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I. ABSTRACT
The skin is a vital organ for life; whose primary function is to act as a defensive barrier.
Dysfunction in the epidermal barrier of the skin is commonly observed in autosomal recessive
congenital ichthyosis (ARCI). The 12R-Lipoxygenase (12R-L) and epidermis-type
Lipoxygenase 3 (eLOX-3) pathway plays a key role in the process of epidermal barrier
acquisition by affecting lipid metabolism, as well as protein processing. 12R-L KO mice
exhibited differential expression of filaggrin, glucosyl ceramide, and ceramide markers,
suggesting that they are essential in the proper formation of the epidermis. The skin disorder
ARCI, provides perspective into how disruption of the normal skin physiology may contribute to
pre-cancerous phenotypes like hyperplasia and dysplasia. The roles of liver kinase B1 (LKB1),
adenosine monophosphate-activated protein kinase (AMPK), and human apurinic (apyrimidinic)
endonuclease/redox-factor 1 (Ape1/Ref-1) are addressed to highlight some of the molecular
pathways associated with ultra violet (UV)-induced skin carcinogenesis. We used UVA-340 as
an energy source because it comes closest to mimicking the natural effects of sunlight exposure
by containing biologically relevant amounts of UVA and UVB radiation. UVA-340 exerts
carcinogenic effects, by reducing AMPK phosphorylation and the activity of its upstream kinase
LKB1. Additionally, we demonstrated that UVA-340 stimulates mammalian target of rapamycin
(mTOR) activation. Finally, we found that UVA-340 solar simulated light increases the
abundance of Ape1/Ref-1 protein in epidermal keratinocytes. The Ape1/Ref-1 protein is
involved in activating AP-1 that subsequently activates a transcriptional program associated with
cellular proliferation. The natural compound resveratrol was found to inhibit AP-1 DNA binding,
although at high concentrations.
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II. INTRODUCTION
The skin is a vital organ for life; it provides an interface between the external
environment and the body. Its primary function is to act as a defensive barrier against physical
and chemical trauma, microorganism invasion, and ultraviolet radiation (1). The skin is divided
into two distinct components: the epidermis and the dermis. Both structures cooperate together to
form the basement matrix, which functions to stabilize and facilitate the exchange of signals and
nutrients between the two compartments. In terms of providing a defense structure, the epidermis
is the more important of the two compartments (2).
The epidermis is organized into four distinct layers: the stratum corneum, which is
exposed to the outside, the granular layer, spinous layer, and basal layer (Figure 1) (2). The
primary cell type within the epidermis is the keratinocyte (3). In a healthy epidermis there is a
finely tuned balance between the proliferation of basal keratinocytes and the desquamation of
cells from the stratum corneum (4). This process of regeneration is thought to take approximately
28 days (5). The renewal of the epidermis requires that the epidermal keratinocytes from the
basal layer differentiate into a new cell type as they migrate upwards towards the stratum
corneum until they are eventually shed from the skin.
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Figure 1. Histologic image detailing epidermal layers. The stratum basale occupies the bottom
layer. Above the stratum basale lays the stratum spinosum, granulosum, and corneum. The
stratum lucidum, between the stratum granulosum and corneum is found only in palms and soles.

Dysfunction in the epidermal barrier generally results form abnormal proliferation and
differentiation of the epidermal keratinocytes (6). This can lead to diseases such as atopic
dermatitis, psoriasis, and autosomal recessive congenital ichthyosis (ARCI). ARCI is used as an
umbrella term for a group of disorders involving the improper formation of the epidermal barrier
including harlequin ichthyosis (HI), lamellar ichthyosis (LI), and congenital ichthyosiform
erythroderma (CIE) (7). Epidermal hyperplasia and inflammation, abnormal proliferation and
differentiation, and defective lipid synthesis and processing are commonly observed in ARCI (6).
Deregulation of these processes, primarily proliferation and differentiation is not only observed
in inherited skin disorders like ARCI, but they are also hallmarks of cancer.
During the initial stages of cancer development the normal balance between cell division
and cell loss is disrupted. The basal cells begin to divide faster than the rate at which cells are
shed. This can result in hyperplasia, which is characterized by increased orderly growth of the
8

epidermal tissue. Following hyperplasia, the skin can become dysplastic. Dysplasia is
characterized by increased proliferation and the loss of normal cell structure and tissue
arrangement. Both hyperplasia and dysplasia are not considered cancerous. It is possible that
hyperplastic and/or dysplastic tissue will revert back to its normal proliferative and
organizational behavior. Occasionally it progresses further to a stage called carcinoma in situ
(severe dysplasia), which then develops into an invasive metastatic malignancy. The progression
of skin cancer from a hyperplastic and dysplastic organization to the formation of a tumor
suggests that hyperplasia and dysplasia are early signs for the development of skin cancer
(Figure 2) (8).

Figure 2. Progression of skin epidermis from hyperplasia to cancer. Hyperplasia refers to an
excessive rate of cell division, which leads to a larger number of cells than usual. Dysplasia is
characterized by abnormal proliferation and the loss of tissue structure. Often cells revert back
from a hyperplastic or dysplastic tissue organization to a normal one. In certain occasions
carcinoma in situ (severe dysplasia) can develop, which then proceeds to metastatic malignancy.

Non-melanoma skin cancer (NMSC) is the most commonly diagnosed type of all cancers.
In 2012 more that 2 million new cases will be diagnosed in the United States. Melanoma skin
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cancer is predicted to affect 76, 250 people in the United States in 2012. Together, these two
types of skin cancers are predicted to claim more that 10,000 lives. Melanoma is the more
dangerous of the two and is predicted to be responsible for approximately 90% of the death toll.
