in the arrest of zebrafish development in gastrulation (66). Second, recent studies
from our lab as well as another group have shown that Sp2 is essential for mouse
embryogenesis (67)(Haifeng Yin, personal communication). Sp2-null embryos survive until
E9.5 of gestation whereas Sp2wt/ko embryos develop normally. In contrast to results for Sp1,
conditional elimination of Sp2 in cultures of mouse embryo fibroblasts leads to growth
arrest (67). These data further strengthen the notion that the functions of Sp-family
members may only partially overlap. The precise role(s) of Sp2 in the regulation of cell
physiology and development remains to be determined.
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Sp3 does not appear to be required for the completion of mouse development,
however newborn nullizygotes invariably perish 10 mins after birth due to respiratory
failure. Additionally, Sp3 nulls exhibit dental deficiencies due to defective expression of
ameloblast-specific transcripts, skeletal defects due to insufficient numbers of osteoblasts,
and deficiencies of T and B lymphocytes as well as erythrocytes. (68-71).

In contrast to Sp1 and Sp3, Sp4 is expressed in a tissue-specific manner. Sp4 is
expressed beginning on mouse embryonic day 9 in the posterior neuropore. As
development proceeds, Sp4 is expressed highly in the central nervous system and Sp4
expression is maintained predominantly in the brain in adults but is also detectable in
epithelial tissues, testis, and teeth. Sp4 deficient mice exhibit normal development in utero,
but two-thirds of newborn mice perish within four weeks of birth due to unknown causes.
Surviving Sp4 deficient animals show growth-retardation and defects in reproduction. Sp4
nullizygous males fail to breed in spite of normal spermatogenesis, and the onset of sexual
maturation in Sp4 nullizygous females is delayed. The failure of males to mate is probably
due to abnormal reproductive behavior even though the structure and histology of tissues
responsible for reproductive behavior, such as the hypothalamus and the vomeronasal
organ, are normal (11, 72, 73).

Sp5 expression is remarkably dynamic throughout mouse development. Two distinct
expression patterns have been identified: expression during gastrulation and a second wave
of expression during organogenesis. During early gastrulation, Sp5 expression is detected in
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the primitive streak and expression is confined to the central nervous system, somites, and
pharyngeal regions in later stages of gastrulation. During organogenesis (subsequent to E8),
Sp5 is detected largely in the developing brain and spinal cord (13, 74). Sp5 nullizygotes do
not exhibit obvious developmental abnormalities, suggesting that its functions are
supplanted by other Sp-family members. In this regard it is worth mentioning that Sp5
shares little sequence similarity to other Sp-family members outside of the DNA binding
domain (20, 74).

Sp6, also called KLF14, is expressed in many adult mouse tissues (e.g., skeletal
muscle, kidney, testis, lung, spleen, brain, liver, and heart) as detected by RT-PCR (14). Sp6
generates two distinct transcripts, termed Sp6 and epiprofin, differing in their utilization of
alternative non-coding exons (75). During mouse development Sp6 and epiprofin transcripts
are expressed largely in embryonic dental epithelium, in differentiated odontoblasts of
newborns, in the inner root sheath of hair follicles, and in the apical ectodermal ridge of
developing limbs (76). Sp6 null mice exhibit severe alopecia, reduced body weight, defective
teeth, mild forms of syndactyly and oligodactyly, and defective lung alveolarization (77).

A Sp7 cDNA was isolated from mouse osteoblasts and named Osterix (Osx) (15).
Soon after, its human orthologue and alternatively-spliced isoforms were identified (78, 79).
A longer isoform encodes a 431-residue protein whereas a shorter isoform encodes a 413residue protein lacking amino-terminal residues. The short isoform is most abundant in
humans. Human and mouse Sp7 share 95% amino acid sequence identity. Although low
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level expression of Sp7 is detected in a variety of tissues (e.g., testis, heart, brain, placenta,
lung, pancreas, ovary, and spleen), Sp7 expression in humans is largely confined to
osteoblasts and chondrocytes of all endochondral and membranous bones (78, 79).
Consistent with its expression pattern, Sp7 plays an important role in osteoblast
differentiation and bone formation. Sp7/Osx null mice do not form cortical bone or bone
trabeculae. Newborn homozygous null animals have difficulty breathing, rapidly become
cyanotic, and die within 15 mins after birth (15). Since Sp7/Osx null osteoblasts express
Runx2/Cbfa1 (a transcription factor required for bone formation) and Sp7/Osx is not
expressed in Runx2/Cbfa1 null mice, it is likely that Sp7/Osx is a Runx2/Cbfa1 target gene
(15).

Sp8 was originally identified as the murine orthologue of Drosophila Buttonhead
(Btd) and termed mouse Btd (mBtd) (18). The human orthologue has three exons, and two
transcript variants have been identified that are conserved in mice and zebrafish. The Sp8
gene consists of two 5' UTR exons and a third exon containing all of the coding and 3' UTR
sequences. Two isoforms carry distinct first exons (either exon 1 or 2) and a common
second exon (exon 3); the larger isoform encodes a 508-residue protein and the smaller
isoform encodes 490-residue protein (16, 80). Sp8 is detected in embryonic ectoderm and
the primitive streak during gastrulation and is followed by restricted expression in the tail
bud. Sp8 is expressed in the central nervous system during organogenesis and in the apical
ectodermal ridge (AER) of limb buds. Consistent with its expression pattern, targeted
deletion of Sp8 results in severe truncation of the posterior axial skeleton as well as defects
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in anterior and posterior neuropore closure leading to exencephaly, spina bifida, and death
at birth (80). Sp8/mBtd plays critical roles in early limb development and this role is well
conserved in invertebrates and vertebrates (18, 20).

Sp9 is similar to Sp8 both in its structure and tissue-specific expression pattern. As
for Sp8, mouse Sp9 is expressed in the AER and regulates limb outgrowth. Sp9 expression
occurs in the midbrain/hindbrain boundary and in the AER of the developing limbs of
chickens. In zebrafish, Sp9 is expressed in the forebrain, in the prospective
midbrain/hindbrain boundary during early somitogenesis, and in the hindbrain and the
apical fold of the developing pectoral fin in later stages. Fibroblast growth factor 10 (FGF10)
is known to positively regulate Sp9 expression during vertebrate limb outgrowth (17, 81).
Since mice nullizygous for Sp9 knockout have not been reported, phenotypes associated
with Sp9 nullizygosity remain to be discovered.

When taken together, the results of gene targeting studies indicate that most Spfamily members perform unique and essential roles in animal development that cannot be
supplanted by other Sp-family members or additional GC box-binding proteins.

1.4.2 Cancer
Sp proteins are responsible for the expression of a variety of genes required for cellcycle progression, differentiation and development (31, 36, 82). A variety of evidence
indicates that the de-regulated expression of Sp proteins may play a critical role in tumor
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development, progression, and metastasis. However, most of these studies have focused on
Sp1.
Wang and colleagues reported that Sp1 expression is increased in gastric tumor cells, that
elevated Sp1 expression levels are correlated with increased mortality rates, and Sp1
protein expression levels in pancreatic cancers can be used as a prognostic marker (83, 84).
In keeping with the earlier observation that Sp1 stimulates VEGF expression, the expression
of VEGF is increased in pancreatic and gastric cancers (84, 85). In addition to VEGF, Sp1
over-expression is correlated with the up-regulation of a number of additional proteins that
play important roles in tumorigenesis, including urokinase plasminogen activator (uPA) and
its receptor (uPAR), the hepatocyte growth factor receptor (HGFR/MET), and the epithelial
growth factor receptor (EGFR) (86-88). Sp1 protein expression is elevated in breast
carcinomas, thyroid tumors, colon tumors, and epidermal tumors (86, 89-91). Lou et al.
reported that human fibrosarcoma cell lines over-express Sp1 and formed tumors in
athymic mice. Consistent with the need for continuous Sp1 over-expression to drive
tumorigenesis, down-regulation of Sp1 protein expression in these human cells eliminated
or reduced tumor formation (92). A more recent study reported that Sp1 is up-regulated in
human gliomas and promotes MMP-2 mediated invasion, resulting in poor clinical
outcomes (93). Taken together, these correlative studies indicate that deregulated
expression and activation of Sp1 can play an important role in cancer development and
progression.
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Prior to beginning my thesis research, a single study reported a putative link
between de-regulated Sp2 expression and tumorigenesis (94). Phan et al. reported that Sp2
expression is elevated in human prostate cancers and that Sp2 expression levels are
correlated directly with tumor progression. In this pioneering study Sp2 expression was
inversely correlated with that of carcinoembryonic antigen-related cell adhesion molecule 1
(CEACAM1), a tumor-suppressor gene that is down-regulated in several malignancies
including prostate cancer (95, 96). Phan et al. reported that Sp2 was bound to the CEACAM1
promoter in a Dunning rat-derived prostate adenocarcinoma cell line and that CEACAM1
transcription was down-regulated by ectopic Sp2 expression in normal prostatic epithelial
cells. Combined with evidence mentioned above that Sp2 is required for cell-cycle
progression of mouse embryo fibroblasts, these results suggest that Sp2 over-expression
can drive cell proliferation.

Sp3 has been reported to have a dual role as an inducer of apoptosis and as a
marker of tumor aggressiveness (97). Essafi-Benkhadir et al. generated normal (Chinese
hamster lung fibroblast) and tumor (colon carcinoma cells) cell lines that express an
epitope-tagged full-length Sp3 protein under the control of a tetracycline-responsive
promoter. The authors found that conditional expression of full-length Sp3 reduced tumor
development in nude mice due to the induction of apoptosis. In addition, the authors
reported that Sp3 is a caspase substrate and cleavage of Sp3 by caspases facilitated tumor
cell survival (98). Interestingly, when Sp3 was over-expressed in established tumors it
caused transient tumor regression followed by tumor progression, and tumor progression
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coincided with re-accumulation of full-length Sp3. Lastly, patients with head and neck
tumors showed poor prognosis for overall survival if full-length Sp3 was expressed highly
(99).

Links between Sp4 expression and cancers have also been reported. Colon cancer
cells treated with Cyclooxygenase 2 (COX-2) inhibitors, such as celecoxib (Cel), nimesulfide
(NM) and NS-398, exhibit a marked reduction in the expression of vascular endothelial
growth factor (VEGF). Abdelrahim et al. showed that decreased VEGF expression is
accompanied by decreased levels of Sp1 and Sp4. Treatment with COX-2 inhibitors did not
affect Sp1 or Sp4 mRNA levels, instead the degradation of these proteins was stimulated via
increased ubiquitinylation. These results indicate that proteasome-dependent degradation
of Sp1 and Sp4 plays a critical role in VEGF expression in colon cancer cells (100).

When taken together these results indicate that Sp proteins can impact tumor cell
proliferation, and tentative links between de-regulated Sp protein expression and
tumorigenesis have been noted. Prior to beginning my thesis research, however, direct
evidence that any Sp protein is oncogenic was lacking.

1.5

Thesis aims
Prior to beginning my thesis research, evidence developed in the Horowitz lab

indicated that (i) Sp2 is over-expressed in mouse skin squamous cell carcinomas and (ii) Sp2
over-expression is correlated directly with tumor progression. Taken together with
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evidence (Phan et al.) linking Sp2 expression with human prostate cancers, I proposed to
test the hypothesis that Sp2 over-expression is oncogenic. To test this hypothesis I
generated transgenic mouse lines in which Sp2 expression is elevated in basal keratinocytes,
the cell of origin of skin squamous cell carcinomas. I characterized gross phenotypes
exhibited by the transgenic lines and showed that they are at increased risk of
tumorigenesis elicited by environmental carcinogens. Perhaps more interestingly, I showed
that some of these animals were susceptible to wound-induced papillomagenesis. Finally, I
prepared primary mouse keratinocyte cultures from these transgenic animals to identify
mechanisms underlying the regulation of their growth and differentiation. In the following
chapters I will present biochemical, cellular, and genetic evidence indicating that Sp2 is an
important player in the regulation of keratinocyte proliferation, differentiation, and
tumorigenesis.
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Chapter 2
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2.

Materials and methods

2.1

Transformation of bacterial cells
Competent DH5α cells were used for transformation. Plasmid DNAs to be amplified

or ligation mixtures for cloning were combined with thawed competent cells and incubated
on ice for 30 min. The competent cell/DNA mixture was heat-shocked at 42°C for 30 sec
followed by incubation on ice for 2 min. After adding 250 µl of Super Optimal broth with
Catabolite repression (SOC; 2% bacto-tryptone, 0.5% bacto-yeast extract, 10 mM NaCl, 2.5
mM KCl, 10 mM MgCl2, and 20 mM Glucose) media, cells were incubated at 37°C on a
rotating platform (200 RPM) for 1 hr followed by spreading on LB plates prepared with
appropriate antibiotics (Kanamycin or Ampicillin, depending on the plasmid). PCR products
were cloned using StrataCloneTM PCR (Stratagene, #240205) or StrataCloneTM Blunt PCR
(Stratagene, #240207) cloning kits. In brief, 2 µl of each PCR product was added to 3 µl of
StrataCloneTM Cloning Buffer and 1 µl of StrataCloneTM Vector Mix was added and mixed by
gentle pipetting followed by incubation at room temperature for 5 min. The ligation mixture
was added to StrataCloneTM SoloPack competent cells and transformed as described above.

2.2

Primary keratinocyte cultures
Protocols for the preparation and maintenance of mouse primary keratinocytes

were adopted and modified from the literature (101, 102). In brief, 1-2 day old newborn
mice were euthanized by asphyxiation with CO2. Dead mice were rinsed with ice-cold 70%
ethanol and legs and tail were trimmed. A longitudinal dorsal incision is made from the tail
to the snout and the skin is removed by pulling from the back legs towards the snout. To
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dissociate the epidermis from dermis, skin samples were incubated with 5 ml of trypsin
solution (0.25% trypsin in Hank's Balanced Salt Solution(HBSS) without calcium and
magnesium; 5.33 mM KCl, 0.441 mM KH2PO4, 4.17 mM NaHCO3, 137.93 mM NaCl, 0.338
mM Na2HPO4, 5.56 mM D-Glucose, and 0.0266 mM Phenol Red) per 60 mm dish overnight
at 4°C. After overnight trypsin digestion, the epidermis was separated from the dermis using
forceps and collected in 50 ml sterile tubes. Skin samples (up to 7) obtained from animals
with identical genotypes were combined in single 50 ml sterile tubes, incubated with 5 ml of
complete medium per skin sample [complete medium is EMEM (BioWittaker, #06-174G), 10%
non-chelexed fetal bovine serum (Sigma, #F2442), EGF 10 ng/ml (Invitrogen, #113247-051;
Stock: 40 µg/ml in phosphate-buffered saline without calcium and magnesium (PBS w/o
Ca2+ and Mg2+)) containing 1% Antibiotic-Antimycotic Solution (Gibco, #15240-062)], and
keratinocytes were released from the epidermis by gentle rocking at room temperature for
30 min. The epidermis and intact basement membrane was removed from the 50ml tube
after rocking and the keratinocyte suspension was poured through a cell strainer (Falcon,
#35-2350) sitting on top of a 50 ml centrifuge tube. Following filtration, keratinocytes were
collected by centrifugation at 1,500 rpm for 5 min at 4°C. The supernatant was removed
and the cell pellet was resuspended with 0.5 ml of complete medium per skin sample.
Resuspended cells were kept on ice and cell concentration was determined using a
hemocytometer. Appropriate numbers of cells were then plated onto as desired with
complete medium as shown in the following table:
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Table 1 Number of cells plated and volume of media added in culture plate or dish.
Plate or Dish

Number of cells

Complete Medium

96 well plate

5×104 cells/well

200 µl/well

6 well plate

1×106 cells/well

2 ml/well

60 mm dish

2×106 cells/dish

4 ml/dish

100 mm dish

4×106 cells/dish

9 ml/dish

Plated cells were cultured under 5% CO2 at 37°C for 6 hrs in a humidified incubator,
rinsed once with PBS w/o Ca2+ and Mg2+, and fed with complete Keratinocyte-SFM media
[500 ml of Keratinocyte-SFM, Gibco®, #10725; 2.5 µg of EGF supplement (Gibco®, #10450013), 25 mg of bovine pituitary extract (Gibco®, #13028-014), 250 µl of Gentamicin (Gibco®,
#15710-064, Stock: 10 mg of gentamicin in 1 ml of distilled water) and 0.05 mM CaCl2].
Complete Keratinocyte-SFM media was changed every other day until cultures were used
for experiments, and keratinocyte cultures were used for experiments prior to confluence
and were not sub-cultured.

2.3

Mammalian cell lines
COS-7 and HEK293 cell lines were obtained from the Duke Cell Culture Facility (Duke

University, Durham, NC, USA). Cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Mediatech, Inc., Manassas, VA, USA) supplemented with 10% heat-inactivated fetal
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bovine serum (FBS; Atlanta Biologicals, Norcross, GA, USA) and 50 µg/ml Pipracil. Cells were
cultured under 5% CO2 at 37°C in a humidified incubator.

2.4

Mammalian cell transfection
SatisFectionTM Transfection Reagent (Stratagene, #04121) was used for transfection

as instructed by the manufacturer. In brief, appropriate amount of plasmid DNAs were
diluted into serum-free medium (6-well plate: 2 µg in 100 µl, 60 mm dish: 6 µg in 300 µl,
100 mm dish: 16 µg in 800 µl) and transfection reagent was also diluted into serum-free
medium at a 1.5:1 ratio (µl reagent:µg DNA) in a separate tube. The diluted transfection
reagent was added drop-wise to diluted DNAs, mixed by gentle pipetting, and this
transfection mixture was incubated for 15 min at room temperature. The transfection
mixture was added drop-wise to each well or dish of cells (at approximately 70% confluence)
and the mixture was dispersed by gentle rocking. Cells were harvested after 36-72 hrs of
incubation under 5% CO2 at 37°C in a humidified incubator.