Ultraviolet (UV) light is the environmental factor most associated with the development of
cancer. Heredity is also thought to play a role in the development of skin cancer (9).
As mentioned earlier there appears to be a link – hyperplasia and dysplasia – between the
inherited disorder ARCI and the development of skin cancer. Both types of disease seem to share
the fundamental characteristics of abnormal proliferation and differentiation. However, it is still
unknown whether patients with ichthyosis are at an increased risk of developing skin
malignancies. Nevertheless, a study (10) that reviewed a case series of skin malignancies in 28
patients with inherited ichthyosis found that 24 out of the 28 cases developed single or multiple
squamous cell carcinomas (SCCs). The youngest age for diagnosis of a skin malignancy was 15
years old. The unusually young age at which this patient developed a tumor would suggest that
individuals with ichthyosis are particularly vulnerable to the development of SCC (10). This data
supports the notion of a link between the two types of skin disorders explained thus far, namely
ichthyosis and cancer.
The purpose of this report is 1) to highlight the pathophysiological mechanisms
associated with the onset of ARCI, and 2) describe how UV-light regulates the proteins liver
kinase B1 (LKB1), adenosine monophosphate-activated protein kinase (AMPK), and human
apurinic (apyrimidinic) endonuclease/redox-factor 1 (Ape1/Ref-1). These proteins have been
implicated in the development of UV-induced skin cancer. Describing the onset of ARCI will
provide a general background as to what the physiological functions of the epidermis are.
Furthermore, it will provide a perspective into how disruption of the normal skin physiology may
10

contribute to cancerous phenotypes like hyperplasia and dysplasia. Finally, addressing the roles
that LKB1, AMPK, and Ape1/Ref-1 play will provide the opportunity to highlight some of the
molecular pathways associated with UV-induced skin carcinogenesis. Throughout this
discussion, time will also be dedicated to potential therapies that could be used for the treatment
and prevention of skin cancer.
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III. PATHOPHYSIOLOGICAL MECHANISMS ASSOCIATED WITH THE ONSET OF
ARCI

i. Background
Autosomal Recessive Congenital Ichthyosis (ARCI) is part of a group of diseases
associated with the impaired formation of the epidermal barrier (1, 2). The epidermal barrier is
responsible for preventing the invasion of pathogens, fending off chemical and mechanical
insults, and restraining the unregulated loss of vital fluids and solutes. The proper formation of
the epidermal barrier is thus essential for the survival of terrestrial organisms (3, 4, 5).
Improper formation of the barrier in humans can lead to a dry, thickened, or scaly skin. In
mice, a defective barrier leads to postnatal lethality. ARCI is a rare disorder, as one in 200,000
newborns is afflicted by it. Mutations in two genes, ALOX12B or ALOXE3 have been identified
in about 10% of ARCI patients (6). ALOX12B and ALOXE3 encode the proteins 12RLipoxygenase (12R-L) and epidermis-type Lipoxygenase 3 (eLOX-3), respectively. Both
enzymes are part of the mammalian Lipoxygenase (LOX) family, and are primarily expressed in
the skin. LOX enzymes are responsible for the insertion of molecular oxygen into
polyunsaturated fatty acids. 12R-L and eLOX-3; however, exhibit structural as well as enzymatic
differences from the other members that comprise the LOX family (7). 12R-L is the only enzyme
that forms products with an R-chirality, while eLOX-3 functions as a hydroperoxide isomerase
rather than a dioxygenase. Because a mutation in either 12R-L or eLOX-3 result in the same
symptoms, both enzymes are thought to function in the same metabolic pathway to convert
arachidonic acid via 12R-HPETE to hepoxilin and trioxilin like metabolites (8, 9, 10, 11).
The production of these lipid metabolites by 12R-L and eLOX-3 is thought to play a
central role in keratinocyte differentiation by affecting the processing of lipids and proteins
12

involved in the establishment of the epidermal barrier. It remains to be established, however,
whether 12R-L is directly involved in the enzymatic lipid processing or in the generation of lipid
metabolites that act as signaling molecules (12). Recently, in addition to the role that 12R-L and
eLOX-3 have been suggested to play in converting arachidonic acid, 12R-L and eLOX-3 are
thought to play a part in the pathway responsible for the oxygenation of O-lineoyl- ωhydroxyceramides, facilitating ester cleavage and ultimately the coupling of ωhydroxyceramides to proteins in the cornified envelope (13).
In vitro-generated skin, a so-called organotypic culture presents an ideal model to
perform studies not feasible in the living organism. These cultures are three-dimensional, twolayered configurations consisting of a dermal equivalent and an epidermal equivalent. The
dermal equivalent is generated by fibroblasts; the major cell type of the dermis, which are
embedded in a scaffold formed by a collagen-hydrogel. The epidermal equivalent consists of
keratinocytes seeded on top of the dermal equivalent. The cultures grow air exposed with
nutrients supplemented through the dermal equivalent in order to replicate the normal physiology
of the skin.
ii. Hypothesis
Constitutive deficiency in 12R-L leads to defective formation of the epidermal barrier in
mice. Organotypic models will be useful in replicating the normal physiology of the skin and
elucidating the pathophysiological mechanisms of ARCI.