2.5

Cell proliferation and apoptosis assays

2.5.1 CyQUANT® assay
Cell proliferation was quantified using a proprietary colorimetric kit [CyQUANT® Cell
Proliferation Assay Kit (Invitrogen, Eugene, OR, USA)]. Primary mouse keratinocytes
prepared from mouse skin were plated in 96-well plates at 5×104 cells per well. Culture
media was removed from wells on each day post-plating, cells were washed once with PBS,
plates were stored at-70°C for at least 3 hrs, and frozen plates were warmed to room
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temperature prior to lysis. Cells were lysed via the addition of 200 µl of CyQUANT® GR
dye/cell-lysis buffer to each well and mixed by gentle pipetting. Samples were incubated for
5 min at room temperature while protected from light. Sample fluorescence was measured
following this incubation using a spectrophotometer outfitted with appropriate excitation
(485 nm) and emission (538 nm) filters.

2.5.2 MTT assay
Primary mouse keratinocytes prepared from mouse skin were plated in 96-well
plates at 5×104 cells per well. Cells were cultured under standard conditions and quantified
via the addition of 10× MTT ((3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
stock solution (6 mg/ml in culture media) to media to a final working concentration of 1×.
Cells were incubated for 4 hrs at 37°C under 5% CO2 and plates were then centrifuged at
750× g for 8 min at room temperature. Media was aspirated completely, 100 µl of lysis
buffer (0.04 N HCl in isopropyl alcohol) was added to each well, and cells were incubated for
15 min at 20˚C. Crystals that were not dissolved by the lysis buffer during this incubation
period were resuspended by gentle tapping and the addition of 100 µl of dH2O per well.
Cells were quantified using a spectrophotometer set to read light absorbance at OD570, and
OD650 was read as a reference absorbance reading. The reference absorbance was
subtracted from the dye absorbance reading and the results were plotted.

2.5.3 Apoptotic DNA “laddering” assay
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Genomic DNA was extracted from primary keratinocyte cultures essentially as
described by Yeung et al. (103). In brief, cells were harvested and lysed with 500 µl of lysis
buffer (50 mM Tris-HCl, pH 7.5, 1% NonidetTM P-40, 20 mM EDTA) by repeated pipetting.
Cell debris and intact non-apoptotic nuclei were removed by centrifugation at 1,600×g for 5
min, and supernatants were extracted once with phenol:chloroform:isoamyl alcohol
(25:24:1, pH 8.0, 500 µl). The aqueous phase was removed to a new tube and DNAs were
precipitated via the addition of a cocktail containing 50 µl of 3M sodium acetate, 1 µl of
nuclease-free glycogen (Roche Applied Science, Indianapolis, IN, USA), and 600 µl of
isopropanol and incubation on ice for 5 min. DNAs were collected by centrifugation at
12,900× g for 10 min at 4°C and precipitates were washed once with 70% ethanol. DNA
pellets were resuspended in 30 µl of 1× RNaseONE® buffer (Promega, Madison, WI, USA), 1
µl of RNase was added, and samples were incubated for 30 min at 37°C. DNA “ladders”
were resolved on 1.8% agarose gels containing ethidium bromide.

2.5.4 Annexin V and propidium iodide staining
To quantify apoptotic and necrotic cells in primary keratinocyte cell cultures, a
proprietary kit was employed [Alexa Fluor® 488 annexin V/Dead Cell Apoptosis Kit
(Invitrogen, Eugene, OR, USA)] in which cells are stained with Alexa® Flour 488 annexin V
and propidium iodide(PI) and separated by flow cytometry. In brief, cells were collected by
trypsinization and washed once with ice-cold PBS. Cells were resuspended in 100 µl of 1×
annexin-binding buffer and incubated with 5 µl of Alexa Fluor® 488 annexin V and 1 µl of PI
(100 µg/ml) for 15 min at room temperature. Following incubation, 400 µl of 1× annexin-
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binding buffer was added and mixed gently. Samples were kept on ice until analyzed by flow
cytometry.

2.5.5 Flow cytometric analysis of cell cycle progression
Propidium iodide staining was performed prior to separation of cells into cell-cycle
compartments by flow cytometry. Cells were treated with trypsin for 10 min at 37°C and
harvested into 15 ml tubes that contained 1 ml of culture media and 10% FBS. After
centrifugation at 800 rpm for 10 min at 4°C, cell pellets were resuspended with 300 µl of
ice-cold PBS and fixed via the addition of 700 µl of 100% ethanol and incubation at -40°C
overnight. After fixation, ethanol was removed by centrifugation at 800 rpm for 10 min at
4°C and cell pellets were resuspended in 300 µl of ice-cold PBS. For DNA staining, 10 µl of
propidium iodide stock solution (5 mg/ml in dH2O) was added to each cell sample and 50 µl
of DNase-free RNase I (1mg/ml) was added to eliminate contaminating RNA. Samples were
kept on ice until analyzed by flow cytometry.

2.5.6 Tritiated thymidine incorporation assay
To quantify DNA synthesis in primary keratinocyte cultures, [methyl-3H]thymidine
incorporation assays were performed. Mouse keratinocytes were plated in 6-well plates at
1×106 cells per well. On each subsequent day, 6 µl of [methyl-3H]thymidine solution
(PerkinElmer, 20 Ci/mmol)] was added to 2 ml of culture media in each well to a final
concentration of 3 µCi/ml. After 2 hr of incubation at 37°C under 5% CO2, cells were washed
twice with ice-cold PBS and then washed once with 10% Trichloroacetic acid (TCA) solution.
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To lyse cells, 1 ml of lysis buffer (0.2 N NaOH, 1% SDS) was added to each well and samples
were incubated for 5 min at 37°C. Following incubation, 0.5 ml of each lysate was
transferred to liquid scintillation vials and 60 µl of 100% TCA and 3.5 ml of ScintiSafeTM 30%
Cocktail counting solution (Fisher, #SX23-5) were added to each vial. Samples were mixed
by vortexing and radiolabeled DNA in each sample was quantified with a liquid scintillation
counter (Wallac 1409).

2.6

Isolation of genomic DNA
A Maxwell®16 robotic DNA extractor (Promega, Madison, WI, USA) was employed to

prepare genomic DNA from mouse tissues. Mouse tail clips or ear punches were processed
using Maxwell®16 DNA Purification Kits (Promega, #AS1030) as instructed by the
manufacturer. Genomic DNA was transferred to sterile eppendorf tubes and stored at 4 ˚C
until required. To quantify the concentration of genomic DNA, 2 µl of DNA solution was
examined using a NanoDrop® ND-1000 Spectrophotometer.

2.7

Isolation of total RNA
Total RNA was prepared from cultured cells or mouse tissues using Trizol® Reagent

(Invitrogen, #15596-026). Cells were lysed with 1 ml of Trizol® Reagent by repeated
pipetting and mouse tissues were homogenized with a hand-held Polytrone homogenizer.
After incubation at room temperature for 5 min, 200 µl of chloroform was added to each
RNA sample and mixed well by shaking followed by incubation at room temperature for 3
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min. Lysates were clarified by centrifugation at 14,000 rpm for 15 min at 4°C. The aqueous
phase was transferred to a new tube, 500 µl of isopropanol was added and mixed by
inverting the tube. After incubation at room temperature for 5 min, RNA samples were
centrifuged at 14,000 rpm for 10 min at 4°C. Pellets were washed once with 700 µl of 75%
ethanol and air dried. RNA pellets were resuspended with 100 µl of DEPC-treated water and
incubation at 55°C for 10 min. All RNA samples were quantified using a NanoDrop® ND-1000
Spectrophotometer and the quality of RNA was checked by gel electrophoresis.

2.8

Elution of DNAs from agarose gels
PCR products separated by size via gel electrophoresis were purified using a

proprietary kit [QIAquick Gel Extraction Kit (QIAGEN, #28704)] as instructed by the
manufacturer. In brief, DNA fragments in agarose gels were excised using a clean, sharp
scalpel blade. The weight of each gel slice is measured in milligrams and 300 µl of Buffer QG
are added per 100 mg of gel. The mixture is incubated at 50˚C for 10 min and tubes are
inverted every 2-3 min. After the gel slice is dissolved, 1 gel volume of isopropanol is added
and mixed by inverting the tubes. The mixture is transferred to a spin column and
centrifuged for 1 min at 13,000 rpm. The column is then rinsed with 700 µl of Buffer PE and
centrifugation for 1 min at 13,000 rpm. DNAs are eluted from columns by adding 50 µl of
Buffer EB (10mM Tris-Cl, pH8.5) followed by centrifugation (1 min at 13,000 rpm) and
collection of DNA into a collecting tube.
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2.9

Polymerase chain reaction (PCR)

2.9.1 Thermal asymmetric interlaced (TAIL) polymerase chain reaction
Transgene integration sites were isolated by TAIL-PCR as described in Pillai et al.
(104). In brief, genomic DNA was extracted from ear punches as described above. Gene
Specific Primers (GSP) were designed to represent nested portions of mouse Sp2, each with
a length of 21–24 nucleotides, a melting temperature of approximately 64°C and GCcontent of 50–60%. A set of Arbitrary Degenerate (AD) primers were designed as specified
in Pillai et al. The GSP and AD primer sequences are shown in Table 2.
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Table 2 Sequences and Tm values of primers for TAIL-PCR. For Arbitrary Degenerate (AD)
primers, random nucleotides such as N, S, and W are synthesized. N: any base, S: G or C, W:
A or T.
Primers

Sequence (5’ to 3’)

Tm (°C)

GSP1

GTA CCC ATA CGA TGT TCC AGA T

61.4

GSP2

GAT CAA CTA GTC TGG GAG CCC

63.8

GSP3

GTT TCA GGT TCA GGG GGA GGT G

69.8

GSP4

CAG CTA CAC TCT CTG CAC GC

64.0

GSP5

GCA CAC AAA CTG CTG GCC TTG C

73.0

GSP6

CGT GTG CAC CAG GCA TTT GAT C

71.7

AD1

NGT CGA SWG ANA WGA A

46.8

AD2

TGW GNA GSA NCA SAG A

34.8

AD3

AGW GNA GWA NCA WAG G

36.3

AD4

STT GNT AST NCT NTG C

45.5

AD5

NTC GAS TWT SGW GTT

46.0

AD6

WGT GNA GWA NCA NAG A

34.8
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Thermal cycling conditions for Primary TAIL-PCR were as follows: 94˚C (5 min), 10
cycles of [94˚C (10 sec), 64˚C (30 sec),72˚C (3 min)], 1 cycle of [94˚C (10 sec), 25˚C (3 min),
64˚C (2.5 min)], 15 cycles of [94˚C (10 sec), 64˚C (3 min), 72˚C (2.5 min), 94˚C (10 sec), 64˚C
(3 min), 72˚C (2.5 min), 94˚C (10 sec), 44˚C (1 min), 64˚C (2.5 min)]. Secondary TAIL-PCR
conditions were as follows: 94˚C (5 min) followed by 12 cycles of [94˚C (10 sec), 64˚C (3 min),
72˚C (2.5 min), 94˚C (10 sec), 64˚C (3 min), 72˚C (2.5 min), 94˚C (10 sec), 44˚C (1 min), 64˚C
(2.5 min)]. Tertiary TAIL-PCR conditions were as follows: 94˚C (5 min) followed by 20 cycles
of [94˚C (10 sec), 44˚C (1 min), 64˚C (2.5 min)]. Gene-specific primer binding sites within the
Sp2 transgene are illustrated in Figure 2.

Figure 2 Gene specific primer binding sites for TAIL-PCR. GSP 4-6 primers bind to portions
of the bovine keratin 5 promoter. GSP 1 primer binds to the HA epitope tag and GSP 2-3
primers bind to the SV40 PolyA tail.
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For Primary TAIL-PCR, GSP1 and AD1-6 primer sets were used to amplify genomic
DNA sequences 3' of the transgene integration site. GSP4 and AD1-6 primer sets were used
to amplify genomic DNA sequences 5' of the transgene integration site. That is, I performed
a total of 12 reactions on both ends of the integration sites (six reactions for the 3’ end and
six reactions for the 5’ end). For subsequent nested PCR reactions (Secondary and Tertiary
TAIL-PCR), I repeated the same reactions. Following the PCR, 10 µl of each reaction was
examined by gel electrophoresis and staining with ethidium bromide. Primer sets that
produced distinct amplification products were employed in a subsequent round of the PCR
(Secondary TAIL-PCR) with nested primers. Once again, 10 µl of each PCR product was
examined by gel electrophoresis and staining with ethidium bromide. Primer sets that
produced distinct amplification products were then employed in a final round of Tail-PCR
(Tertiary TAIL-PCR) and 10 µl of each PCR product was examined by gel electrophoresis and
staining with ethidium bromide.

For all three rounds of TAIL-PCR, TITANIUMTM Taq DNA polymerase (Clonetech,
#639210) was used as instructed by the manufacturer supplemented with 1 µl of 2.5 mM of
dNTPs. Amplified PCR products resulting from each round of TAIL-PCR were purified by gelelution and sub-cloned into a sequencing vector (pSC-A-amp/kan PCR cloning vector;
StrataCloneTM, #240205) as described in Section 2.8. Resulting clones were analyzed by
automated DNA sequencing using standard primers that anneal to plasmid sequences
flanking each insert. Sequences obtained were compared with mouse genomic sequences
using the BLAST search engine. Sequences that clearly showed junctions between mouse
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chromosomal DNA and transgene sequences were identified and used to prepare maps of
each transgene integration site (Figure 3). Mouse allele-specific primers were prepared
from single-copy sequences flanking each transgene integration site, as well as sequences
predicted to be disrupted by transgene integration, and the zygosity of transgenic mice was
established by the PCR. The primer sequences are shown in Table 3.
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Table 3 Primer lists of TAIL-PCR for both Sp2-Family A and C animals. Family A-F1 and
Family A-R1 primers amplify a 383 base pair product for wild-type (non-transgenic) alleles.
GSP6 and Family A-R1 primers amplify a 290 base pair product in animals carrying the Sp2-A
transgene. Family C-F1 and Family C-R1 primers amplify a 427 base pair product of for wild
type (non-transgenic) alleles. K5-F1 and Family C-R1 primers amplify a 611 base pair product
in animals carrying the Sp2-C transgene.
Primers

Sequence (5’ to 3’)

Tm (°C)

Family A-F1

GGG TGA CTG AGG CAG AGT TTG

66.0

Family A-F2

CTC TTA TCA CTG CAT CCT CTC CC

65.0

Family A-F3

GGC CTT ATA AAC CGC AGT CCA G

67.4

Family A-R1

CAA GCA GTT CTG AGA CCT GCA C

66.3

Family A-R2

TGC ACC AAC CCT CTG TAG TCC

66.3

Family A-R3

AGA GTT AAC CTG AGT GCG GAG G

65.6

Family C- F1

GTT CTA AGC ACT AAC ATC ATC AGG CG

67.4

Family C- R1

GTT AGC TGA TAA CCT TTT GAA GAC CG

65.5

K5 F1

ACA TTG CAG CAC ATT GCA CAC TAT CC

71.4

Family C-F2

CAA GGA TCT GTT TTT ATG TAC ACC ACC

66.0

Family C-R2

TGT TAT GAA CAG AGT TAG AAG TTG CAA GAC

66.1
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A

B

Figure 3 Schematic diagram of primer binding sites for allele specific genotyping. A. The
Sp2-A integration site on mouse chromosome 6. Wild-type alleles produce a 383 bp
amplified product whereas transgenic alleles produce a 290 bp product. B. The Sp2-C
integration site on mouse chromosome 5. Wild-type alleles produce a 427 bp amplification
product whereas transgenic alleles produce a 611 bp product. Each integration site contains
a linear array of multimerized transgenes in various orientations relative to mouse
chromosomal DNA (indicated by a question mark).
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2.9.2 Reverse transcriptase-polymerase chain reaction
Total RNA was extracted from cells or tissues as described in Section 2.7 and 5 µg of
total RNA was used as template to synthesize first strand cDNA. Total RNA was diluted in
dH2O to a final volume of 10 µl and mixed with 1 µl of 10 mM dNTPs and 1 µl of 0.5 µg/µl
Oligo-(dT)12-18 Primer (Invitrogen, #18418-012). After incubation at 65°C for 5 min, this
mixture was chilled on ice followed by the addition of 5 µl of 5× First-Strand Buffer [250 mM
Tris-HCl (pH 8.3), 375 mM KCl, 15 mM MgCl2] and 2 µl of 0.1M DTT. Following incubation at
42°C for 2 min, 1µl of SuperScript® III Reverse Transcriptase (Invitrogen, #18080-044) was
added to the mixture and incubated for 50 min at 42°C. Reverse transcription was
terminated by incubation at 70°C for 15 min and reactions were stored at 4°C until used as
templates for the PCR. For subsequent PCRs, 2 µl of each cDNA mixture and 1µl of
TITANIUMTM Taq DNA polymerase (Clontech, #639210) were combined and subjected to the
following cycling conditions: GAPDH : 95˚C 1 min, 30 cycles of [95˚C 30 sec, 75˚C 30 sec,
68˚C 1 min], 68˚C 3 min, 4˚C hold; Sp2 : 95˚C 1 min, 35 cycles of [95˚C 30 sec, 75˚C 30 sec,
68˚C 1 min 30 sec], 68˚C 3 min, 4˚C hold; Keratin 5 : 94˚C 4 min, 30 cycles of [90˚C 30 sec,
65˚C 30 sec, 72˚C 30 sec], 72˚C 10 min, 4˚C hold; Keratin 14 : 94˚C 4 min, 30 cycles of [90˚C
30 sec, 65˚C 30 sec, 72˚C 30 sec], 72˚C 10 min, 4˚C hold; FoxN1 : 95˚C 1 min, 35 cycles of
[95˚C 30 sec, 75˚C 30 sec, 68˚C 1 min 30 sec], 68˚C 3 min, 4˚C hold; ΔNp63α : 94˚C 4 min, 30
cycles of [90˚C 30 sec, 67˚C 30 sec, 72˚C 30 sec], 72˚C 5 min, 4˚C hold; TAp63 : 94˚C 4 min,
30 cycles of [90˚C 30 sec, 67˚C 30 sec, 72˚C 30 sec], 72˚C 5 min, 4˚C hold. Primers for these
reactions are listed in Table 4.
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Table 4 Primer lists for reverse transcriptase PCR.
Target genes

Primer sequence (5’ to 3’)

Tm (°C)

Product size

GAPDH

GAPDH F: CAA CTA CAT GGT CTA CAT GTT C

56.1

122bp

GAPDH R: CTC GCT CCT GGA AGA TG

59.6

RPA 2F: CAA CAA CCT GGT GAA CAC CAG CGA TAT TG

75.0

RPA 2R: GGT GTA CGG ATA TAA ACC TGG GTT GGT G

71.4

5’Krt5: AGG AGG CAG CAG CAT TGG TGT TGG CAG TGG C

84.5

3’Krt5: GGA AGT CAG AAC CAG GAC AGA ATT TAG GTG

71.3

5’Krt14: AGA TCC GCA CCA AGG TCA TGG

70.4

3’Krt14: GTG CAA CTC AGA AAA AGA AGC

60.6

5’Krt14-New: CTC CTC TGG CTC TCA GTC ATC C

66.5

3’Krt14-New: GGG ACA ATA CAG GGG CTC TTC C

68.6

Mouse FoxN1 forward: CCC CAG CCA GGA ACA CAA CCA

73.4

Mouse FoxN1 reverse: GTG GCT GGT GAC CTT CGG C

70.5

5’deltaNp63: TTG TAC CTG GAA AAC AAT G

55.9

3’deltaNp63: GCA TCG TTT CAC AAC CTC G

64.3

5’Tap63: TCG CAG AGC ACC CAG ACA

67.4

3’deltaNp63: GCA TCG TTT CAC AAC CTC G

64.3

Sp2

Keratin 5

Keratin 14

Keratin 14

FoxN1

ΔNp63α

TAp63
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429bp

584bp

204bp

228bp

245bp

447bp

612bp

2.9.3 Quantitative real-time polymerase chain reaction
Expression levels of endogenous and transgene transcripts were determined by
quantitative real-time (qRT)-PCR. First strand cDNA was synthesized as described in Section
2.9.2 and the QuantiTect® SYBR® Green PCR Kit (Qiagen, #204143) was used to amplify and
quantify transcript abundance as instructed by the manufacturer. The 2x QuantiTect®
SYBR® Green PCR Master Mix contains HotStarTaq DNA polymerase and QuantiTect SYBR
Green PCR Buffer, fluorescent dye SYBR Green I, and Passive reference dye. This cocktail
was supplemented with 2µl of template cDNA and 1µl of forward and reverse primers. The
MyiQTM single color real-time PCR detection system (Bio-Rad, Hercules, CA, USA) was used
for thermal cycling (thermal-cycling conditions for all primer sets was: 95°C 15 min, 50
cycles of [95°C 10 sec, 59°C 1 min], followed by incubation at 4°C) and detection of signals.
Amplification data was analyzed using iQTM5 software version 2.0. Target gene transcript
levels were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) transcript
levels obtained in each sample via the subtraction of the Ct value of GAPDH from the Ct
value for each target gene. Results were expressed as the fold-change in transcript levels.
Primers used for qRT-PCR are shown in Table 5.
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Table 5 Primer lists for quantitative real-time PCR.
Target genes

Primer sequence (5’ to 3’)

Tm (°C)

Product size

Endogenous

RT-mSp2-F1: CCA GCC TAC CCC AAG GAA AC

66.6

119bp

mouse Sp2

RT-mSp2-R1: GGG AGC CCT GAA TCT GAA GTA T

64.3

Exogenous

RT-mSp2-F2: TGT CAG AAG CGC TTC ATG AG

64.3

mouse Sp2

RT-mSp3-R1: CTG GAA CAT CGT ATG GGT AC

59.3

GAPDH

659: GGG TGT GAA CCA CGA GAA AT

63.7

660: CCT TCC ACA ATG CCA AAG TT

63.7

Mouse Sp2

mSp2ex3F: ATG GCC GCC ACT GCT GCT GTC AGT CC

81.3

Large (Exon3-4)

mSp2ex4R: GGA CCA GTT TCC TTG GGG TAG GCT G

73.5

Mouse Sp2

mSp2ex5F: AAT GGT GTC CAA GTC CAG GGT GTG CC

76.7

(Exon 5-6)

mSp2ex6R: TTG GGA CAC GTG CAG GCC ATG CGC

83.3

Filaggrin

Filaggrin-F: CAG GCG CTC TGG GGC GCG TCA

82.2

Filaggrin-R: GCC TGA CTC TCG CTG ACC CC

70.8

Loricrin-F: TCA TGA ATT TGC CTG AGG TTT C

64.9

Loricrin-R: CAG AAC AGG ATA CAC CTT GAG C

62.6

Keratin 1-F: AGA TCA CTG CTG GCA AAC ATG G

68.3

Keratin 1-R: TGA TGT TCT GCT GTA TTT GGG

62.4

K5-F: TCT GCC ATC ACC CCA TCT GT

67.9

K5-R: CCT CCG CCA GAA CTG TAG GA

66.5

Keratin 10-F: CGC AAG GAT GCT GAA GAG TGG TTC

71.7

Keratin 10-R: TGG TAC TCG GCG TTC TGG CAC TCG G

78.6

K14-F: AGC GGC AAG AGT GAG ATT TCT

64.2

K14-R: CCT CCA GGT TAT TCT CCA GGG

65.6

Loricrin

Keratin 1

Keratin 5

Keratin 10

Keratin 14
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91bp

120bp

184bp

203bp

129bp

95bp

138bp

173bp

302bp

106bp

2.10

Preparation of transgene constructs

2.10.1 pTG1-K5-mSp2/HA
A full-length mouse Sp2 cDNA was synthesized from total RNA extracted from
mouse heart and sequenced in its entirety to confirm its integrity. A 10 amino acid epitope
tag derived from Influenza hemagglutinin(HA) was appended to the carboxy-terminus of the
Sp2 open reading frame via the PCR with the following primers: 5’-GAA TTC AGA TCC GCC
ACC ATG AGC GCA GAT CCA CAG ATG A-3’ and 5’-CCC ACC TAG GCA CGA AGG GCT TGT ACC
CAT ACG ATG TTC CAG ATT ACG CTA GCT GAA AGC TTG-3’. The integrity of this epitopetagged mSp2 cDNA was confirmed by automated DNA sequencing and subcloned
subsequently into pCMV4, a mammalian expression vector, generating pCMV4-mSp2/HA.
COS1 cells were transfected with pCMV4-mSp2/HA and the expression of the epitopetagged mouse Sp2 cDNA was determined by Western blotting with antibodies against Sp2
as well as HA. Once protein expression was confirmed, the epitope-tagged mSp2 cDNA was
subcloned into plasmid pTg1 (a gift from the University of North Carolina Animal Models
Core Facility). The bovine keratin 5 promoter was obtained from Dr. Robert C. Smart (NCSU)
and inserted into pTg1 upstream of mSp2 cDNA sequences, creating the pTG1-K5-mSp2/HA
transgene. The functionality of this expression construct was established via transfection of
COS7 cells and Western blotting. The structure of pTG1-K5-mSp2/HA is illustrated in Figure
4
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Figure 4 Sp2 transgene utilized to produce transgenic mice. The bovine keratin 5 promoter
(5.2kb) drives transcription and mouse albumin-derived splicing sequences located
upstream of the HA-tagged mouse Sp2 (1.9kb) cDNA are included to increase the efficiency
of transgene expression. SV40-derived polyA signals are included at the 3’ end of the Sp2
cDNA. The structure of the spliced mRNA produced by this construct is indicated above the
transgene.
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2.10.2 pTG1-K5-mSp2/HA-NotI
A transgene carrying an epitope tagged mouse Sp2 that is deficient in DNA binding
activity was prepared from pSIN6.1CeGFPW-mSp2NotIHA-IRES by digestion with KpnI and
MluI. A 1,832 base pair KpnI and MluI fragment was subcloned subsequently into pTg1 (a
gift from the University of North Carolina Animal Models Core Facility) containing the
bovine keratin 5 promoter. The integrity and functionality of this construct was confirmed
by automated DNA sequencing as well as Western blotting. The structure and organization
of this transgene construct is identical to that of pTG1-K5-mSp2/HA (Figure 4) except for the
disruption of the Sp2 DNA binding motif. In this mutation, the DNA-binding domain was
disrupted by insertion of 4 nucleotides (CCGG: NotI sequences) resulting in frameshift
mutation of the following codons but producing intact HA tag in the end of carboxyterminus. Therefore, the protein made by this construct cannot bind to DNA but has intact
trans-activation domain of Sp2, intact NLS, and HA tag so that it can be localized in nucleus
and be distinct from endogenous Sp2 proteins. More detail information is described in
Section 4.7.

2.11

Labeling of proliferating cells in vivo with BrdU
A stock solution (10 mg/ml) of bromodeoxyuridine (5-bromo-2'-deoxyuridine, BrdU;

Sigma, #B5002) was prepared in PBS. To label proliferating cells in vivo, animals were
weighed and injected intraperitoneally with 10 µl of BrdU per gram of body weight 1 hr
prior to euthanasia. BrdU solutions were prepared prior to injection and protected from
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light. Following euthanasia dorsal skin was removed and fixed as described in Section 2.13
for immunohistochemical staining.

2.12

Western blotting of protein extracts prepared from mouse skin and primary

keratinocyte cultures
Protein extracts from mouse skin were prepared as follows. Dorsal skin samples
were grasped with forceps and incubated in a 60°C water bath for 10 sec followed by
immediate cooling in ice water. The epidermis was scraped from whole skin using a spatula
and placed in 1 ml of Western lysis buffer [150 mM NaCl, 1% NP40, 1% Sodium
Deoxycholate, 0.1% Sodium Dodecyl Sulfate (SDS), 20 mM Tris-pH8.0, 5 mM
Ethylenediaminetetraacetic acid (EDTA)] containing 1 mM Phenylmethylsulfonyl fluoride
(PMSF), 1× Complete Mini EDTA-free Protease Inhibitor Cocktail (Roche, #11 836 170 001),
and 1 mM Dithiothreitol (DTT). The epidermis was homogenized while on ice with a
Polytron homogenizer, and homogenized samples were incubated on ice for 20 mins.

Protein extracts from primary keratinocyte cultures were prepared as follows.
Cultured primary keratinocytes were rinsed once with ice-cold PBS and harvested with a cell
scraper and 1 ml of PBS. Cells were pelleted at 13,000 RPM for 1 min at 25°C and
resuspended with at least 150 µl of Western blotting lysis buffer. Genomic DNA was
sheared by repeated passage through a 1 ml syringe outfitted with a 25G 5/8 needle.
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Extracts from mouse skin and primary keratinocyte cultures were centrifuged at
14,000 rpm for 15 min at 4°C. Supernatants were transferred to new tubes and quantified
using a BCATM Protein Assay Kit (Pierce, #23227) as instructed by the manufacturer.
Following quantification, 50 µg of protein was combined with SDS sample buffer (2% SDS,
80 mM Tris-pH6.8, 10% Glycerol, 0.002% Bromophenol blue and 5% beta-Mercaptoethanol)
and boiled for 5 min. Proteins were resolved on polyacrylamide gels (4% stacking gel and 8%
resolving gel) at 25 mA for the stacking gel and 40 mA for the resolving gel followed by
transfer to Protran® nitrocellulose membranes (Whatman®, Dassel, Germany) at 70V for 45
min. Non-specific protein interactions were blocked via the incubation of membranes in 50
ml of blocking buffer (5% skim milk in TBS-T [50 mM Tris-pH7.5, 150 mM NaCl, 0.1%
Tween®-20]) at room temperature for 30 min, and then incubated with primary antibodies
diluted in antibody dilution buffer (0.5% skim milk in TBS-T) as indicated in the following
table (Table 6).
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Table 6 List of primary antibodies that are used for Western blotting.
Primary antibody

Catalog number

Dilution

Temperature

Incubation time

HA

SantaCruz, #sc-805

1:5,000

4°C

Overnight

Sp2

Sigma,

1:5,000

4°C

Overnight

1:5,000

Room

1 hour

#HPA003357
Actin

SantaCruz, #sc1616

Keratin 1

Covance, #PRB-

temperature
1:10,000

165P
Keratin 5

Covance, #PRB-

Covance, #PRB-

1:10,000

Covance, #PRB-

1:3,000

Covance, #PRB-

1 hour

Room

1 hour

temperature
1:10,000

155P
Loricrin

Room
temperature

159P
Keratin 14

1 hour

temperature

160P
Keratin 10

Room

Room

1 hour

temperature
1:10,000

145P

Room
temperature
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1 hour

Membranes were washed with TBS-T three times for 5 min each and then challenged with
secondary antibodies as indicated in the following table (Table 7).

Table 7 List of secondary antibodies that are used for Western blotting
Secondary antibody

Catalog number

Dilution

Temperature

Incubation time

Anti-rabbit

Promega, #W401B

1:10,000

Room temperature

1 hour

Anti-goat

SantaCruz, #sc-2768

1:10,000

Room temperature

1 hour

Following incubation with secondary antibodies, membranes were washed with TBST three times for 5 min each and antigen/antibody complexes were detected using a
chemiluminescent kit [AmershamTM ECLTM Western Blotting Analysis (GE Healthcare,
#RPN2109)]. In instances where membranes were reprobed with additional primary
antibodies, following chemiluminescent detection membranes was incubated with stripping
buffer (2% SDS, 100 mM beta-Mercaptoethanol, 50 mM Tris-pH6.8) at 50˚C for 30 min.
Stripped membranes were washed once with TBS-T for 5 min, incubated in blocking buffer
for 30 min at room temperature, and then incubated with appropriate dilutions of primary
antibodies.

2.13

Preparation of frozen and paraffin-embedded tissue sections
Frozen sections from mouse skin were prepared as follows. Mice were euthanized

by cervical dislocation, hair was removed with an electric clipper, and dorsal skin samples
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were collected using surgical scissors. Skin samples were trimmed to 1 cm by 1 cm using a
scalpel blade, fixed with 4% paraformaldehyde at 4°C for 4 hrs, followed by incubation in 30%
sucrose in PBS overnight at 4°C. Fixed tissues were placed in a plastic container, Tissue-Tek®
O.C.T. compound (Sakura Finetek USA, Inc., Torrance, CA, USA) was added, and samples
were stored at -80°C overnight. O.C.T.-embedded samples were mounted subsequently on
specimen discs. Skin sections were prepared with a cryostat (Leica CM1850) set at 10 µm
thickness and placed onto Fisherfinest Premium Frosted Microscope Slides (Fisher Scientific,
Pittsburgh, PA, USA).

Paraffin-embedded sections from mouse skin were prepared as follows. Mice were
euthanized by cervical dislocation, hair was removed with an electric clipper, and dorsal skin
samples were collected using surgical scissors. Skin samples were fixed in 10%
formaldehyde in PBS for 24 hrs, rinsed once with70% ethanol, and stored in 70% ethanol
until they were transferred to specialists in the histology lab at the College of Veterinary
Medicine at North Carolina State University for preparation of paraffin-embedded blocks
and sectioning.
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2.14

Immunohistochemistry

2.14.1 Immunohistochemical staining for Keratins, Loricrin, Green Fluorescent Protein
(GFP), and HA
Paraffin-embedded sections on microscope slides were incubated at 64°C for 20 min
prior to de-paraffinization and hydration via incubation in 100% xylene (three 4 min
incubations), 100% ethanol (two 3 min incubations), and 95% ethanol (two 3 min
incubations). Slides were washed twice for 5 min with PBS-T (0.1% Tween-20 in PBS) and
endogenous peroxidases were blocked by incubation in 3% H2O2 for 10 min at room
temperature. Slides were then washed twice for four min each with PBS-T and stained using
proprietary kits [Vectastain® ABC Kit (Vector Laboratories, Inc., Burlingame, CA, USA)]
manufactured for use with various primary antibody species as shown in the following table
(Table 8).
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Table 8 List of primary antibodies that are used for immunohistochemistry
Vectastain® ABC Kit

Primary antibody(s)

Antibody manufacturer

Dilution ratio

Rabbit

Keratin 1

Covance, #PRB-165P

1:3,000

Keratin 5

Covance, #PRB-160P

1:3,000

Keratin 6

Covance, #PRB-169P

1:3,000

Keratin 10

Covance, #PRB-159P

1:1,000

Keratin 14

Covance, #PRB-155P

1:3,000

Keratin 15

Covance, #PCK-153P

1:3,000

Loricrin

Covance, #PRB-145P

1:3,000

HA

SantaCruz, #sc-805

1:3,000

Keratin 8

Gift from Dr. Robert Smart

1:3,000

Rat

(105)
Mouse

GFP

SantaCruz, #sc-9996

53

1:3,000

Slides were incubated with blocking buffer [three drops of normal serum in 1%
bovine serum albumin (BSA) in PBS-T] prepared with normal serum corresponding to the
species in which biotinylated secondary antibodies were made. Following blocking at room
temperature for 30 min, primary antibodies were diluted as shown in the above table,
added dropwise to microscope slides, and incubated overnight at 4°C. Slides were washed
twice with PBS-T for four mins each, and biotinylated secondary antibodies were prepared
and applied to samples as instructed by the manufacturer. After incubation for 30 min at
room temperature with secondary antibodies, sections were washed twice with PBS-T for
five mins each, and sections were incubated with Vectastain® ABC Reagent for 30 min at
room temperature. Sections were washed twice with PBS-T for four min each and then
stained with DAB solution (Biogenex, #HK153-5K). DAB solution was removed by washing
with dH2O as soon as brown color development was apparent. Sections were
counterstained with hematoxylin for 2 min and dehydrated 95% ethanol (twice for three
min each), 100% ethanol (twice for three min each), and 100% xylene (three times for four
min each). Finally, cover slips were affixed to slides with Permount® mounting solution
(Fisher, #SP15-100).