iii. Objectives
To elucidate the pathophysiological mechanisms associated with the onset of ARCI, and
the role of 12R-L, organotypic cultures generated using keratinocytes isolated from mouse skin
13

constitutively deficient for 12R-L were compared to cultures derived from 12R-L wild type
keratinocytes. Furthermore, organotypic cultures generated using primary keratinocytes freshly
isolated from newborn mice were compared to cultures generated from immortalized
keratinocytes. Finally, skin taken from 12R-L deficient and wild type newborn mice was
compared to the organotypic cultures to determine the ability of the organotypic models to form
a multilayered stratified epithelium and thus replicate the normal physiology of the skin.
iv. Methodology
Cell culture and generation of organotypic cultures:
Wildtype fibroblasts, wildtype keratinocytes and keratinocytes constitutively deficient for
12 R-LOX were isolated from mice. From these primary cultures spontaneously immortalized
cell lines were established in the laboratory of Dr. Krieg. These cell lines were cultivated and
propagated in cell culture according to standard procedures and used to generate organotypic
cultures of mouse skin. For the dermal equivalent fibroblasts were harvested and counted using a
hematocytometer. The necessary cell number was mixed with a collagen solution and seeded on
filter inserts. The inserts were transferred into deep well plates and cultivated submersed in a
medium optimized for fibroblasts. After 24 hours a glass ring was put on top of the dermal
equivalent and the epidermal equivalent consisting of keratinocytes was seeded inside this ring.
At this point the medium was shifted to keratinocyte-optimized medium. After 24 hours the glass
ring was removed and the filter inserts were lifted so that from this point on the cultures grew air
exposed. The cultures were cultivated for 3 weeks with medium change every other day.
Histological analyses:
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For histological analyses the skin equivalents were removed from the filter insert and
fixed in 3.7% formaldehyde. Paraffin sections were stained with hematoxylin and eosin and
microscopically analyzed.
Immunofluorescence analyses:
For indirect immunofluorescence analyses the skin equivalents were removed from the
filter inserts and kryo samples were prepared. Sections were stained for various proliferation and
differentiation markers and counterstained for DNA with Hoechst dye.
Dye penetration assay:
The functionality of the epidermal barrier was tested with a dye penetration assay. The
fluorescent dye Lucifer yellow was applied on top of the epithelium of the cultures for 1 hour,
after extensive washing the skin equivalents were removed from the filter inserts and cryo
samples were prepared.
v. Results
To elucidate the molecular mechanisms associated with a deficiency in 12R-L and the
improper formation of the epidermal barrier, indirect immunofluoresence analysis of mouse and
in vitro generated skin from organotypic cultures was performed. 12R-L WT and KO skin was
stained with antibodies specific for markers of proliferation, differentiation, and epidermal
barrier function. Additionally, histological analyses were performed on in vitro skin harvested
from 12R-L WT and KO keratinocytes.
Immunostaining using a specific mAb for 12R-L showed a staining pattern throughout
the plasma membranes of keratinocytes located in the granular layers, in both types of in vitro
generated skin and mouse skin (Fig. 1).
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Figure 1. Immunostaining of 12R-L WT and KO skin generated from organotypic cultures
and mouse skin for 12R-L protein.
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(A, B) 12R-L WT and KO sections of skin taken from organotypic cultures harvested with
primary keratinocytes. (C, D) 12R-L WT and KO sections of skin taken from organotypic
cultures harvested with cultured keratinocytes. (E, F) 12R-L WT and KO sections of mice skin.
Keratinocytes move from a proliferative cell type in the basal layer of the epidermis
through the granular layer where the cornified envelope is formed, to an association of dead cell
remnants in the upper-most layer of the skin (14). Immunostaining of the in vitro skin generated
using primary and cultured keratinocytes with Ki67, a proliferation marker, showed that the
positively stained nuclei were not only localized in the basal layer as expected but also in the
suprabasal layers (Fig. 2A, B, C, and D). In 12R-L WT and KO mouse skin, no difference was
observed in proliferation as Ki67 positive nuclei were found only in basal keratinocytes (Fig. 2E
and F). The fact that proliferative cells were not restricted to the basal layer in the in vitrogenerated skin, as was seen in the mouse skin, suggests that the organotypic cultures were not
able to form a properly stratified and differentiated epithelium.
Figure 2. Immunostaining of 12R-L WT and KO skin generated from organotypic cultures
and mouse skin for Ki67 positive nuclei
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(A, B) 12R-L WT and KO sections of skin taken from organotypic cultures harvested with
primary keratinocytes. (C, D) 12R-L WT and KO sections of skin taken from organotypic
cultures harvested with cultured keratinocytes. (E, F) 12R-L WT and KO sections of mice skin.
Epidermal differentiation begins with the migration of keratinocytes from the basal layer,
and ends with the formation of the cornified layer. Cell proliferation, differentiation and death
occur in succession and are each characterized by the expression of specific markers (14). Basal
cells are characterized by the expression of specific keratin intermediate filaments (KIFs). In the
basal layer, Keratin 14 (K14) serves as the main structural protein along with Keratin 5 (K5).
The immunostaining pattern of K14 filaments in the in vitro skin harvested using primary and
cultured keratinocytes was not restricted to the basal layer, but rather extended into the suprabasal regions as well (Fig. 3A, B, C, and D). This abnormal staining pattern was seen in both WT
and KO skin; however, suggesting that the organotypic cultures were unable to differentiate
properly and form a multilayered stratified epithelium. Normal expression of K14 was observed
in the epidermis harvested from 12R-L WT and KO newborn mouse skin (Fig. 3E and 3F).
Figure 3. Immunostaining of 12R-L WT and KO skin generated from organotypic cultures
and mouse skin for K14 protein.
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(A, B) 12R-L WT and KO sections of skin taken from organotypic cultures harvested with
primary keratinocytes. (C, D) 12R-L WT and KO sections of skin taken from organotypic
cultures harvested with cultured keratinocytes. (E, F) 12R-L WT and KO sections of mice skin.
The final steps in keratinocyte differentiation are associated with profound changes in
their structure, resulting in their transformation into the flat and anucleated corneocytes of the
stratum corneum, where they then express a completely new set of proteins (15). The keratin
intermediate filaments K14 and K5 are replaced with a new network of keratins consisting of
Keratin 1 (K1) and Keratin 10 (K10) intermediate filaments. These keratins, similar to K5 and
K14, are responsible for maintaining the structural integrity of the cells. In the in vitro skin
harvested using primary keratinocytes the staining pattern for K10 was concentrated in the
suprabasal regions in both the 12R-L WT and KO epithelia (Fig 4A and 4B). For the in vitrogenerated skin harvested using cultured keratinocytes, both 12R-L WT and KO epithelia were
stained all throughout the epidermis, suggesting that cultured keratinocytes exhibit a greater
difficulty in expressing the proper suprabasal differentiation markers, compared to the primary
keratinocytes (Fig. 4C and 4D). Staining of the mouse epidermis reproduced the same staining
pattern – suprabasal – as was seen in the in vitro skin harvested using primary keratinocytes (Fig.
4E and 4F).
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Figure 4. Immunostaining of 12R-L WT and KO skin generated from organotypic cultures
and mouse skin for K10 protein.
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(A, B) 12R-L WT and KO sections of skin taken from organotypic cultures harvested with
primary keratinocytes. (C, D) 12R-L WT and KO sections of skin taken from organotypic
cultures harvested with cultured keratinocytes. (E, F) 12R-L WT and KO sections of mice skin.
Injury to the skin leads to a significant change in the expression of keratin intermediate
filaments. Expression of keratins 6 (K6) and 16 (K16) occurs in keratinocytes near the wound
edge and in response to a damaged epidermal barrier (16). K6 staining is observed in both 12R-L
WT and KO in vitro skin harvested with primary and cultured keratinocytes (Fig. 5A, B, C, and
D). A healthy staining pattern was found in 12R-L WT mouse skin since K6 staining was absent
in the epithelium, and only the hair follicles where it is constitutively expressed were stained (17)
(Fig. 5E). In the 12R-L KO mouse skin, K6 staining was observed in the very upper layer of the
epidermis, suggesting that 12R-L deficiency might be responsible for the inability of the
epithelium to maintain the proper architecture necessary for barrier function (Fig 5F).
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Figure 5. Immunostaining of 12R-L WT and KO skin generated from organotypic cultures
and mouse skin for K6 protein.
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(A, B) 12R-L WT and KO sections of skin taken from organotypic cultures harvested with
primary keratinocytes. (C, D) 12R-L WT and KO sections of skin taken from organotypic
cultures harvested with cultured keratinocytes. (E, F) 12R-L WT and KO sections of mice skin.
Following their synthesis, keratin intermediate filaments are aggregated and bundled
together by filaggrin proteins, promoting the collapse of the cell into a flattened shape
characteristic of corneocytes (15). 12R-L WT and KO in vitro generated and mouse skin both
exhibited staining for the filaggrin protein in the stratum corneum of the epithelium; however,
staining of 12R-L WT skin (Fig. 6A, C, and E) exhibited a net-like pattern that was not seen in
the KO skin (Fig. 6B, D, and F), suggesting that filaggrin processing from its precursor
profilaggrin or its function in the mature monomeric state might have been impaired.
The compacted KIF-filaggrin network acts as a kind of scaffold for the subsequent
reinforcement of the cornified envelope, which is achieved through the cross-linkage of other
proteins like involucrin, loricrin, and repetin directly beneath the plasma membrane (14).
Immunostaining of all three markers revealed no significant differences between the WT and KO
in vitro or mouse skin, since only the stratum corneum was stained (Fig 7, 8 and 9).
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Figure 6. Immunostaining of 12R-L WT and KO skin generated from organotypic cultures
and mouse skin for filaggrin protein.
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(A, B) 12R-L WT and KO sections of skin taken from organotypic cultures harvested with
primary keratinocytes. (C, D) 12R-L WT and KO sections of skin taken from organotypic
cultures harvested with cultured keratinocytes. (E, F) 12R-L WT and KO sections of mice skin.
Figure 7. Immunostaining of 12R-L WT and KO skin generated from organotypic cultures
and mouse skin for involucrin protein.
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(A, B) 12R-L WT and KO sections of skin taken from organotypic cultures harvested with
primary keratinocytes. (C, D) 12R-L WT and KO sections of skin taken from organotypic
cultures harvested with cultured keratinocytes. (E, F) 12R-L WT and KO sections of mice skin.
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Figure 8. Immunostaining of 12R-L WT and KO skin generated from organotypic cultures
and mouse skin for loricrin protein.
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(A, B) 12R-L WT and KO sections of skin taken from organotypic cultures harvested with
primary keratinocytes. (C, D) 12R-L WT and KO sections of skin taken from organotypic
cultures harvested with cultured keratinocytes. (E, F) 12R-L WT and KO sections of mice skin.
Figure 9. Immunostaining of 12R-L WT and KO skin generated from organotypic cultures
and mouse skin for repetin protein.
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(A, B) 12R-L WT and KO sections of skin taken from organotypic cultures harvested with
primary keratinocytes. (C, D) 12R-L WT and KO sections of skin taken from organotypic
cultures harvested with cultured keratinocytes. (E, F) 12R-L WT and KO sections of mice skin.