2.14.2 Immunohistochemical staining for BrdU
Paraffin-embedded sections were de-paraffinized and hydrated with 100% xylene
(three times for five min each), 100% ethanol (twice for three min each), and 95% ethanol
(twice for three min each) followed by incubation in PBS for 5 min. Sections were incubated
in 2N HCl for 30 min at 37°C, and washed with fresh boric acid-borate buffer (85% of 0.2 M

54

boric acid and 15% of 0.05 M sodium borate buffer) for 3 min at room temperature.
Sections were digested with 0.01% trypsin [in 0.5 M Tris-HCl (pH7.8), 0.1% CaCl2] for 3 min
at 37°C, washed with dH2O for 1 min, and endogenous peroxidases were blocked by
incubation in 3% H2O2 for 10 min at room temperature. All subsequent steps (i.e., blocking,
antibody applications, and DAB staining) proceeded as described in the previous section
using a mouse anti-BrdU primary antibody (1:25, BD Biosciences, #347580).

2.15

Immunocytochemistry
Cells were cultured in six-well dishes that were pre-loaded with sterile glass cover

slips. In preparation for antibody staining, culture media was aspirated from each well and
cells were rinsed once with PBS, followed by incubation in 4% paraformaldehyde in PBS for
15 min at room temperature. Cover slips were washed with PBS three times for 5 min each
and incubated in blocking buffer (5% normal serum from the same species as the secondary
antibody to be utilized and 0.3% Triton X-100 in PBS) for 1 hr at room temperature. After
blocking, cover slips were incubated with primary antibodies diluted in antibody dilution
buffer (1% BSA and 0.3% Triton X-100 in PBS) overnight at 4°C. Cleaved caspase-3 (Cell
Signaling, #9661S) was used to stain apoptotic cells. Cover slips were washed with PBS three
times for 5 min each and incubated with a cocktail containing secondary antibodies (diluted
1:500 in antibody dilution buffer) as well as Alexa Fluor® 594 Phalloidin (1:40, Molecular
Probes, Eugene, OR USA) and 4',6-diamidino-2-phenylindole (DAPI; 1:50,000 dilution from
14.3mM stock in dimethylformamide). After 1 hr of incubation at room temperature, cover
slips were washed with PBS three times for 5 min each and rinsed once with dH2O for 5 min.
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Cover slips were affixed to microscope slides with Vectashield (Vector Laboratories, Inc.,
Burlingame, CA, USA).

2.16

In vivo tumorigenesis assay

2.16.1 Two-stage carcinogenesis
Mice were shaved under anesthesia at weaning (3 weeks old) and returned to their
cages for two days. The dorsal skin of each mouse was painted with 200 nmoles (51.2 µg) of
7,12-Dimethylbenz[a]anthracene (DMBA) diluted in 200 µl of acetone to generate initiated
cells. Two weeks after initiation, 6.8 nmoles (4.19 µg) of Phorbol-12-Myristate 13-Acetate
(TPA) diluted in 200 µl of acetone was applied to dorsal skin twice a week for 20-25 weeks.
Resulting papillomas were enumerated and monitored weekly until the size of any single
papilloma reached 1 cm in diameter or the experiment was terminated. Papillomas were
collected following euthanasia and processed for histology and/or immunohistochemical
staining.

2.16.2 Wound-healing assay
Mice were anesthetized via isoflurane inhalation and their dorsal skins were shaved
with an electric clipper. Four surgical wounds per mouse were made using a 4 mm diameter
disposable biopsy punch (Miltex, Inc., York, PA, USA). Mice were monitored until recovered
from anesthesia and returned to their cages. Wound healing was monitored and
documented daily, and instances in which papillomas developed were noted. Experiments
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were terminated when papillomas reached 1 cm in diameter or following papilloma
degeneration.

2.17

Treatment with Tacrolimus (Protopic®)
Dorsal skins were shaved two days prior to painting with Tacrolimus (Protopic®; 0.1%

tacrolimus ointment; Astellas Pharma Inc., Deerfield, IL, USA) and surgical wounding. On day
one of each experiment, mice were anesthetized via isoflurane inhalation and painted with
the Protopic® three hours prior to surgical wounding. Animals were painted once again with
Protopic® seven days after wounding and monitored daily until the size of papillomas in
untreated mice reached 0.5 cm in diameter or papillomas degenerated.

2.18

Statistical tests

Data is presented as average ± standard error. Statistical analysis was performed using
software Microsoft Excel (Microsoft, Redmond, WA). For the student t-tests, p-values less
than 0.05 were considered statistically significant.
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Chapter 3

58

3.

Mouse models of human cancers
Human cancers result from the accumulation of mutations that transform cells and

block intrinsic and extrinsic tumor surveillance mechanisms. To understand the relative
significance of any given mutation, it is often desirable to study its impact on cell
proliferation in isolation. Indeed, such studies offer the opportunity to distinguish tumorassociated genetic defects that are functionally significant ("driver" mutations) from genetic
aberrations that are merely associated with tumorigenesis ("passenger" mutations). Mice
have been used extensively as models of human cancers for a number of reasons. First, they
are small and relatively inexpensive to maintain. Second, mice breed relatively frequently
(more than once a month), their gestation time is short (about 21 days), and their genomes
can be genetically modified. Third, mouse genes are closely-related to their human
counterparts. Approximately 99% of mouse genes have a homologue in the human genome
(106, 107). Furthermore, the stepwise progression of human cancers is recapitulated in
murine cancers (108). Finally, hundreds if not thousands of genetically modified mouse
strains have been created and characterized and are readily available for inter-breeding.
Many of these existing strains can be utilized to test specific hypotheses about mechanisms
underlying tumorigenesis in a newly created strain of interest.

Palmiter and Brinster reported the creation of the first transgenic mouse strains
(109). Subsequent advances in the genetic manipulation of gene expression have enabled
researchers to regulate the expression of genes of interest both temporally and spatially in
vivo. This technology is extremely powerful, yet transgenic mouse models also have several
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inherent disadvantages. Transgenes integrate randomly within chromosomes and can
disrupt endogenous genes inadvertently. Such gene disruptions can result in confounding
phenotypes that can complicate the interpretation of phenotypes due to transgene function.
Transgenic founders carry variable numbers of each transgene, and differences in gene
dosage must be factored into the analysis of resulting phenotypes. Finally, limited numbers
of tissue-specific promoters are available and thus it is often difficult to assess the
functional significance of a gene of interest in the appropriate cell type. Despite these
limitations, transgenic mouse strains have provided a great deal of insight into molecular
mechanisms underlying tumor initiation, progression, and metastasis (for a detailed review,
see (110)). For example: (1) tumor development has been shown to require multiple genetic
alterations, such as loss of p53 and activation of any two of three oncogenes examined (cmyc, K-Ras, and Akt) (111). (2) Certain tumors require continuous expression of oncogenes
(a phenomenon termed oncogene "addiction") for tumor maintenance (112). (3) Transgenic
mice that over-express a mutated Ras (K-RasG12D) oncogene recapitulate pancreatic
tumorigenesis, including spontaneous metastasis and a serum proteomic signature
characteristic of human disease (113). In conclusion, previous studies in which human
cancers have been modeled in mice have advanced tremendously our knowledge of the
biology of cancer. Further investigations are continually developing new genetically
modified mouse strains to better model human cancers.

60

3.1

Creation of Sp2 transgenic mouse lines
As mentioned previously, a link between elevated Sp2 protein expression and the

progression of human prostate tumors had been reported (94). As will be detailed in
Chapter 4, we noted that the expression of mouse Sp2 is also directly correlated with the
progression of carcinogen-induced squamous carcinomas of the skin. To determine if Sp2
over-expression is a "driver" of tumorigenesis or an epiphenomenon in this murine cancer,
we decided to generate a transgenic mouse strain in which a wild-type mouse Sp2 (mSp2)
cDNA is over-expressed in basal keratinocytes (the cell of origin for squamous carcinomas)
via the bovine keratin 5 (K5) promoter. The K5 promoter has been used extensively to
express various transgenes within the basal layer of mouse stratified squamous epithelia
(114). To determine if the Sp2 DNA-binding domain is required for phenotypes that might
result in transgenic animals, we created an independent transgenic strain in which a
mutated Sp2 cDNA (termed mSp2-NotI) that encodes a DNA-binding deficient protein is
over-expressed in the same cells. Our transgenes were prepared in plasmid pTg1 via the
subcloning of the bovine K5 promoter upstream of 5'UTR, splice donor, and splice acceptor
sequences derived from the mouse albumin gene. These albumin-derived splicing
components were incorporated into our transgene constructs because pre-mRNA
processing has been shown to increase the efficiency of transgene expression (115). Fulllength, epitope-tagged (Influenza hemagglutinin; HA) mSp2 and mSp2-NotI cDNAs were
subcloned just downstream of the albumin splice acceptor sequence followed by SV40derived poly-A sequences. The integrity of these transgene constructs was confirmed by
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DNA sequencing, and expression of proteins of the expected sizes was confirmed by
Western blotting of extracts prepared from transiently transfected COS-7 cells (Figure 5).
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A

B

Figure 5 Expression of Sp2 and Sp2-NotI proteins in transiently-transfected COS-7 cells. A.
COS-7 cells were transfected with pTG1-K5-mSp2/HA (lane 3) or pCVM4-Sp2/flu (positive
control; lane 2). Cell extracts prepared from COS-7 cells were used as a negative control
(lane 1). Western blotting with an anti-HA antibody detected an HA-tagged protein of the
predicted size (80kDa). B. COS-7 cells were transfected with three independent pTG1-K5mSp2/HA-NotI clones (#2-4) or pCMV4-Sp2/flu as a positive control (lane 1).COS-7 cell
extracts appear in lane 2 as a negative control. Each transgene clone elicited a truncated
HA-tagged protein of the expected size (lane 3-5).
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3.2

Microinjection of transgene constructs and identification of founder lines
Transgenic mice are generated via the microinjection of transgenes into the FVB/NJ

pronuclei of fertilized eggs by Animal Models Core at University of North Carolina at Chapel
Hill. Each transgene was cleaved with Not I restriction endonuclease to liberate the
transgene from the plasmid backbone, resulting DNA fragments were gel purified, injected
into fertilized eggs, and microinjected eggs were implanted into the oviducts of
pseudopregnant females.

Twenty pups were born following the microinjection of the mSp2 transgene into
FVB/NJ pronuclei. The PCR was employed to detect potential founder animals. Genomic
DNA was prepared from each pup and combined with transgene-specific primers that had
been shown to detect the transgene when mixed with a vast excess of mouse chromosomal
DNA. Genomic DNAs derived from five animals scored positive in this assay and these
animals were designated Sp2-A through Sp2-E. After reaching sexual maturity, each
potential founder was inter-bred with wild-type animals to determine if the transgene had
been incorporated into the germ line. Three (Sp2-A, C, and E) of five transgene-positive
animals transmitted the transgene to their descendants, giving rise to three families of
transgenic animals that were characterized further. Following identical procedures, a single
Sp2-Not I founder was identified amongst 28 pups resulting from pronuclear
microinjections. Each Sp2 and Sp2-Not I founder transmitted their respective transgene to
50% of their descendants indicating that transgene integration had occurred within a single
mouse chromosome. Expression of the transgene in the offspring of the founder lines was
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investigated by Western blotting using anti-HA antibody and qRT-PCR using primers that
bind to both endogenous and exogenous Sp2 transcripts. Once I confirm the expression of
transgene in those transgenic animals, I preceded TAIL-PCR (as described in Section 2.9.1) to
clone the integration site of transgene in each transgenic line.

3.3

Identification of sites of transgene integration
To determine the integration sites of each transgene, and thus ascertain if transgene

integration had disrupted an endogenous gene, a technique termed Thermal Asymmetric
Interlaced (TAIL)-PCR was used (detailed methods are described in Section 2.9.1.). This
strategy employs a series of PCRs in which a nested set of transgene-specific primers is
combined with a set of degenerate primers. Following multiple rounds of DNA
amplifications and sequencing of resulting products, the mSp2 transgene was localized to
mouse chromosome 6 in Sp2 Family-A members and chromosome 5 in Sp2 Family-C
members. In Family-A animals, transgene integration occurred in an intergenic region 40
kbp upstream of exon 1 of mouse Olr1 (Oxidized low-density lipoprotein receptor1). In
Family C animals, transgene integration occurred within the coding region of mouse
Lphn3/CIRL3 (latrophilin 3) resulting in the deletion of 630 nucleotides of intron 15 and 65
nucleotides of exon 16. Lphn3/CIRL3 encodes a brain-specific G protein-coupled receptor
that is expressed most abundantly immediately after birth (116). It is not known if
Lphn3/CIRL3 is an essential gene nor is its physiological significance understood; however a
recent study indicates that LPHN3 is a novel susceptibility gene for Attention Deficit
Hyperactivity Disorder (ADHD), the most common childhood behavioral disorder (117).
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Additionally, antisense oligonucleotides targeting Lphn3/CIRL3 have been reported to
suppress hypoxia-induced cell death in hippocampal and cortical cell cultures (118). These
latter results suggest that latrophilin 3 may be of functional importance in processes leading
to neurodegeneration. TAIL-PCR failed to result in the cloning of the Sp2-NotI integration
site, and thus its chromosomal location remains uncertain.
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Chapter 4
This chapter appeared in Tae-Hyung Kim, Shannon L. Chiera, Keith E. Linder, Carol S.
Trempus, Robert C. Smart, and Jonathan M. Horowitz, Overexpression of Transcription
Factor Sp2 Inhibits Epidermal Differentiation and Increases Susceptibility to Wound- and
Carcinogen-Induced Tumorigenesis, Cancer Res; 70(21) November 1, 2010
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4.
Over-expression of transcription factor Sp2 inhibits epidermal differentiation and
increases susceptibility to wound- and carcinogen-induced tumorigenesis
4.1

Sp2 protein expression increases in concert with DMBA/TPA-induced skin

carcinogenesis.
Since Sp2 expression is correlated directly with the progression of human prostate
cancers (94), it became of interest to determine if this correlation might extend to
additional neoplasms at one or more stages of tumor progression. We chose carcinogeninduced mouse squamous cell carcinomas as our model system for these studies. Protein
extracts were prepared from normal whole skin and epidermis, a series of small-, medium-,
and large-sized DMBA/TPA-induced papillomas, a mouse cell line derived from a
DMBA/TPA-induced squamous cell carcinoma (MT2.6; 18), and a spontaneouslyimmortalized mouse keratinocyte cell line (BALB/MK2; 22), and equivalent amounts of each
extract were examined by Western blotting. As shown in Figure 6, Sp2 expression was
below the limit of detection in normal mouse skin (lane 1), epidermis (lane 2), or small-sized
papillomas (lanes 3-5). Sp2 expression was barely detectable in medium-sized papillomas
(lanes 6-8), was expressed to significant levels in two of three large-sized papillomas (lanes
9-11) and was expressed strongly in BALB/MK2 and MT2.6 cells (lanes 12 and 13,
respectively). These results indicate that Sp2 expression is up-regulated in this model
system, is correlated directly with the progression of DMBA/TPA-induced neoplasms, and is
a feature of immortalized (BALB/MK2) keratinocytes. In contrast, Sp1 expression was not
correlated with progression in this model system (Figure 6). Sp2 expression is also elevated
in human squamous carcinoma cell lines relative to primary human keratinocytes (Figure 7).
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Figure 6 Western blotting of normal and various stages of tumors of mouse epidermis.
Extracts from whole skin, epidermis, carcinogen induced papillomas in various sizes, and
tumor cells lines were immunoblotted against Sp2 and Sp1. Expression level of Sp1 is
consistent regardless of tumorigenesis stages. In contrast, expression level of Sp2 is directly
correlated with tumor progression.

Figure 7 Western blot of human samples with polyclonal antibodies against Sp2 (αSp2)
and actin (αActin). Lane 1, primary human keratinocytes; lane 2, SCC13; lane 3, SCC23; lane
4, SQCCY1.
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4.2

Sp2 over-expression in basal keratinocytes causes alopecia in hemizygotes and post-

natal lethality in homozygotes.
Sp2-A and -C hemizygotes have been bred with FVB/NJ animals for more than 11
generations and exhibit normal life expectancy and fecundity. A majority of Sp2-A
hemizygotes develop alopecia and hyperkeratosis beginning at two months of age (Figure
8A). These skin abnormalities can occur at discrete sites, e.g., sites of abrasion or repetitive
movement, or extend throughout the dorsal surface and affected regions increase in
severity with age. Sp2-C hemizygotes do not exhibit alopecia or other gross phenotypic
abnormalities. Homozygous Sp2-A or -C transgenic pups are produced at expected ratios,
and the gross appearance of these animals at birth is indistinguishable from wild-type and
hemizygous littermates. However, homozygotes perish within the first two weeks of postnatal life. The skin of Sp2-A homozygotes begins to deteriorate on post-natal day three
(PD3), becoming increasingly reddened and hyperkeratotic (Figure 8B, asterisks). Such pups
become runted and developmentally retarded relative to their littermates and succumb
prior to PD13. The skin of Sp2-C homozygotes deteriorates more quickly and pups perish
prior to PD3.
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A

B

Figure 8 Gross phenotypes of hemizygous and homozygous Sp2-A animals. A, alopecia in
adult hemizygotes. Representative affected animals are illustrated at 2 to 4 mo of age. B, F2
litter of WT, hemizygous, and homozygous animals on PD12. Homozygous animals are
indicated with an asterisk.
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Histological examinations of PD1 Sp2-A homozygous pups revealed a well-structured
stratified epidermis with an intact stratum corneum, as well as developing sebaceous glands
and hair follicles similar to wild-type animals. Multifocal apoptosis within the epidermal
basal layer was marginally elevated relative to wild-type littermates with scattered
disorganization of basal cells that became significantly more pronounced by PD4. A loss of
normal epidermal architecture was noted by PD6 with a disorganization of cells in all layers
and occasional areas of partial to complete epidermal collapse where the stratum spinosum
contacted the dermis. Loss of laminar epidermal architecture was accompanied by
scattered apoptosis, hypertrophy and hydropic swelling of keratinocytes, as well as
orthokeratotic laminated hyperkeratosis and patchy areas of parakeratosis. The severity
and extent of these aforementioned features worsened progressively through PD13.
Histological examinations of Sp2-C pups revealed identical epidermal defects.