Occurring at the same time as the synthesis of the proteins that comprise the cornified
envelope, fatty acids, cholesterol, and ceramides are transported in vacuoles to the plasma
membrane where some are linked to specific cornified envelope proteins and others are extruded
22

into the intercellular spaces. These events provide an impermeable non-polar barrier that
regulates water loss. Ceramides are the major components that comprise the lipid sheets found in
the intercellular spaces of the stratum corneum, and their decreased levels are a major etiologic
factor in the onset of skin diseases associated with impaired barrier function (13).
Previous studies have shown that all ceramide species including ω-hydroxy fatty-acidcontaining ceramides are derived from glucosyl ceramides (19). Comparison between 12R-L WT
and KO mouse and in vitro skin harvested from primary and cultured keratinocytes, showed an
accumulation of glucosyl-ceramides, and a decrease of ceramides in the KO epithelium
compared to the WT (Fig. 10 and 11). One explanation could be that 12R-L activity is required
to facilitate the processing of glucosyl-ceramides into ceramides through oxygenation of the
linoleate moiety. No oxygenation could disrupt this pathway and result in the build-up of
glucosyl-ceramides and a deficiency in ceramides, which are essential in maintaining the
integrity of the epidermal barrier.
Figure 10. Immunostaining of 12R-L WT and KO skin generated from organotypic
cultures and mouse skin for glucosyl-ceramides.
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(A, B) 12R-L WT and KO sections of skin taken from organotypic cultures harvested with
primary keratinocytes. (C, D) 12R-L WT and KO sections of skin taken from organotypic
cultures harvested with cultured keratinocytes. (E, F) 12R-L WT and KO sections of mice skin.
Figure 11. Immunostaining of 12R-L WT and KO skin generated from organotypic
cultures and mouse skin for ceramides.
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(A, B) 12R-L WT and KO sections of skin taken from organotypic cultures harvested with
primary keratinocytes. (C, D) 12R-L WT and KO sections of skin taken from organotypic
cultures harvested with cultured keratinocytes. (E, F) 12R-L WT and KO sections of mice skin.
A Lucifer yellow dye penetration assay was performed on in vitro skin generated using
primary and cultured keratinocytes to assess the development of the permeability barrier. 12R-L
WT in vitro-generated skin using primary keratinocytes did not exhibit any staining in the
epithelium, unlike the KO skin, suggesting that organotypic cultures harvested with primary
keratinocytes were able to form a functional epidermis and that a deficiency in 12R-L resulted in
the formation of a dysfunctional barrier (Fig 12A and B). Lucifer yellow staining was observed
in both 12R-L WT and KO in vitro-generated skin using cultured keratinocytes (Fig 12C and D).
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Figure 12. Lucifer yellow dye penetration assay of 12R-L WT and KO in vitro skin
generated from primary and cultured keratinocytes.
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(A, B) 12R-L WT and KO sections of skin taken from organotypic cultures harvested with
primary keratinocytes. (C, D) 12R-L WT and KO sections of skin taken from organotypic
cultures harvested with cultured keratinocytes.
Histological analyses were performed on 12R-L WT and KO in vitro-generated skin
harvested from primary keratinocytes. In both cases, staining showed a normal stratified
organization of the keratinocytes. As expected, 12R-L KO skin exhibited a thickening of the
stratum corneum compared to the WT (Fig. 13A, and B).
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Figure 13. Histological analysis of in vitro skin harvested from organotypic cultures
generated with primary keratinocytes.
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(A, B) 12R-L WT and KO sections of skin taken from organotypic cultures harvested with
primary keratinocytes.

vi. Discussion
The epidermal barrier is essential to the survival of all terrestrial organisms as it provides
an indispensable barrier against environmental insults and the unregulated loss of water. A
deficiency in 12R-L has been linked to the development of a defective barrier due to its role in
the processing of lipids and proteins that make up the epidermal barrier (19). 12R-L deficient
mouse skin, and in vitro-generated skin harvested from organotypic cultures established with
primary and cultured keratinocytes was assessed for its ability to proliferate, differentiate into a
multilayered stratified epithelium, and form a functional epidermal barrier.
The ability of organotypic cultures to reproduce a stratified differentiated epithelium with
basal, spinous, granular, and cornified layers was assessed in comparison to epithelia isolated
from mice. The irregular expression of K14 and K6 in both organotypic cultures and K10 in the
cultivated in vitro skin suggests that the system was unable to fully replicate the conditions found
in properly differentiated skin. Additionally, in both types of in vitro generated skin, proliferating
cells were not restricted to the basal layer, again evidencing the limitations of the organotypic
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culture model. Results were extremely variable; however, as some important markers of
differentiation especially those involved in the formation of the stratum corneum, such as
involucrin, repetin, and loricrin were expressed correctly in both types of organotypic cultures.
A comparison of the two cultures suggested that in vitro generated skin harvested with
primary keratinocytes lead to the formation of a more properly differentiated and organized
epithelium. For example, the specific expression of K10 in suprabasal keratinocytes in in vitro
skin harvested with primary keratinocytes was not observed in skin generated with cultured
keratinocytes. Furthermore, the functionality of the epidermal barrier - measured by the Lucifer
yellow dye penetration assay - in in vitro skin established with cultured keratinocytes, revealed
the absence of a proper barrier resistant to dye penetration, unlike the skin harvested with
primary keratinocytes.
Expression of certain markers including filaggrin, glucosyl ceramide, and ceramide was
consistent across organotypic cultures and mouse skin. Previous studies have shown that a
deficiency in 12R-L in neonatal mice leads to the complete loss of filaggrin monomers,
suggesting that profilaggrin processing might be affected (12). Immunostaining revealed that
there was a net like structure surrounding keratinocytes in the granular layer of WT skin, which
was not observed in KO skin. This staining pattern might be an indication of proper filaggrin
processing and function. Of further interest is the role that 12R-L might play in the linkage of ωhydroxyceramides to the cornified envelope. Glucosyl ceramides are major precursors of stratum
corneum ceramides and 12R-L has been implicated in the processing of ceramides, by
performing certain steps that facilitate their attachment to the cornified envelope. In 12R-L KO
skin, glucosyl ceramide build up in the lower layers of the epithelia suggests that 12R-L
deficiency might interfere with the processing of ceramide precursors, and result in a decrease of
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ceramides in the lipid envelope, as is seen in 12R-L KO skin. Of additional relevance is the role
that 12R-L in conjunction with eLOX-3 has been suggested to play in the conversion of
arachidonic acid, to produce epoxyalcohol metabolites that transactivate peroxisome proliferatoractivated receptors (PPARs), which have been implicated in lipid synthesis and metabolism (12).
vii. Conclusion and Future Directions
In summary, these results demonstrate and strongly support past results, indicating that
the 12R-LOX–eLOX-3 pathway plays a key role in the process of epidermal barrier acquisition
by affecting lipid metabolism, as well as protein processing. However, further steps need to be
taken to improve the organotypic models so that they are able to fully replicate the physiology
found in skin.
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IV. REGULATION OF LKB-1 AND AMPK BY UV LIGHT

i. Background
In order to sustain essential cellular functions, high concentrations of ATP must be present.
To achieve this balance, a sensor that acts in response to declining levels of ATP is initiated. One
such system, identified in eukaryotic cells is the AMPK cascade. AMPK is responsible for
monitoring changes in intracellular ATP levels and then coupling this to the phosphorylation of
downstream targets. This leads to an increased rate of ATP-producing pathways and/or a
decrease in the rate of ATP-consuming pathways (1).
AMPK is a heterotrimeric complex composed of α catalytic subunits, and β and γ regulatory
subunits. The α subunit, of which there are two isoforms, contains a serine/threonine protein
kinase domain at the N-terminus, and a C-terminal regulatory domain. (2). At the N-terminal
region of the β subunit, there is a domain termed the glycogen-binding domain or carbohydratebinding module (CBM). The C-terminal end of the β subunit interacts with the α and γ subunits
as a scaffold, facilitating the interaction of all three subunits. There are a total of two β subunit
isoforms (3). The γ subunit has three isoforms that contain four copies of a motif termed
cystathionie- β-synthase (CBS). CBS domains are expressed in tandem repeats, which
collectively are referred to as a Bateman domain. This region is responsible for the binding of
adenine nucleotides (4).
AMPK is regulated through a variety of mechanisms. As the name suggests, AMP
allosterically activates AMPK. The degree of activation appears to be dependent upon the type of
γ subunit that is present within the AMPK complex (5). Nevertheless, the level of AMPK
activation achieved through AMP relative to phosphorylation is low. AMPK is primarily
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regulated through reversible phosphorylation. AMPK is activated by the phosphorylation of a
threonine residue within the α subunit (Thr172) (6). LKB1 along with Ca+/calmodulin-dependent
protein kinase β (CaMMKβ), are the main upstream kinases responsible for Thr172
phosphorylation, although this report will focus primarily on the interactions between LKB1 and
AMPK (7). When the intracellular AMP/ATP ratio increases, AMP binds the AMPK γ subunit
inducing a conformational change that exposes the Thr172 residue on the α subunit. LKB1 then
proceeds to phosphorylate Thr172, thereby activating the kinase activity of AMPK (8).
LKB1 assembles into a heterotrimeric complex. The STe-20 Related Adaptor (STRAD)
pseudo kinase, which has been implicated in improving LKB1 catalytic activity and the
stabilizing mouse protein25 (MO25) protein make up this complex. In lower organisms this
pattern is conserved. In mammals; however, the complexity increases as two STRAD and MO25
paralogues named α and β have been identified. The presence of 4 STRADα and 2 STRADβ
isoforms increases the number of potentially different LKB1 complexes to 16 (9).
Crystal structure analysis has revealed that LKB1 complex activation depends on
LKB1/STRAD interaction (10). STRAD activates LKB1 kinase activity allosterically. Upon
binding to LKB1, STRAD causes a conformational change that reveals the MO25 binding site.
After being bound by MO25, the LKB1 activation loop conformation, necessary for kinase
activity, becomes stabilized (11). Therefore, LKB1 needs to be associated with both STRAD and
MO25 in order to maintain its active conformation.
Only one post-translational modification of the LKB1 complex has been suggested to play a
part in regulating its catalytic activity. Acetylation of the LKB1 Lys48 residue has been shown to
reduce LKB1 affinity for STRAD, thereby decreasing the activity of the LKB1 complex. The
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acetyl-transferase responsible for inducing this acetylation has not been identified; however, its
deacetylase counterpart human sirtuin 1 (SIRT1) has (12). Removal of the acetyl group favors
the formation of the LKB1 complex and restores its catalytic function. Post-translational
modifications have not been shown to play a large role in determining LKB1 complex activity
and no stimuli have been observed to affect LKB1 complex activation, suggesting that LKB1
may be constitutively expressed (13). Increasing amount of evidence also indicates that
regulation of different cellular processes by LKB1 is dependent upon its subcellular localization
(14).