To assess levels of Sp2 expression in transgenic animals two experiments were
performed. First, RNAs were harvested from whole skin of wild-type, hemizygous, and
homozygous post-natal pups and Sp2 expression was detected via RT-PCR. As shown in
Figure 9, robust levels of Sp2 message were detected in hemizygous and homozygous Sp2-A
(left panel) and Sp2-C (right panel) animals relative to wild-type littermates. Second, levels
of Sp2 expression were quantified by real-time PCR as a function of animal age. Real-time
PCR assays performed with RNAs from whole skin of three-month old hemizygotes
indicated that Sp2 expression was nearly 20-fold above endogenous levels in Sp2-A animals
and elevated by 200-fold in Sp2-C animals (data not shown). Levels of exogenous Sp2
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expression in Sp2-C hemizygotes increased with age whereas transgene expression levels in
Sp2-A hemizygotes remained unchanged (data not shown).

Figure 9 Expression of transgene in vivo. Amplification of endogenous and exogenous Sp2
mRNAs in WT and transgenic animals via RT-PCR. Total RNAs were prepared from dorsal
whole skin from WT, hemizygous, and homozygous littermates on PD1 and analyzed by RTPCR with Sp2- or GAPDH-specific primers. Left, Sp2-A; right, Sp2-C.
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To determine if proteins of expected sizes were synthesized in transgenic animals,
denatured extracts were prepared from whole skin and Western blots were performed
using an anti-HA antibody. Consistent with results obtained in transfection experiments
(Figure 5), a single protein of 80 kDa was detected (Figure 10). To determine if the bovine
keratin 5 promoter directed expression of Sp2 to basal keratinocytes, paraffin-embedded
sections were prepared from whole skin harvested from wild-type and homozygous Sp2-A
littermates and exogenous Sp2 expression was detected via immunohistochemistry using an
anti-HA antibody. As shown in Figure 11, basal cells within the interfollicular epidermis as
well as the hair follicle outer root sheath stained strongly with an anti-HA antibody whereas
sections prepared from wild-type animals lacked staining. We conclude that the Sp2
transgene is expressed as anticipated, and Sp2 over-expression in basal keratinocytes
results in alopecia in Sp2-A hemizygotes and post-natal lethality in Sp2-A and -C
homozygotes.
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Figure 10 Expression of epitope-tagged Sp2 protein in vivo. Lysates from epidermis of
transgenic mouse lines, Sp2-A and Sp2-C, were analyzed with anti HA antibody. Extract from
wild type epidermis is negative whereas extracts from Sp2-A and Sp2-C epidermis have HA
positive band in a correct size (80kDa).

Figure 11 Ectopic expression of mouse Sp2 in basal keratinocytes. Immunohistochemical
detection of ectopic mouse Sp2 expression in basal keratinocytes of Sp2A homozygotes.
Paraffin-embedded dorsal skin sections prepared from WT (left) and homozygous
transgenic (right) littermates on PD6 were analyzed with an anti-HA antibody. HA-positive
basal keratinocytes are indicated by a filled arrowhead. The basement membrane
separating the epidermis from dermis is indicated by a dotted red line.
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4.3

Sp2 over-expression causes arrested differentiation of the interfollicular epidermis.
To determine the consequence of Sp2 over-expression for epidermal differentiation,

paraffin-embedded whole skin sections were prepared from Sp2-A homozygotes and wildtype littermates on successive post-natal days. Pups were injected with BRdU one hour
prior to euthanasia to label proliferating cells, and skin sections were examined with antiBRdU antibodies as well as antibodies against differentiation-specific markers. As shown in
Figure 12, sections stained with hematoxylin and eosin revealed that the epidermis of wildtype and homozygotes is similar in cell stratification and thickness on PD2 but diverge
markedly on subsequent post-natal days. The epidermis of homozygotes thickened
increasingly on PD3-4 relative to wild-type littermates with hypertrophic and hydropically
swollen cells accumulating in disorganized epidermal layers. To determine whether
markers of basal (keratins 5 and 14) and suprabasal (keratin 10) keratinocytes were
expressed on these post-natal days, paraffin-embedded sections were analyzed by
immunohistochemistry. Keratins 5, 10, and 14 were expressed as expected in wild-type
animals (Figure 12, top panels), whereas the expression of these markers was altered
profoundly in homozygotes (Figure 12, bottom panels). Basal keratinocytes of homozygotes
expressed keratin 5 on PD2 with sporadic keratin 5-stained cells noted in suprabasal layers.
The abundance of keratin 5-positive cells in all epidermal cell layers increased significantly
on PD3-4. Similarly, keratin 14 expression was detected in basal keratinocytes on PD2 and
in all epidermal layers on subsequent days. Keratin 10 expression was detected in all
suprabasal layers on PD2, and diminished to low levels or was absent in the granular and
cornified layers during subsequent post-natal days.
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Figure 12 Histochemical and immunohistochemical characterization of postnatal Sp2-A
homozygotes. Paraffin-embedded dorsal skin sections from WT (top) and homozygous
transgenic (bottom) littermates on PD2 to PD4. Sections were stained with H&E or with
antibodies against keratin 5 (K5), 10 (K10), or 14 (K14). Dashed red lines indicate the
position of the epidermal basement membrane.

77

To extend this analysis, paraffin-embedded sections on PD4 were examined for the
expression of a bevy of additional markers (Figure 13). The expression of keratin 6, a
marker associated with neoplastic, inflamed, and/or wounded epidermis, was detected in
the epidermis of homozygotes but not wild-type animals (119, 120). Keratin 8, an
alternative heterodimeric partner of keratin 14 and a keratin normally restricted to "simple"
epithelia, was detected in the epidermis of homozygotes and absent in wild-type animals
(121-124). Finally, a marker characteristic of the stratum corneum, loricrin, was not
detected in homozygotes.

To determine if epidermal distress induced the recruitment of stem cells from the
hair follicle "bulge" region to the interfollicular epidermis, two experiments were performed.
First, PD4 sections were stained for the expression of CD34, a well-characterized marker of
this stem cell population (125, 126). Second, a lineage tracing experiment was performed in
which Sp2-A mice were inter-crossed with animals that express a transgene, K15-EGFP,
restricted to "bulge"-derived stem cells (127, 128). CD34- and EGFP-positive cells were
detected within the basal and suprabasal layers of Sp2-A homozygotes, but not wild-type
littermates, on PD4 indicating the recruitment of "bulge"-derived cells to the interfollicular
epidermis (Figure 13).
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Figure 13 Immunohistochemical characterization of postnatal day 4 Sp2-A homozygotes.
Paraffin-embedded dorsal skin sections from K15-EGFP transgenic animals (left) and [K15EGFP, Sp2-A/Sp2-A] double-transgenic (right) littermates on PD4. Sections were stained
with antibodies against keratin 6 (K6) or 8 (K8), loricrin (Lor), CD34, EGFP, or BrdUrd. A filled
arrowhead indicates a BrdUrd-positive suprabasal keratinocyte, and dashed red lines
indicate the position of the epidermal basement membrane.
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Finally, sections were stained with an anti-BRdU antibody to identify proliferating
cells. BRdU-positive cells were detected in the basal layers of both wild-type and
homozygous animals, however BRdU-positive cells were also noted in suprabasal layers of
homozygotes (arrowhead, Figure 13). To quantify basal cell proliferation, BRdU-positive
cells within the interfollicular epidermis of wild-type and homozygous post-natal animals
were enumerated and compared. As shown in Figure 14, BRdU-positive basal cells were
more numerous in homozygotes however this level of increased cell proliferation was not
statistically significant (p<0.1). Taken together, we conclude from these
immunohistochemical analyses that Sp2 over-expression in basal keratinocytes produces a
population of phenotypically immature keratinocytes that appear unable to commit to the
epidermal differentiation program.
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Figure 14 Enumeration of BrdUrd-positive basal keratinocytes. Basal keratinocytes within
the interfollicular epidermis of K15-EGFP and [K15-EGFP, Sp2-A/Sp2-A] double-transgenic
littermates on PD4. Columns, mean (K15-EGFP, n ≥ 3,400 cells/group; [K15-EGFP, Sp2A/Sp2-A], n ≥ 7,300 cells/group); bars, SE.
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4.4

Sp2 over-expression renders hemizygous animals susceptible to wound-induced

neoplasia.
In the course of these studies we noted that Sp2-C hemizygotes developed
occasional papillomas at sites of ear punches or minor wounds sustained from littermates.
To quantify this apparent susceptibility to wound-induced neoplasia, full-thickness surgical
wounds (4 mm diameter) were introduced into the dorsal skin of Sp2-C hemizygotes and
wild-type littermates and these animals were monitored for the development of papillomas.
As shown in Figure 15, surgery-induced papillomas developed within weeks following
wounding of Sp2-C hemizygotes. Whereas surgical wounding of wild-type animals did not
induce the formation of a single papilloma, 27% of wounds sustained by Sp2-C hemizygotes
induced papillomagenesis (p=0.001; Figure 16A). To determine if the incidence of woundinduced papillomagenesis is influenced by animal age, results presented in Figure 16A were
plotted as a function of the age of Sp2-C animals at the time of surgery. Whereas young
animals (one to four months of age) were only mildly susceptible to wound-induced
papillomas, 70% of animals developed papillomas when wounded at six to ten months of
age and this increased incidence of papillomagenesis is statistically significant (p<0.01;
Figure 16B). We conclude from these results that Sp2 over-expression in basal
keratinocytes induces a marked susceptibility to wound-induced neoplasms. Moreover, this
susceptibility to papillomagenesis increases in concert with the age-dependent increase in
Sp2 expression noted in these animals.
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Figure 15 Wound-induced papillomas in Sp2-C hemizygotes. Papilloma development on
the dorsal surface of a surgically wounded Sp2-C hemizygote. The number of days following
wounding is indicated below each image.

A

B

Figure 16 Incidence of wound-induced papillomas in wild-type and Sp2-C hemizygotes. A,
percentage of surgical wounds that produced papillomas in WT and Sp2-C hemizygous
littermates in animals between 1 and 20 mo of age. Columns, mean (WT, n = 11 mice/group;
Sp2-C, n = 48 mice/group); bars, SE. B, percentage of Sp2-C hemizygotes that developed
wound-induced papillomas as a function of age at time of surgery. Columns, mean (1–4 mo,
n = 9 mice/group; 6–10 mo, n = 17 mice/group; 12–20 mo, n = 22 mice/group); bars, SE.
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Histological examinations of wound-induced lesions revealed them to be
pedunculated to sessile cutaneous papillomas, composed of epidermal hyperplasia and
fibrovascular stroma that often contained mixed neutrophilic and lymphoplasmacytic
inflammation (Figure 17). Multifocal areas of mild epidermal dysplasia were accompanied
by mild to moderate keratinocyte apoptosis in the basal and immediate suprabasal layers,
where lymphocyte satellitosis was occasionally noted. Skin sections prepared from woundinduced papillomas were examined by immunohistochemistry for markers of cell
proliferation (PCNA) and keratinocyte differentiation (keratins 5, 6, 8, 10, 14, 15 and
loricrin). Consistent with expectations, only a minority of basal cells within the epidermis at
the margins of wound-induced papillomas stained with PCNA antibodies (Figure 18, left
column). In stark contrast, PCNA-positive cells were detected throughout wound-induced
papillomas in basal as well as suprabasal cell layers (Figure 18, right column).
Differentiation markers (keratins 5, 14, and 15) expressed within cells of the basal cell layer
in margin tissue were detected largely in suprabasal layers of wound-induced papillomas
(Figure 18). Keratin 10 was detected in all suprabasal layers in margin tissue yet was
detected weakly in the most superficial suprabasal layers of papillomas (Figure 18).
Consistent with results noted earlier for post-natal transgenic homozygotes, keratins 6 and
8 were detected throughout the epidermis of wound-induced neoplasms (Figure 18).
Finally, diffuse loricrin expression was detected in papillomas within an expanded
suprabasal zone relative to its restricted expression within the cornified layer of margin
tissue (Figure 18). We conclude from immunohistochemical results that wound-induced
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neoplasms are composed of highly proliferative, phenotypically immature keratinocytes
that exhibit a profound disruption of the epidermal differentiation program.

Figure 17 Low-magnification image of wound-induced papilloma. Whole papillomas
samples were fixed in 10% formalin and embedded in paraffin, and 10-μm sections were
placed on glass slides. Sections were deparaffinized and rehydrated by consecutive
incubations in xylene, 100% ethanol, and 95% ethanol and subjected to staining with H&E.
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Figure 18 Characterization of wound-induced papillomas in Sp2-C hemizygotes.
Histochemical and immunohistochemical characterization of a wound-induced papilloma.
Paraffin-embedded dorsal skin tissue sections from the papilloma margin (left column) and
papilloma (right column) were stained with H&E or various antibodies. Antibodies used are
indicated as in Figure 13 and 14, with the exception of the addition of antibodies against
PCNA and keratin 15 (K15).
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4.5

T cell activation is not required for the wound-induced papillomas
Neoplasia following surgical wounding has been noted in a number of animal

systems, including humans (129). In some instances the growth of wound-induced
neoplastic lesions has been shown to require the infiltration of activated T cells (130). For
example, T cell infiltration is required for wound-induced papillomagenesis in transgenic
mice that over-express activated MAPK kinase 1 (MEK1) via the human involucrin promoter
(130, 131). As a first step towards determining if T cell activation is required for woundinduced papillomagenesis, Sp2-C animals were treated topically with Tacrolimus (Protopic®),
a well-characterized T-cell inhibitor. Tacrolimus blocks the dephosphorylation of
transcription factor NF-AT (nuclear factor of activated T-cells) by calcineurin and in so doing
prevents the expression of genes characteristic of activated T cells, such as IL-2 and related
cytokines (132). Tacrolimus was applied topically to the dorsal skin of Sp2-C animals and
wild-type littermates three hours before surgical wounding, and every day for five weeks
beginning one week after surgery. Interestingly, Tacrolimus treatment in Sp2-C, but not
wild-type animals, increased wound-induced papillomagenesis dramatically suggesting that
a T-cell mediated immune response limits the outgrowth of wound-induced papillomas in
Sp2-C hemizygotes (Figure 19).
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Figure 19 Growth of wound-induced papillomas does not require activation of infiltrating
T cells. Sp2 transgenic mice were treated topically with Tacrolimus (Protopic®), a wellcharacterized inhibitor of T-cells, before and after surgical wounding. Tacrolimus treatment
of transgenic, but not wild-type animals, increased wound-induced papillomagenesis
dramatically suggesting that infiltration of activated T-cells is not required for
papillomagenesis. Instead, T-cells appear to limit the outgrowth of these wound-induced
lesions.
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4.6

Sp2 over-expression increases the sensitivity of hemizygous animals to skin

carcinogenesis.
To determine if Sp2 over-expression increases the sensitivity of basal keratinocytes
to transformation by an environmental carcinogen, papillomagenesis in Sp2-C hemizygotes
and control animals was analyzed using a "two-stage" model of skin carcinogenesis. Wildtype and hemizygous Sp2-C littermates were treated with a single application of DMBA
followed by twice weekly treatments with TPA for 20 weeks. Sp2-C hemizygotes and wildtype littermates developed papillomas 5.5 and 7.5 weeks following DMBA treatment,
respectively (data not shown), and DMBA/TPA-treated Sp2-C hemizygotes exhibited greater
numbers of papillomas per animal throughout the course of this study (Figure 20). Treated
animals were sacrificed prior to the progression of papillomas to squamous cell carcinomas
and thus it was not possible to determine whether ectopic Sp2 expression affects the
incidence of tumor progression. We conclude from these results that Sp2 over-expression
in basal keratinocytes increases their sensitivity to an environmental carcinogen.
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Figure 20 Incidence of DMBA/TPA-induced papillomas in wild-type and Sp2-C hemizygotes.
Mean number of DMBA/TPA-induced papillomas per animal (WT, n = 8 mice/group; Sp2-C,
n = 14 mice/group) are plotted as a function of age at time of DMBA treatment. Bars, SE.
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4.7

Creation of Sp2-NotI mice and characterization of transgene expression
To determine if the phenotypes exhibited by Sp2 transgenic strains require an intact

DNA-binding domain, we prepared an analogous transgenic strain in which a DNA-binding
deficient Sp2 protein is over-expressed in epidermal progenitor cells. To create this mutant
protein, we took advantage of a unique BspEI restriction site within the mouse Sp2 cDNA
that occurs downstream of the nuclear localization sequence and within the first zinc“finger” of the DNA-binding domain. We predicted that cleavage with BspEI, followed by
“filling-in” of resulting “sticky” ends and blunt-end ligation, would lead to a “frame-shift”
mutation producing a karyophilic protein lacking DNA-binding activity. Such a mutated
protein would be expected to be transported to the nucleus where it could potentially
interact with natural Sp2-interacting proteins via the Sp2 trans-activation domain. If so,
such a protein might be predicted to have “dominant-negative” effects with respect to Sp2mediated transcription in epidermal progenitor cells. As for the transgenic strains carrying a
wild-type Sp2 transgene, transcription of the mutated Sp2 cDNA in this transgene (pTG1mSp2-NotI/HA) is regulated by the bovine keratin 5 promoter. As presented in the previous
chapter, this mutated cDNA was shown to produce a stable, epitope-tagged protein of the
predicted size in transfected cells.