Earlier models suggested that LKB1 localizes primarily to the nucleus. However,
immunostaining of endogenous LKB1 has revealed that it localizes predominantly to the cytosol
and membrane, while it is absent in the nucleus (15). In migrating cells, LKB1 immunostaining
is observed at the leading edge, and in polarized cells the staining pattern is restricted to the
basolateral domain. LKB1 co-localizes and interacts with STRAD at the membrane, supporting
the notion of complex activity at the plasma membrane (16). The presence of LKB1 at the
basolateral domain is correlated with its ability to activate one of its substrates, AMPK (14).
This suggests that LKB1 regulation is governed by its subcellular localization and relative
proximity to its substrates. This is also supported by scant observations where LKB1
phosphorylation at the Ser431 residue is shown to reduce its affinity for the membrane and its
ability to activate AMPK (17, 18).
LKB1 is considered a “master kinase” due to its ability to phosphorylate a host of
downstream proteins. AMPK was the first downstream substrate of LKB1 to be identified, and
has been the most extensively studied to date (19). Upon LKB- induced phosphorylation, AMPK
initiates a host of functions that restore cellular homeostasis by coordinating cell cycle arrest,
32

upregulating genes involved in catabolism, downregulating genes involved in gluconeogenesis
and lipogenesis, and halting protein synthesis through the inhibition of mTOR (20). A loss of
LKB1 leads to decreased AMPK activity thereby relieving growth constraints, which could
result in tumorigenesis (21).
Inherited mutations of LKB1 result in Peutz-Jeghers Syndrome (PJS), a rare cancer
susceptibility syndrome characterized by the early development of intestinal hamartomas. Initial
studies suggested that 30-70% of PJS patients harbored an LKB1 inactivating mutation, while
more recent studies employing improved methods for mutational detection have suggested that
closer to all cases of PJS may harbor LKB1 inactivating mutations (22, 23). These clinical data
and LKB1’s known role as a growth suppressor suggest that it plays an important role in tumor
suppression. It is less clear; however, whether LKB1 exerts its role as a tumor suppressor
through AMPK activation.
Cancer cells undergo uncontrolled growth and division and as a result necessitate a large
amount of energy (1). In normal non-cancerous cells, AMPK is activated in response to energylimiting conditions, which would ultimately lead to a decrease in cellular growth. In accordance
with this model, AMPK would be predicted to antagonize cancer cell growth through its
interaction with downstream substrates (24). Among these targets is the mTOR protein, which
exists in two forms, mTORC1 and mTORC2. When there is a positive energy balance in the cell
mTORC1 is stimulated to induce protein and lipid synthesis, ribosome biogenesis, and nutrient
import. Consequently, deregulation of the mTORC1 pathway has been implicated in a variety of
cancers (25).
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The activity of AMPK and mTORC1 follows an inverse relationship. In high energy/nutrient
rich conditions mTORC1 activity is favored, while in low energy/starvation conditions AMPK
activity predominates (1). Consequently, studies have focused on the role that AMPK plays in
down-regulating mTORC1. AMPK has been show to reduce mTORC1 activity directly by
phosphorylating it at the Thr2446 residue, which prevents Akt from stimulating mTORC1 activity.
AMPK also exerts antagonistic effects on mTORC1 by interacting with upstream activators of
mTORC1 like tuberous sclerosis protein 2 (TSC2) (26). Ultimately, AMPK integrates signals of
low energy supply to decrease growth by inhibiting mTORC1 function.
AMPK can also affect tumor growth via its influence on cell-cycle control. Several reports
have suggested that AMPK activity is necessary for cell cycle arrest at the G1 phase in low
energy conditions. AMPK is able to achieve these effects through the phosphorylation of tumor
suppressors p53 and p27 (27).
The evidence presented thus far suggests that activation of AMPK by LKB1would promote
anti-tumorigenic effects by slowing growth. This outcome has been observed experimentally in a
wide variety of cancers including breast, gastrointestinal, esophageal, stomach, small bowel,
colorectal, pancreas, lung, reproductive tissue, and skin (10). This section will focus on the role
that LKB1 and AMPK play as tumor suppressors in ultraviolet (UV)-induced skin
carcinogenesis, and their potential to function as therapeutic targets.
Skin cancer is the most common malignancy in the United States and UV irradiation appears
to be the greatest risk factor associated with carcinogenesis (28). The three types of UV
irradiation are classified into the following categories: UVA (400-320 nm), UVB (320-280 nm),
and UVC (280-200 nm). Only UVA and UVB, which make up 90-99% and 1-10% of sunlight,
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respectively reach the earth’s surface. Consequently, these types of UV radiation are considered
to be the most biologically relevant carcinogens (29).
UVB is the most widely studied carcinogen and has been suggested to play a part in the
regulation of the AMPK-LKB1 pathway. UVB irradiation has been shown to decrease the
quantity of LKB1 protein in human keratinocytes (30). Reduced AMPK phosphorylation at the
Thr172 residue, which plays a critical role in AMPK activation, has also been observed (31).
These results suggest that UVB is able to inhibit AMPK activity by decreasing the abundance of
LKB1 protein or phosphorylation of AMPK by LKB1.
AMPK has been shown to play a role in regulating cyclooxygenase-2 (Cox-2) mRNA
stability. Decreased AMPK activity via UVB radiation promotes Cox-2 protein translation. Cox2 is a well-known oncogene, and during translation its mRNA is stabilized by human antigen R
(HuR). AMPK inhibition results in increased levels of HuR protein expression, suggesting one
possible mechanism through which the LKB1-AMPK pathway modulates Cox-2 translation (32).