To confirm that the expression of the transgene carried by Sp2-NotI mice was as
predicted, denatured protein extracts were prepared from the epidermis of transgenic mice
and examined by Western blotting with anti-HA and anti-Sp2 antibodies. As shown in Figure
21, a novel HA-tagged Sp2 protein was detected in these extracts and as predicted this
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protein is approximately 4.5 kDa smaller in size than endogenous Sp2 protein. It is also
apparent that this truncated Sp2 protein is over-expressed relative to levels of the
endogenous protein. To quantify this level of expression more precisely, the abundance of
Sp2 message was determined by qRT-PCR using oligonucleotide primers that are expected
to amplify endogenous and exogenous Sp2 mRNAs. As shown in Figure 22, Sp2 message is
60-fold higher in the epidermis of Sp2-NotI mice than wild-type animals.
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Figure 21 Western blots of Sp2 proteins expressed in the epidermis of wild-type and Sp2NotI animals. (Top) Denatured epidermal protein extracts were challenged with an anti-HA
antibody. (Bottom) A parallel set of denatured extracts were examined with an anti-Sp2
antibody. Note the appearance of a truncated Sp2-derived protein in extracts prepared
from Sp2-NotI transgenic animals.
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Figure 22 Relative expression levels of Sp2 mRNA in the epidermis of wild-type and Sp2NotI transgenic animals. Endogenous and exogenous Sp2 transcripts were amplified with
primers that bind exons 5 and 6, and message levels were quantified by qRT-PCR. RNAs
were prepared from the epidermis of wild-type and Sp2-NotI animals of the same
approximate age (3 months old). The expression of Sp2 message in wild-type epidermis is
set equal to 1.
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4.8

Phenotypes presented by Sp2-NotI transgenic animals.
As mentioned above, Sp2-A hemizygotes begin to exhibit signs of alopecia (hair loss)

at weaning and, in general, this phenotype progresses as these animals age. Alopecia in
individual Sp2-A animals can be limited to discrete body surfaces, e.g., sites of repetitive
movement or sites of repeated scratches, or be more general, e.g., encompassing nearly the
entirety of the dorsal surface. Sp2-NotI hemizygotes present with a similar hair loss
phenotype; these animals begin to lose hair at approximately three months of age, and
their dorsal surface becomes nearly hairless by 11 months of age (Figure 23). Unlike to Sp2A and Sp2-C animals, I don’t have allele specific primers for genotyping of Sp2-NotI animals
because the TAIL-PCR failed to clone the integration site of transgene. Due to this lack of
primers, Sp2-NotI homozygous animals cannot be distinguished from wild-type and/or
hemizygous littermates. Indeed, further phenotypic analysis that might be associated with
those Sp2-NotI homozygous animals was not pursued.
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Figure 23 Alopecia in Sp2-NotI mice. Sp2-NotI mice begin to lose their hair at three months
of age and this hair loss progresses as these animals age. By 11 months of age the dorsal
surface of these animals is nearly devoid of hair.

95

As discussed above, over-expression of wild-type Sp2 in basal keratinocytes
sensitizes animals to wound-induced neoplasia and increases susceptibility to carcinogeninduced tumorigenesis. To determine if the Sp2 DNA-binding domain is required for these
effects, Sp2-NotI animals were analyzed in a two-stage carcinogenesis experiment identical
to that performed for Sp2-C animals. In stark contrast with results for Sp2-C animals, the
incidence of papillomagenesis in Sp2-NotI mice treated with DMBA/TPA is half that of wildtype littermates (Figure 24B; p<0.01). In 7.5 weeks after initiation, first papillomas are
observed both in wild-type and Sp2-NotI transgenic animals. Even though papillomas are
formed around same time, papillomas in Sp2-NotI mice grow slower than those in wild-type
animals. Most of the papillomas in Sp2-NotI mice don’t grow bigger than 5 mm in diameter
whereas most of papillomas in wild-type grow bigger than 5mm and animals are euthanized
when papillomas become 1 cm in diameter (Figure 24A). I conclude from this result that
over-expression of the Sp2 DNA-binding domain in basal keratinocytes is required for
increased susceptibility to carcinogen-induced neoplasia. Given that Sp2-NotI animals are
less sensitive to DMBA/TPA-induced tumorigenesis than wild-type animals, these data also
suggest that over-expression of the Sp2 trans-activation domain interferes with one or
more mechanisms underlying carcinogenesis in this system and thus may function as a
dominant negative.
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Figure 24 The Sp2 DNA-binding domain is required for increased susceptibility of
transgenic animals to tumorigenesis. A. Comparison of papilloma size and numbers
between wild-type and Sp2-NotI animals. Pictures were taken at post-promotion week 15.
Wild-type animals (left) have more and bigger papillomas than Sp2-NotI animals (right) B.
The incidence of papillomagenesis in Sp2-NotI mice (n=21) treated with DMBA/TPA is half
that of wild-type animals. These results indicate that the Sp2 DNA-binding domain is
required for increased susceptibility to tumorigenesis and suggests that over-expression of
the trans-activation domain may dominantly-interfere with the outgrowth of tumors.
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This study establishes that Sp2 over-expression inhibits the differentiation of
epidermal keratinocytes, rendering these cells susceptible to oncogenesis. Indeed, the
striking incidence of wound-induced papillomagenesis in Sp2-C hemizygotes indicates that
Sp2 over-expression is sufficient, in the appropriate physiological milieu, to subvert
mechanisms controlling basal cell proliferation and differentiation. Similar susceptibilities
to wound-induced neoplasia have been reported in transgenic animals expressing potent
oncogenes, e.g., Ha-ras or v-jun, in this same epidermal compartment (133-135). It will be
of interest to determine whether wound-induced neoplasms in Sp2-C hemizygotes are
dependent on inflammatory growth factors and cytokines released following wounding, as
has been noted in other systems (136-139). Since stem cells supporting the interfollicular
epidermis are located within the basal layer, our results suggest that Sp2 may regulate the
commitment of progenitors in this, and perhaps additional, stem cell compartments. In
keeping with this speculation, Sp2 over-expression is associated with the progression of
human prostatic carcinoma and thus Sp2 may regulate the proliferation/differentiation of
progenitor cells in tissues beyond the epidermis (67). To our knowledge this study provides
the first direct evidence that Sp-family members can function as oncogenes and suggests
that therapeutic strategies targeting Sp2 may prove efficacious.
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Chapter 5
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5.

Sp2-A and Sp2-NotI transgenic animals exhibit delayed wound healing
Wound healing is a well-orchestrated, stepwise process that requires inflammation,

cell proliferation, extracellular matrix deposition, and tissue remodeling (140). In human
epidermis, inflammation occurs from the moment of injury and continues for an additional
24-48 hours. During this stage, the wound is hypoxic (ischaemic) and filled with bacteria,
neutrophils, and platelets. New tissue formation occurs approximately 2 to 10 days after
injury. In this stage, an eschar (scab) is formed on the surface of the wound, new blood
vessels are formed, and epithelial cells migrate beneath the scab. In the final stage of
healing, tissue remodeling occurs and may last for a year or longer. Fibroblasts are recruited
to the wound area and produce an extracellular matrix composed mostly of collagen. The
surface of the wound at this stage is fully re-epithelialized and does not contain normal skin
appendages such as hair follicles and ducts for sweat glands (141). Despite the complexity
of the wound repair process, it is very well controlled following most injuries. Tight control
of this process is essential for organismal survival since deficient healing can lead to
infection and tissue degeneration, and excessive healing can lead to the uncontrolled
expansion of cells in the wounded area. Despite its critical role in tissue and organismal
homeostasis, the molecular mechanisms that govern wound healing remain poorly
understood.

As indicated in Chapter 4, Sp2-C family mice exhibit a marked sensitivity to woundinduced neoplasia. Interestingly, a very different phenotype, delayed wound healing, was
observed for Sp2-A and Sp2-NotI mice. Initial indications that this novel phenotype is a
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characteristic of Sp2-A animals came from evidence of delayed healing of ear punches, and
this phenotype was explored further and quantified via the introduction of surgical wounds
(4 mm diameter) in dorsal skin. Surgical wounds were introduced under anesthesia and the
efficiency of wound healing during a two-week recovery period was compared in Sp2-A and
Sp2-NotI mice relative to wild-type littermates. Whereas wild-type animals heal their
wounds in approximately one week, two-thirds of wounds carried by Sp2-A hemizygotes
were still in the process of healing two weeks post-surgery (Figure 25A). Most wounds in
Sp2-A animals healed eventually, usually requiring more than one or two months to
complete. To determine whether over-expression of the Sp2 DNA-binding domain is
required for delayed wound healing, surgical wounds were introduced into the dorsal skin
of Sp2-NotI hemizygotes and wild-type littermates and rates of wound healing were
compared. Interestingly, Sp2-NotI transgenic animals exhibit delayed wound healing with a
time-course similar to that of Sp2-A mice (Figure 25B). These results indicate that overexpression of the Sp2 trans-activation domain alone in basal keratinocytes is sufficient to
retard wound healing.
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Figure 25 Delayed wound healing in Sp2-A and Sp2-NotI mice. A. Pictures were taken 12
days after surgical wounding. Wounds in wild-type animals are almost completely healed
whereas wounds in Sp2-A hemizygous animals are still healing. As shown graphically, twothirds of surgical wounds sustained by Sp2-A transgenic animals exhibited not healed
completely. B. Pictures were taken six days post-wounding. Wounds in 6 months old wild
type animals are in the final stages of wound healing and some are completely healed (*). In
contrast, wounds in Sp2-NotI animals (at the age of 7 months or 12 months) are still not
closed and scabs are still being formed.
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5.1

Transcripts levels of endogenous Sp2 in young and old mouse skins
Given that the over-expression of Sp2 in Sp2-A hemizygotes reduced their capacity

to heal surgical wounds, it became of interest to determine if Sp2 abundance in the
epidermis varies as a function of aging. Delayed wound healing is common in elderly
individuals; open wounds in the young rapidly contract and require shorter time to final
closure than wounds sustained by older individuals (142). Based on results obtained in Sp2A animals I speculated that Sp2 message may increase in concert with aging, perhaps
accounting for the retardation of wound healing in the elderly. To address this question, I
prepared RNA from the epidermis of animals at various ages (from 3 to 18 months of age)
and quantified the abundance of endogenous Sp2 transcripts by real-time PCR. In contrast
to my expectations, the expression of endogenous Sp2 message was reduced dramatically
in the epidermis of older animals relative to expression levels detected in younger animals
(Figure 26).

In contrast to Sp2-C animals, the over-expression of Sp2 in Sp2-A and Sp2-NotI
transgenic mice results in a profound delay in rates of wound healing. It is not as yet known
what stage or stages of wound healing are affected in these animals. It is also not clear why
the responses to surgical wounding in Sp2-C and Sp2-A animals are so divergent
(papillomagenesis in Sp2-C animals, and delayed wound healing in Sp2-A animals). One
possibility is that Sp2 is expressed significantly more abundantly in the epidermis of Sp2 –C
mice than Sp2-A mice. Regardless, that Sp2-NotI animals are also susceptible to delayed
wound healing indicates that this is a phenotype that does not require over-expression of
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the Sp2 DNA-binding domain. Additional studies will be required to determine the
mechanistic basis for this effect. Finally, careful quantitation of Sp2 transcript abundance
indicates that Sp2 message in mouse epidermis diminishes in concert with the aging of wildtype animals. It is not as yet known if this reflects alterations in the temporal activity of the
Sp2 promoter and/or a gradual loss of epidermal progenitors as animals age.
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Figure 26 Relative expression level of endogenous mouse Sp2 message in wild-type mice
as a function of age. Total skin RNAs were prepared and pooled from three individual
animals in each age group and the abundance of Sp2 mRNA was quantified relative to
GAPDH at each time point. The expression level of Sp2 message in 12 month old animals
was set equal to 1.
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6.

Characterization of primary keratinocyte cell cultures prepared from transgenic

animals
To begin to explore the mechanisms underlying the in vivo phenotypes exhibited by
Sp2 transgenic strains, I prepared and characterized primary keratinocyte cultures from
newborn animals as described in Section 2.2. Primary epidermal cultures are comprised
initially of a mixture of cells, including progenitor cells (basal keratinocytes), their
terminally-differentiated descendants (supra-basal keratinocytes), and distinct cell lineages,
such as melanocytes. Cells are plated on standard tissue culture dishes in medium that
promotes the outgrowth of keratincoytes. Progenitor and terminally-differentiated
keratinocytes and melanocytes attach to culture dishes on the first day of culture,
terminally-differentiated keratinocytes “slough-off” and are gradually lost from the culture
on subsequent days, resulting in cultures predominated by basal keratinocytes and a minor
population of melanocytes. Once plated these primary cultures cannot be sub-cultured, and
thus in vitro studies are limited to sub-confluent cultures that are available within the first
week following explant.

Whereas primary cultures prepared from wild-type littermates proliferated as
expected, cultures obtained from Sp2-A, Sp2-C, and Sp2-NotI transgenic animals
proliferated poorly in vitro compared to wild-type keratinocytes (Figure 27). Indeed,
cultures prepared from transgenic animals appeared cytostatic and featured cells with
abnormal morphologies, some reminiscent of cells undergoing programmed cell death
(apoptosis). These results provoked questions from a number of standpoints. First, do cells
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cultured from transgenic animals proliferate? Although such cultures appeared not to
expand and never reached confluency, it remained possible that these cells were capable of
synthesizing DNA and proceeding through mitosis but few daughter cells were capable of
surviving. Second, are cells derived from transgenic animals arrested in one or more
specific cell-cycle compartments? Finally, are transgenic cultures cytostatic due to the loss
of cells via apoptosis? To address these questions I performed a series of standard assays to
characterize the proliferative potential of transgenic cell cultures with cultures prepared
from wild-type littermates. Three assays (MTT, CyQUANT®, and 3H-Thymidine incorporation)
were employed to quantify cell proliferation and DNA synthetic capacity, and flow
cytometry was employed to assess the fraction of cells in each cell-cycle compartment.
Finally, I compared the numbers of apoptotic cells in transgenic and wild-type cultures via
staining for characteristic markers (annexin V and cleaved caspase-3), and assessing the
abundance of genomic “DNA laddering”. Results from each of these assays will be described
below.
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Figure 27 Morphology of primary keratinocytes prepared from wild-type and Sp2-A
hemizygous animals. Wild-type and Sp2-A hemizygotes were plated at equivalent cell
densities and photographed on successive days in culture.
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6.1

Cells cultured from Sp2 transgenic animals proliferate poorly in vitro
As a first step towards comparing the proliferative potential of transgenic

keratinocyte cultures with wild-type cultures, an MTT assay was performed as described in
Section 2.5.2. This assay assesses the overall metabolic activity of populations of cells and is
used routinely to quantify cell numbers. Consistent with their expansion in number in vitro,
cultures of wild-type keratinocytes exhibited increasing levels of metabolic activity on each
day post-plating (Figure 28). In stark contrast, keratinocyte cultures prepared from Sp2-A,
Sp2-C and Sp2-NotI animals exhibited little or no proliferative activity during the same time
course. In detail, wild-type cells show continuous increase of metabolic activity with time in
all independent experiments. In Figure 28A, wild-type culture has 3 times higher metabolic
activity in post-plating 66 hours than initial culture. In Figure 28B and 28C, similar trends are
observed in wild-type cultures. In contrast, the metabolic activities in Sp2-A, Sp2-C, and Sp2NotI transgenic cultures show little or no increase (Figure 28A, B, and C).
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Figure 28 MTT assay of primary keratinocytes prepared from wild-type, Sp2-A, Sp2-C and
Sp2-NotI hemizygous animals. A. Metabolic activity of wild-type and Sp2-A cultures are
measured from post-plating 6 hours through 66 hours. B. Metabolic activity of wild-type
and Sp2-C cultures are measured from post-plating 26 hours through 96 hours. C. Metabolic
activity of wild-type and Sp2-NotI cultures are measured from post-plating 24 hours through
144 hours. All graphs are plotted with absorbance at 570 nm of wavelength with time. Bars,
SE.
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Although results from the aforementioned MTT assays indicated that transgenic
cultures are less proliferative than wild-type cultures, we wished to corroborate these
findings utilizing an independent assay that did not rely on overall metabolic activity. To this
end we employed a commercially available assay (CyQUANT®) that measures the
abundance of nucleic acids (RNA and DNA) in culture dishes and is a direct reflection of cell
numbers. Consistent with results from MTT assays, we noted that the number of
keratinocytes in wild-type cultures increased with each successive day in culture whereas
cultures prepared from transgenic cultures exhibited little or no increase in cell numbers
during the same time course. As shown in Figure 29, wild-type cells tripled in number by 96
hours post-plating and then slowed as cultures became confluent (usually by day five postplating). In contrast, keratinocytes prepared from Sp2-A and Sp2-NotI animals were largely
cytostatic and cell numbers actually diminished by 96 hours post-plating. Sp2-C animals,
unexpectedly, yielded cultures that exhibited a somewhat distinct growth pattern; Sp2-C
keratinocytes increased slightly (about 1.5-fold) by 96 hours post-plating.
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Figure 29 Proliferation of wild-type, Sp2-A, Sp2-C, and Sp2-NotI cultures using CyQUANT®
Assay. Initial cell numbers 24 hours post-plating in each culture was set equal to 1.
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To quantify relative DNA synthetic capacity of primary keratinocyte cultures directly,
wild-type and transgenic cells were cultured on each day post-plating with 3H-thymidine
and radiolabeled DNA was quantified following TCA-precipitation. DNA synthetic capacity of
transgenic cells was then computed relative to wild-type cells on days 1 to 5 post-plating
(Figure 30). Once again, results for transgenic cultures were similar but not identical.
Twenty-four hours post-explant, DNA synthesis in Sp2-A cultures was 80% of that exhibited
by wild-type cultures. This robust level of DNA synthesis indicates that Sp2-A-derived cells
are capable, at least initially, of traversing the restriction point and entering S phase. As
shown in Figure 30, however, DNA synthesis in Sp2-A cultures is reduced dramatically (by
70%) within the next 24 hours relative to wild-type cultures and remains at negligible levels
throughout the time course of this experiment. Thus, whereas Sp2-A-derived keratinocytes
exhibit nearly wild-type levels of DNA synthesis upon plating their capacity to continue to
do so is curtailed rapidly. In stark contrast to these results, DNA synthesis in Sp2-C and Sp2NotI cultures approximated that of wild-type cultures immediately after plating and then
diminished gradually on subsequent days in culture. Indeed, DNA synthesis in all transgenic
cultures examined was reduced to identical low levels (10% of wild-type) by day 5 postplating. When results from 3H-thymidine incorporation assays are combined with MTT and
CyQUANT® results, two conclusions may be drawn. First, Sp2-A keratinocyte cultures
proliferate upon plating akin to cultures prepared from wild-type littermates. Within hours,
however, the proliferative potential of transgenic cells is markedly reduced and remains
extremely low. Second, cultures prepared from transgenic strains do not proliferate
identically. Although cultures prepared from all three transgenic strains proliferate
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equivalently initially, Sp2-A cells exhibit a rapid, marked loss of proliferative potential
whereas the proliferation of Sp2-C and Sp2-NotI cells diminishes gradually. Given the
absence of the Sp2 DNA-binding domain in Sp2-NotI-derived cells, this latter result indicates
that expression of the Sp2 trans-activation domain is sufficient to block keratinocyte
proliferation in vitro.
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Figure 30 3H-Thymidine incorporation by Sp2-A, Sp2-C, and Sp2-NotI cultures. The amount
of DNA synthesis in each transgenic culture is expressed relative to that of wild-type
cultures (set equal to 100 per cent on each day in culture).
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6.2

Cells derived from Sp2 transgenic animals arrest in all cell-cycle phases
Results from MTT, CyQUANT®, and 3H-thymidine assays indicate that keratinocytes

derived from Sp2 transgenic animals proliferate poorly in vitro. With these results in hand it
became of interest to determine whether Sp2 over-expression causes the arrest of
keratinocytes in one or more cell-cycle compartments. To address this issue wild-type and
transgenic cultures were harvested on days 1 and 3 post-plating, stained with propidium
iodide (PI), and the fraction of cells in each cell-cycle compartment was determined by flow
cytometry. The change in the percentages of cells in each cell-cycle compartment between
days 1 and 3 is plotted in Figure 31. As previously reported (143), the majority (71%) of wildtype keratinocytes were in G1 24 hours post-plating with a minority of cells in S (7%) and
G2/M (21%). A large fraction of the wild-type cell population had entered the cell cycle by
day 3 post-plating as cells in G1 diminished significantly (to 40% of the total cell population)
and resulting in a commensurate increase in cells in S (22%) and G2/M (35%). In contrast to
wild-type keratinocytes, 66% of Sp2-A cells remained in G1 3 days post-plating (a 9%
decrease relative the G1 fraction on day 1) and the fraction of cells in S and G2/M increased
only marginally (6% and 2%, respectively). Thus, whereas a substantial portion (30%) of
wild-type cells had entered the cell-cycle by day 3, less than 10% of Sp2-A cells had done so
during the same time course. It is worth noting that whereas there was an equivalent
increase in the percentages of wild-type cells in S and G2/M phases by day 3 post-plating, a
smaller fraction of Sp2-A cells accumulated in G2/M than S phase. These results suggest
that Sp2 over-expression in Sp2-A cells may perturb the length of time spent in latter stages
of the cell cycle (e.g., S phase may be somewhat longer and/or G2/M phase may be
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somewhat shorter in length). In contrast to results for Sp2-A cultures, flow cytometric
profiles for Sp2-C and Sp2-NotI cultures largely paralleled those of wild-type cells. It is worth
noting, however, that a greater fraction of Sp2-C cells (42%) accumulated in G2/M relative
to wild-type (35%) cultures.
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Figure 31 Flow cytometric analysis of wild-type and transgenic keratinocyte cultures
between days 1 and 3 post-plating. The per cent change of cells in each cell cycle
compartment is plotted.
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The flow cytometric results presented thus far represent "snapshots" of the
fractions of cells in particular cell-cycle compartments on each day analyzed. Since cell
populations can enter and move through the cell cycle at different rates we were interested
in comparing the percentages of cells in each cell population (wild-type and transgenic) that
progressed through each cell-cycle phase. To address this question I treated wild-type and
transgenic keratinocyte cultures with nocodazole, a potent inhibitor of mitosis. Nocodazole
blocks the polymerization of microtubules required for the formation of the mitotic spindle,
resulting in the arrest of cells in G2/M. Primary keratinocyte cultures were treated with 20
μM nocodazole or DMSO for 24 hours on day 3 post-plating, and cells were stained with PI
and analyzed by flow cytometry. As expected, treatment of wild-type cells with nocodazole
resulted in a 25% reduction in cells in G1, a 2% reduction of cells in S phase, and the
accumulation of cells in G2/M (18% increase; Figure 32). In contrast, treatment of Sp2-A and
Sp2-C cultures resulted in little change in the fraction of cells in each cell-cycle
compartment (Figure 32). Indeed, nocodazole treatment resulted in only a minor
accumulation of cells in G2/M (Sp2-A, 5% increase); Sp2-C, 9% increase). Thus, results from
nocodazole-treated cultures indicate that only a minor fraction (5 to 9%) of Sp2 transgenic
cells actively progress through the cell cycle. Indeed, these data indicate that transgenic
keratinocytes progress through the cell cycle inefficiently and accumulate in all cell cycle
compartments.
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Figure 32 Cell-cycle progression of wild-type and transgenic cultures following treatment
with nocodazole. On day 3post-plating, keratinocyte cultures were treated with 20µM
nocodazole or DMSO for 24 hours. Cultures were then stained with PI and analyzed by flow
cytometry.
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6.3

Transgenic cultures exhibit elevated numbers of apoptotic cells
As mentioned above, Sp2 transgenic keratinocyte cultures featured cells with

abnormal morphologies as well as cells that appeared to be undergoing programmed cell
death. Indeed, such apoptotic cells were readily visualized in Sp2 transgenic keratinocyte
cultures expressing fluorescent proteins. For example, Sp2-A transgenic mice were intercrossed with a transgenic mouse line in which enhanced green fluorescent protein (EGFP) is
expressed via the keratin 5 promoter. Primary cultures prepared from compound
hemizygotes (Sp2-A/+, K5-EGFP/+) revealed many keratinocytes with “blebs” characteristic
of apoptotic cells whereas their presence was less frequent in control cultures (+/+, K5EGFP/+; Figure 33). To assess the abundance of apoptotic cells in wild-type and Sp2
transgenic keratinocyte cultures, three traditional assays for apoptotic cells were performed:
(1) keratinocyte cultures were stained for annexin V, (2) keratinocyte cultures were stained
for cleaved (activated) caspase-3, and (3) the abundance of apoptotic DNA "ladders" was
determined.

119

Figure 33 Morphology of K5-EGFP and [K5-EGFP, Sp2-A] hemizygous keratinocytes. Cells
were photographed on day 3 post-plating. Cells in wild-type cultures are nearly confluent
whereas cultures prepared from Sp2-A mice contain many irregularly shaped cells as well as
cells with morphological characteristics of apoptotic cells.
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Cells undergoing apoptosis and other forms of cell death express phosphatidylserine
(PS) on the outer leaflet of the plasma membrane, whereas PS is located on the cytoplasmic
surface of the cell membrane in normal cells. This exposure of PS to the external cellular
environment marks dying cells for recognition and phagocytosis by macrophages. Annexin V
is a Ca2+-dependent phospholipid binding protein that binds to PS with high affinity.
Consequently, annexin V protein that has been conjugated to a fluorophore can be used to
identify apoptotic cells. Since annexin V is displayed on the surface of necrotic cells as well,
staining for annexin V is often combined with a vital dye, such as PI, to distinguish live,
necrotic, and apoptotic cells in a population. Cells stained with annexin V alone are
considered to be "early stage" apoptotic cells, cells stained by both annexin V and PI are
considered to be necrotic or "late stage" apoptotic cells, and cells that do not stain with
either annexin V or PI are live cells. Sp2-A and Sp2-C cells were stained with annexin V and
PI on days 1 through 5 post-plating (Figure 34A). Following an initial burst of apoptotic cells
in wild-type cultures, numbers of apoptotic cells decreased as the culture stabilizes. In
contrast, numbers of apoptotic cells in Sp2-A cultures increased continuously throughout
the same time course. Similar to Sp2-A cultures, numbers of apoptotic cells in Sp2-C
cultures increased from day 1 though day 4 post-plating and then diminished (Figure 34B).
Numbers of apoptotic cells in Sp2-NotI cultures increased continuously on days 1, 2, 3, 4,
and 7 post-plating (Figure 34C). In summary, keratinocyte cultures prepared from Sp2
transgenic mice contain significant numbers of annexin V-positive cells and their numbers
increased with each day in culture. In contrast, wild-type keratinocyte cultures contain
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fewer annexin V-positive cells and their numbers decrease as basal keratinocytes proliferate
and dominate the cell population.
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Figure 34 Annexin V-stained cells in wild-type and transgenic keratinocyte cultures. Cells
were stained with annexin V and PI and quantified by flow cytometry. The percentage of
cells stained with annexin V only was calculated on each day of culture and plotted. A.
Percentage of annexin V-stained cells in wild-type and Sp2-A cultures. B. Percentage of
annexin V-stained cells in wild-type and Sp2-C cultures. C. Percentage of annexin V-stained
cells in wild-type and Sp2-NotI cultures.
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Apoptosis induces a proteolytic cascade in which cysteine proteases, termed
caspases, are activated and function as cellular executioners. Caspase-3 is one of the final
caspases in the proteolytic cascade and thus an excellent biomarker of apoptotic cells.
Antibodies specific for cleaved forms of caspases-3 have been developed and their use in
conjunction with fluorescently-labeled secondary antibodies provides a means to
enumerate apoptotic cells in situ. Primary keratinocyte cultures prepared from wild-type or
transgenic animals were stained on various days after plating with an anti-cleaved caspase3 antibody (Figure 35A). Cells were counter-stained with fluorescent dyes that bind to DNA
(DAPI) and actin (phalloidin). The numbers of cleaved caspase 3-positive cells as well as cells
stained only with DAPI and phalloidin were enumerated in 20x microscopic fields and the
percentage of cleaved caspase-3 positive cells in each keratinocyte culture was calculated.
Wild-type and Sp2-A cultures were stained with anti-cleaved caspase-3 on days 2, 3, and 4
post-plating. As shown in Figure 35B, statistically significant differences in the numbers of
cleaved caspase-3-positive cells were noted on day 4 (wild-type 25%; Sp2-A 42%; p <0.05).
Similar numbers of cleaved caspase-3-positive cells were noted in cultures of wild-type and
Sp2-NotI cells on days 2 and 3 post-plating. By day 7, however, only 10% of wild-type cells
were stained with an anti-cleaved caspase-3 antibody whereas more than 43% of Sp2-NotI
cells were stained (p <0.001; Figure 35C).
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Figure 35 Staining of keratinocytes prepared from wild-type and Sp2-A hemizygous
animals with an antibody against cleaved caspases-3. A.Micrographs of wild-type and Sp2A cells stained with an anti-cleaved caspase-3 antibody, DAPI, and phalloidin (Alexa Fluor
595). B. Comparison of cleaved caspase-3-positive cells in cultures of wild-type and Sp2-A
keratinocytes. The percentages of stained cells on each day in culture are illustrated. C.
Comparison of cleaved caspase-3-positive cells in cultures of wild-type and Sp2-NotI
keratinocytes. The percentages of stained cells on each day in culture are illustrated.

124

Endonucleases are activated during apoptosis resulting in the degradation of
genomic DNA where readily exposed, such as between nucleosomes. Such
internucleosomal cleavages produce DNA fragments of 180 base pairs, as well as fragments
representing multimers of 180 base pairs, and appear as a DNA "ladder" following agarose
gel electrophoresis. To determine if such characteristic DNA "ladders" are present in
cultures of primary keratinocytes from transgenic and wild-type animals, nuclei were
collected selectively from apoptotic cells, genomic DNA was prepared, and resolved on
ethidum bromide-stained agarose gels. As shown in Figure 36, at early time-points postplating (e.g., day 3) DNA "ladders" were detected in cultures of wild-type and transgenic
keratinocytes (Figure 36). Following stabilization of wild-type keratinocyte cultures (e.g., by
day 6 post-plating), however, DNA "laddering" diminished significantly whereas robust
levels of DNA "ladders" continued to be detected in cultures of Sp2-A cells. In conclusion,
each apoptosis assay employed revealed greater numbers of apoptotic cells in Sp2
transgenic cultures than cultures prepared from wild-type animals. Differences between
wild-type and transgenic cultures were most pronounced at later time points (days 5 to 7
post-plating), with 35 to 45% of transgenic cells expressing characteristic apoptotic markers
(annexin V or cleaved caspase-3). Interestingly, this induction of apoptotic cells is not
dependent on an intact Sp2 DNA-binding domain since statistically significant numbers of
apoptotic cells were noted in Sp2-NotI cultures relative to wild-type cultures analyzed in
parallel.
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Figure 36 Apoptotic DNA “ladders” prepared from primary keratinocyte cultures.
Apoptotic nuclei were selectively harvested from wild-type and transgenic keratinocyte
cultures, genomic DNAs were prepared and resolved on 1.8% agarose gels.
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7.

Discussion
Transcription in mammalian cells is controlled by a constellation of proteins,

including sequence-specific DNA-binding proteins. The Sp-family of sequence-specific DNAbinding proteins regulate the expression of a diverse set of genes responsible for cell-cycle
control, differentiation, and development. As a consequence, de-regulation of Sp protein
abundance and/or activity would be predicted to perturb organismal development, cell and
tissue physiology, and the outgrowth of tumorigenic cells. Correlations between specific Spfamily members and various human cancers have been reported by numerous studies.
However, direct evidence that any given Sp protein can be oncogenic has been lacking.

Previous evidence from the Horowitz laboratory had indicated that the abundance
of one particular Sp-family member, Sp2, is correlated directly with the progression of
murine squamous cell carcinomas of the skin. To determine if this correlation is functionally
significant, I created transgenic mouse lines in which a mouse Sp2 cDNA is over-expressed
in the cell of origin of this skin cancer. I then characterized the gross phenotypes of these
animals, characterized their susceptibility to tumorigenesis, and undertook a series of
molecular and biochemical studies to reveal mechanisms underlying phenotypes presented
by these mice. As a consequence of my efforts I have shown that over-expression of Sp2 in
epidermal progenitor cells is oncogenic and associated with a profound block in the
epidermal differentiation program. I showed further that Sp2 over-expression retards
wound-healing and blocks the proliferation of basal keratinocytes in vitro. Finally, I showed
that the Sp2 DNA-binding domain is required for some, but not all, of the in vivo and in vitro
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phenotypes associated with Sp2 transgenic mice. Taken together, my results indicate that
Sp2 over-expression plays an important role in the regulation of keratinocyte proliferation,
differentiation, and tumorigenesis.

7.1

Sp2 over-expression in epidermal progenitor cells is lethal and associated with a

block in the epidermal differentiation program
A major finding of this study is that Sp2 over-expression in basal keratinocytes leads
to post-natal lethality. Sp2-A and Sp2-C transgenic homozygotes are developmentally
retarded, their skin is hairless, scaly, and overly reddened, and these animals perish within
weeks after birth. Exogenous Sp2 expression in Sp2-C animals is ten-fold greater than that
of Sp2-A animals, and in keeping with these differences in expression levels Sp2-C animals
rarely survive past post-natal day two whereas Sp2-A homozygotes often survive until postnatal day 13. Careful examination of skin sections prepared Sp2-A and -C transgenic
homozygotes revealed that the epidermis of these animals is comprised of an expanded
population of immature (keratins 5 and 14-positive) keratinocytes. Cells expressing standard
markers of differentiated keratinocytes, such as keratins 1 and 10 as well as loricrin, were
identified in the epidermis of some early post-natal animals (post-natal day two), however
such cells diminished in numbers during subsequent days and were virtually absent within a
week of birth. This de-regulation of the epidermal differentiation program was also
associated with the expression of markers, such as keratin 6, that are normally restricted to
"simple" epithelia and markers, such as keratin 8, that are commonly expressed in
neoplastic or distressed epithelium. Taken together, these results indicate that Sp2 over-
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expression in basal keratinocytes antagonizes the induction and/or maintenance of the
normal epidermal differentiation program and results in an expanded pool of progenitor
cells that inundate basal and supra-basal cell layers.

7.2

Sp2 over-expression in epidermal progenitor cells is oncogenic
Given that Sp2 over-expression expands the pool of cycling epidermal progenitors it

is perhaps not surprising that over-expression of Sp2 is oncogenic. Hints that Sp2 overexpression might play a role in tumorigenesis were first reported for human prostate
cancers (94). Sp2 abundance, detected by immunohistochemical staining of tissue sections,
was shown to be elevated in concert with prostate tumor progression. A second line of
evidence was obtained by experiments in our lab focusing on murine squamous cell
carcinomas. As described in Chapter 4, the abundance of Sp2 protein was shown to be
correlated directly with the progression of DMBA/TPA-induced tumorigenesis. It is also
worth mentioning that earlier work from our lab had established that Sp2 is over-expressed
uniformly in more than 30 human and mouse cell lines examined (26). Taken together,
these three results suggested that Sp2 over-expression might be oncogenic and required for
the step-wise progression of human and murine cancers. Yet, the possibility that Sp2 overexpression is a consequence of transformation, as opposed to being functionally significant,
remained equally plausible. The characterization of Sp2 transgenic mouse lines has provided
strong evidence that Sp2 over-expression is indeed oncogenic and a cause, not a
consequence, of tumorigenesis.
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Over-expression of Sp2 in basal keratinocytes increased susceptibility to carcinogeninduced cancers, and induced sensitivity to wound-induced neoplasia. Indeed, treatment of
Sp2-C hemizygotes with DMBA/TPA induced more average papillomas per animal than wildtype littermates and lesions in hemizygotes developed more rapidly. These results indicate
that Sp2 over-expression provides a cellular milieu that increases the likelihood of the
initiation and/or expansion of progenitor cells carrying carcinogen-induced oncogenic
mutations. What might be the nature of such oncogenic mutations? H-ras and K-ras
mutations are associated with epithelial malignancies, such as squamous cell carcinomas
(144, 145), and are found uniformly in many chemically induced mouse skin tumors. My
results suggest that Sp2 over-expression may increase the pool of progenitor cells available
for mutational activation and/or collaborate with signals promoted by activated Ras genes
to expand this pre-malignant cell population.

Since Sp2-C hemizygotes are at significant risk of developing wound-induced
neoplasms, Sp2 over-expression must also de-regulate the response to proliferative signals
encountered by normal progenitor cells. Indeed, I observed that the frequency of woundinduced papillomas increases in concert with the aging of Sp2-C mice and is correlated
directly with the age-dependent increase in Sp2 expression levels in this transgenic strain.
What mechanism(s) might underlie the susceptibility of Sp2-C hemizygotes to woundinduced neoplasms? Under homeostatic conditions basal keratinocytes proliferate to
provide cells required for tissue maintenance and wound repair. Cell proliferation in
response to tissue damage is well-controlled under normal conditions, and proliferation is
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halted when wounds are healed and/or sufficient numbers of differentiated keratinocytes
are produced. One could imagine that if Sp2 antagonizes keratinocyte differentiation that
epidermal progenitors in Sp2-C hemizygotes may undergo excessive rounds of replication in
an attempt to generate sufficient numbers of differentiated descendants. One could
imagine further that excessive replication increases the likelihood that inadvertent
oncogenic mutations will occur. If so, are activated Ras genes associated with the outgrowth
of wound-induced papillomas? Three hot spots for mutations, codons 12, 13, and 61, have
been identified in Ras genes (146-148). To determine if Sp2 over-expression increases the
likelihood of Ras mutations following surgical wounding, I used Ras mutation-specific PCR as
well as pyrosequencing to search for activated Ras genes in wound-induced neoplasms. It
had previously been established that neoplasms resulting from DMBA/TPA treatment are
frequently associated with a particular A to T mutation at codon 61 of the H-Ras gene (149).
I employed allele-specific oligonucleotide primers that give rise to amplification products
only in instances in which codon 61 mutations are present to search for activated H-Ras
genes in wound-induced neoplasms. As an alternative method, all three Ras gene hotspots
(codon 12, 13, and 61) were sequenced directly by pyrosequencing. Six wound-induced
papillomas were examined using both techniques and Ras mutations were not detected.
These results indicate that wound-induced papillomas arise independently of mutations
that are commonplace in carcinogen-induced squamous carcinomas. In this vein, it is worth
noting that wound-induced papillomas that arose in Sp2-C mice invariably degenerated,
perhaps due to the absence of oncogenic mutations required to sustain their progression.
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Regardless, the uniform degeneration of wound-induced papillomas indicates that Sp2
over-expression is insufficient to promote tumor progression.

7.3

Sp2 over-expression retards would healing
In addition to increasing the susceptibility to wound- and carcinogen-induced

tumorigenesis, over-expression of Sp2 resulted in the retardation of wound healing.
Whereas surgical wounds introduced into the dorsal skin of wild-type mice are healed
within a week, two-thirds of surgical wounds in Sp2-A mice are not healed after two weeks
and many wounds require up to two months to heal completely. Interestingly, wound
healing by Sp2-NotI animals is equally defective indicating that over-expression of the Sp2
DNA-binding domain is not required for this phenotype.
Given that Sp2 over-expression antagonizes the epidermal differentiation program, it is
perhaps not surprising that delayed wound healing is a feature of Sp2 transgenic mice. Basal
keratinocytes are recruited into the cell cycle in response to wounding, and are charged
with the responsibility of producing more of themselves, as well as spawning transitamplifying cells and terminally-differentiated descendants required for tissue repair. Yet,
the differential response of Sp2-A and -C animals to surgical wounding is puzzling. Each
strain expresses the same transgene, yet wounds in one strain (Sp2-A) heal poorly whereas
wounds in the other (Sp2-C) convert to neoplastic lesions. How might these apparently
contradictory responses be reconciled? One possibility is that the differential responses of
Sp2-A and -C animals depend on the levels of the transgene expressed in each strain.
Western blotting and quantitative real-time PCR experiments indicate that Sp2 expression
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levels in Sp2-C animals are ten-fold higher than steady-state levels in Sp2-A animals, and
three-fold greater than levels in another strain (Sp2-NotI) that exhibits delayed wound
healing. As will be detailed below, I speculate that the relatively modest elevation of the
abundance of the Sp2 trans-activation domain in the epidermal progenitors of Sp2-A and
Sp2-NotI animals is sufficient to antagonize the epidermal differentiation program and
retard wound healing but insufficient to sensitize these same cells to wound-induced
neoplasia.

7.4

A model for the differential roles of the Sp2 DNA-binding and trans-activation

domains in tumorigenesis and wound healing
Our lab reported that the Sp2 DNA-binding and trans-activation domains are each
regulated negatively in mammalian cells by as yet unknown mechanisms (26). Using a series
of chimeric proteins carrying complementary portions of the Sp1 and Sp2 proteins,
Moorefield et al. reported that linkage of the Sp2 trans-activation domain to the Sp1 DNAbinding domain reduced resulting transcription dramatically without affecting DNA-binding
activity. This result suggests that the Sp2 trans-activation domain interacts with one or
more cellular proteins that collaborate to restrict transcription. Similarly, linkage of the Sp2
DNA-binding domain to the Sp1 trans-activation domain reduced DNA-binding activity and
trans-activation. This result suggests that the Sp2 DNA-binding domain interacts with one or
more cellular proteins that antagonize its association with DNA thereby preventing transactivation. Although the identities of the cellular proteins that interact with the Sp2 trans-
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activation and DNA-binding domains remain unknown, I speculate that these proteinprotein interactions underlie the phenotypes exhibited by Sp2 transgenic strains.

I propose that a protein critical for the induction and/or maintenance of the
epidermal differentiation program, termed "protein A", interacts with Sp2 via the Sp2 transactivation domain. Modest over-expression of this domain, as in epidermal progenitor cells
of Sp2-A or Sp2-NotI animals, results in the sequestration of "protein A" and antagonism of
the epidermal differentiation program. As a consequence of the reduced numbers of
terminally-differentiated keratinocytes, Sp2-A and Sp2-NotI animals exhibit alopecia and
delayed wound healing. I propose further that another Sp2-interacting protein, termed
"protein B", has tumor-suppressive functions and associates with Sp2 via the Sp2 DNAbinding domain. "Protein B" may be less abundant than "protein A" and/or bind less
efficiently to Sp2, however, at the elevated levels of Sp2 achieved in Sp2-C animals both
proteins are bound and sequestered by Sp2. As a consequence of these combined proteinprotein interactions epidermal differentiation is blocked, the proliferative potential of
progenitor cells in Sp2-C animals is increased significantly, and Sp2-C animals are at
increased risk of wound- and carcinogen-induced neoplasia. One phenotype that is not
accounted for by this model is the absence of alopecia in Sp2-C mice. At levels of expression
encountered in Sp2-C animals, I would have expected that physical interactions between
the Sp2 trans-activation domain and "protein A" would have resulted in alopecia in
hemizygotes. A possible explanation for this result is that interactions of Sp2 with "protein
A" that antagonize the epidermal differentiation program are negated by interactions of the
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DNA-binding domain with "protein B". In this scenario, interactions of the DNA-binding
domain with "protein B" cause the amplification of epidermal progenitors and transitamplifying cells and provide enough terminally-differentiated keratinocytes to counterbalance the sequestration of "protein A" by the trans-activation domain (Figure 37).
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Figure 37 A model for the differential roles of the Sp2 DNA-binding and trans-activation
domains in tumorigenesis and wound healing.
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7.5

Sp2 over-expressing mouse as a useful tool for the studies of tumorigenesis and

stem cell differentiation
Perhaps the most surprising result to spring from my research is the apparent
disparity in the proliferative potential of transgenic epidermal progenitors in vivo and in
vitro. Although Sp2-A and Sp2-NotI hemizygotes exhibit alopecia as adults, these animals
and Sp2-C mice are born with a healthy epidermis that protects them from the environment
for years. In stark contrast to these results, as well as the oncogenic effects of Sp2 overexpression in Sp2-C mice, basal keratinocyte cultures prepared from these animals exhibit
limited proliferative potential. Sp2 over-expression in Sp2-A, Sp2-C, and Sp2-NotI cultures
results in an arrest of cell-cycle progression in all cell-cycle compartments and a marked
increase in the percentage of apoptotic cells. These effects are most striking for Sp2-A
cultures. At 24 hours post-plating Sp2-A cultures are difficult to distinguish from cultures
prepared from wild-type littermates. Indeed, their DNA synthetic capacity is 80% of that of
wild-type cultures and they are indistinguishable morphologically. Yet, with 24 hours DNA
synthesis plummets to 10% of that of wild-type cultures and percentages of apoptotic cells
rise dramatically. To explain the apparent contradictory growth of transgenic keratinocytes,
I reasoned that environmental differences encountered by transgenic progenitor cells in
vivo and in vitro might account for these disparate results. In an attempt to define key
environmental differences, I performed a number of experiments in which key parameters
of in vitro keratinocyte cultivation were adjusted. Each will be discussed in turn.
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First, I considered that interactions between transgenic keratinocytes and the
extracellular matrix (basement membrane) in vivo might supply one or more factors
required for their growth. It is well known that such interactions can play an important role
in the regulation of the proliferation and differentiation of epidermal stem cells. Four major
epidermal stem cell populations have been identified in vivo: (1) interfollicular epidermal
stem cells, (2) hair follicle "bulge" stem cells, (3) sebaceous gland stem cells, and (4)
follicular isthmus stem cells (150). Among these stem cell populations, interfollicular
epidermal stem cells and the stem cells derived from the hair follicle "bulge" region have
been shown to be the origin of epidermal tumors and the source of cells for skin
homeostasis. These two major stem cell populations reside in the epidermal basal layer
attached to the basement membrane. Ghalbzouri et al. reported that the attachment of
basal keratinocytes to the basement membrane is mediated by integrins α1β1 and α2β1 in
vivo (151). Recently, Spichkina et al. reported that basal keratinocytes can be isolated
specifically from the skin by attachment to type I collagen and fibronectin (152). In an
attempt to support the growth of Sp2 transgenic keratinocytes in vitro, I coated tissue
culture dishes with type I collagen and fibronectin prior to plating and compared their
attachment and proliferation with cells prepared from wild-type littermates. Despite these
efforts, transgenic cells plated on collagen- or fibronectin-treated dishes proliferated poorly
and underwent apoptosis at increased rates. Although I cannot rule-out that other
components of extracellular matrix may be able to rescue these transgenic cells, I conclude
at least type I collagen and fibronectin are not sufficient.
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Second, I reasoned that transgenic keratinocyte cultures one or more growth factors
required for their proliferation in vitro. To examine this possibility, I performed two
experiments: (1) I co-cultivated transgenic and wild-type keratinocytes with the hope that
wild-type keratinocytes would support the survival of transgenic keratinocytes. In order to
distinguish transgenic keratinocytes from the wild-type cells, I inter-crossed Sp2-A
hemizygotes with transgenic mice that express EGFP in basal keratinocytes via the bovine
K5 promoter. Wild-type keratinocytes were co-cultivated with [Sp2-A/+, K5-EGFP/+]
keratinocytes and the proliferation of [Sp2-A/+, K5-EGFP/+] was monitored by fluorescence
microscopy on each day post-plating. This experiment resulted in cultures that were quickly
dominated by wild-type keratinocytes, indicating that the growth of [Sp2-A/+, K5-EGFP/+]
cells was not favored under these culture conditions. (2) It has been reported that
fibroblasts can support the proliferation of stem cells co-cultures (153). Given that basal
keratinocytes are in intimate contact with dermal fibroblasts in vivo, I reasoned that their
addition to keratinocyte cultures might support the proliferation of transgenic cells. Primary
fibroblasts that had been irradiated to prevent their proliferation were obtained from Dr.
Jorge Piedrahita in the Department of Molecular Biomedical Sciences at North Carolina
State University, and these cells were co-cultivated with primary keratinocytes prepared
from Sp2 transgenic animals. Once again, addition of these cells to keratinocyte cultures did
not rescue their proliferative capacity.
It is well-established that under homeostatic conditions the concentration of oxygen in the
epidermis is 3% (154). Under standard growth conditions in vitro, ambient oxygen
concentrations are 21% and the proliferation of primary mouse cells has been reported to
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be limited under these conditions (155). I reasoned that perhaps Sp2 transgenic
keratinocytes were extremely sensitive to ambient oxygen conditions. To address this
possible explanation for the poor growth of transgenic keratinocytes in vitro, I plated
primary keratinocytes from wild-type and transgenic animals in a chamber held at an
oxygen concentration of 3% for five days and quantified the proliferation of keratinocytes
on each day. Although wild-type keratinocytes proliferated well, transgenic keratinocytes
remained poorly proliferative throughout the time course of this experiment.

Although these attempts to modify conditions of in vitro cultivation did not identify
conditions under which the proliferation of transgenic keratinocytes was supported, these
experiments were helpful in eliminating a handful of obvious possibilities. Yet, many others
remain to be examined. For example, it is conceivable that Sp2 transgenic keratinocytes are
deficient in one or more proteins that provide for the stable attachment of cells to each
other. A previous report concluded that the over-expression of Sp2 in prostatic epithelia
was inversely correlated with the expression of CEACAM1, a cell-cell adhesion protein (94).
Should this correlation extend to basal keratinocytes, it is possible that the plating of
transgenic keratinocytes at high densities might overcome this intrinsic defect and facilitate
cell survival if not proliferation. Regardless, it is clear that Sp2 over-expression in basal
keratinocytes produces a cellular milieu in which programmed cell death is triggered in vitro.
Much is known about oncogenic mechanisms that illicit this response in primary cells.
Indeed, when normal cells are forced to proliferate by the expression of activated
oncogenes such as Ras, Myc, or E2f-1, this "oncogenic stress" triggers self-defense
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mechanisms that result in cellular senescence or apoptosis. The Rb and p53 pathways are
major players in the induction of these two mechanisms of terminal growth arrest. For
example, excess E2F-1 expression causes the transcription of p19ARF and this leads to the
inactivation of Mdm2, an inhibitor of p53 function. p53 triggers the expression of many
target genes resulting in various outcomes depending on the cell and tissue type and the
convergence of different signaling pathways (156). I speculate that over-expression of Sp2
causes "oncogenic stress" in basal keratinocytes both in vivo and in vitro, however, the
cellular response to this "stress" is negated or diminished in vivo (Figure 38). In contrast,
when the same cells are removed from the epidermis and cultured in vitro the response to
this "oncogenic stress" is revealed resulting in cell-cycle arrest and apoptosis. Should this be
the case, Sp2 transgenic mice may help identify the signals/pathways that suppress
"oncogenic stress" in vivo. Identification of such an "anti-oncogenic stress mechanism" may
have significant therapeutic implications. For example, drugs that block the "anti-oncogenic
stress mechanism" may serve as chemotherapeutic agents alone or in conjunction with
current frontline therapies.

Although much has been learned by my research efforts, including that Sp2 is a
regulator of progenitor cell proliferation, differentiation, and tumorigenesis, it is fair to say
that much remains to be discovered. Sp2 target genes, if any, have yet to be identified and
the identities of binding proteins, such as the hypothetical "proteins A and B", must be
defined. Given these limitations it is difficult to speculate on the precise mechanisms that
underlie the control of progenitor cell fate by Sp2. It is known that p63, a p53-related
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protein, is a master regulator of epithelial cell development (157). The p63 gene is
controlled by two promoters that produce two classes of proteins, TAp63 and ΔNp63, and
due to alternative splicing each has three variants with different carboxy-termini (α, β, and
γ). One of these isoforms, ΔNp63α, is expressed predominantly in basal keratinocytes and it
plays a pivotal role in the maintenance of stemness. To determine if Sp2 over-expression
impacts the expression of ΔNp63α and/or TAp63, I used qRT-PCR to quantify the abundance
of each transcript in the skin of transgenic mice at various ages. These experiments did not
detect correlations between Sp2 expression level and the abundance of ΔNp63α and/or
TAp63 messages, however it is conceivable that these key regulators of epithelial biology
are regulated by Sp2 at the post-transcriptional level.

Yet, there are additional potential mechanisms that may underlie the regulation of
progenitor cells by Sp2. It is possible that Sp2 may be involved in cell-fate decisions by
controlling the symmetry of basal keratinocyte divisions. Our lab reported that the majority
of Sp2 protein is associated with the nuclear matrix, and it is at least conceivable that the
over-expression of Sp2 recruits proteins that control the polarity of cell division to the
nuclear matrix. In so doing Sp2 may determine whether cell divisions are symmetric or
asymmetric. Several proteins are known to be asymmetrically distributed at the cell cortex
during mitosis: the Par complex—consisting of Bazooka(Par3), Par6 and atypical protein
kinase C (aPKC)—functions as a master polarity determinant, while Gαi, Pins(LGN/AGS3),
Mud(NuMA) and p150glued(Dctn1), regulate spindle positioning (158). Disruption of the
distribution of these proteins by Sp2 protein could result in the de-regulation of division
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symmetry, resulting in the production of too few or too many cells of the wrong type.
Components of the Notch signaling pathway are additional candidates for regulation by Sp2
as they play important roles in progenitor cell-fate decisions. For example, Hes1 and Hes5
are required for the repression of several genes (e.g., Mash1) that are required for neuronal
cell differentiation (159, 160). Should de-regulated expression of Sp2 result in the induction
of Hes1 and Hes5 transcription in epidermal stem cells, one would predict that
differentiation would be blocked in this system. Regardless of the precise mechanisms
involved, Sp2 transgenic mice will undoubtedly prove to be useful research tools.
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Figure 38 Summary of results obtained from Sp2 over-expressing model in vivo and in
vitro.
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