In accordance with these results, PJS patients, who have a higher risk of developing
gastrointestinal cancer, exhibit increased Cox-2 expression in 80% of the polyps and all
carcinomas collected. In LKB-1 knockout mice Cox-2 expression was found to be significantly
elevated (33).
Other studies have documented that mTOR signaling is activated by UVB radiation (34). The
mTOR protein exists in two distinct units: mTORC1 and mTORC2. Inhibition of mTORC1 has
been shown to reduce UVB-induced epidermal proliferation and cell-cycle progression in mice.
AMPK decreases mTORC1 activity, suggesting another possible mechanism through which
targeting of the LKB1-AMPK pathway may prove effective in mitigating carcinogenesis. In
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summary, these findings suggest that the LKB1-AMPK pathway is an important regulator of
cellular processes that once deregulated may result in cancer. Therefore LKB1 and AMPK
represent important biological markers that could be promising targets for the prevention and
treatment of UV-induced skin cancer.
ii. Hypothesis
Activation of the LKB1-AMPK pathway prevents UV-induced skin carcinogenesis by downregulating downstream oncogenic targets in human keratinocytes.
iii. Methodology
Antibodies:
Anti-phospho-AMPK (Thr172) antibody was purchased from Santa Cruz Biotech (Santa Cruz,
CA). Anti-phospho-LKB1 (Ser 428) and anti-phospho-mTOR (Ser2248) antibodies were
purchased from Cell Signaling (Danvers, MA).
UVA-340 Treatment:
HaCaT cells (immortalized human keratinocytes) were grown in DMEM (Gibco/BRL, Carlsbad,
CA) plus 10% fetal bovine serum to 90% confluency. Cells were then washed twice with PBS
and irradiated with 30 and 40 kJ/m2 of UVA-340 light. Protein samples were collected 0.5 hours
following irradiation.
Total Cellular Protein Extraction and Western Analysis:
Cells were lysed with RIPA buffer [20 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM EDTA,
1mM EGTA, 1% Triton X-100, 2.5 mM Na2P4O7, 1 mM β-glycerophosphate, 1 mM Na3VO4,
and 1 μg/mL leupeptin]. Lysates were pelleted at 14,000 rpm for 15 minutes at 4°C. Protein
concentrations were determined with Bio-Rad Dc reagent (Bio-Rad, Hercules, CA). For western
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blots 30 μg of protein were resolved on a 10% SDS-PAGE gel and transferred to PVDF. The
membrane was then blocked with 5% albumin in TBST at room temperature for 1 hour and
incubated with antibodies at 4°C overnight. The membrane was washed with TBST and
incubated with IgG anti-body for 2 hours at room temperature. The membrane was washed with
TBST again before being developed with ECL reagents.
iv. Results
Previous studies have shown that UVB radiation prevents AMPK phosphorylation at its
Thr172 residue (32). This phosphorylation is essential for AMPK’s catalytic activity and therefore
provides a good indication of its activity. It has not been shown whether the use of UVA-340 as
an energy source has the same effects as UVB radiation alone. UVA-340 closely matches the
natural spectrum of sunlight ranging in wavelength from 295-350 nm (35). To test this idea we
compared the phosphorylation of Thr172 of the AMPK subunit in both mock and UVA-340treated HaCaT cells. We found that Thr172 phosphorylation was reduced upon UVA-340
treatment (Figure 1), indicating that UVA-340 radiation was able to inhibit AMPK activity.
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Figure 1. UVA-340 down-regulated phosphorylation of AMPK Thr172 residue. HaCaT cells
were either mock or UVA-340 irradiated at 30 and 40 kJ/m2. Following irradiation, cells were
incubated for 0.5 hours at 37°C before being harvested for Western blot analysis.

Reduced AMPK activity might result from the diminished activity of upstream kinases, like
LKB1. Post-translational modifications are not thought to affect LKB1 complex kinase activity
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and its ability to phosphorylate AMPK. However, the phosphorylation of LKB1 at Ser428 has
been shown to impede LKB1’s ability to activate AMPK and prevent anchorage-independent
growth in melanoma cells (18). Following UVA-340 irradiation of HaCaT cells there is an
increase in the phosphorylation of LKB1 at the Ser428 residue (Figure 2). Previous studies have
shown that this phosphorylation prevents LKB1-AMPK binding, and the consequent activation
of AMPK (18). This provides one possible mechanism that explains how UVA-340 irradiation of
HaCaT cells decreases LKB1-AMPK activity.
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Figure 2. UVA-340 up-regulated phosphorylation of LKB1 at Ser428 residue. HaCaT cells
were either mock or UVA-340 irradiated at 30 and 40 kJ/m2. Following irradiation, cells were
incubated for 0.5 hours at 37°C before being harvested for Western blot analysis.
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Figure 3. UVA-340 up-regulated phosphorylation of mTOR at Ser2248 residue. HaCaT cells
were either mock or UVA-340 irradiated at 30 and 40 kJ/m2. Following irradiation, cells were
incubated for 0.5 hours at 37°C before being harvested for Western blot analysis.

The LKB1-AMPK pathway has been extensively studied for its effects on downstream
oncogenic targets. Foremost among these is mTOR, which plays a critical role in promoting
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cellular growth and has been implicated in a wide variety of cancers. To test whether UVA-340
irradiation regulates mTOR activation, we compared phosphorylation of the mTOR subunit at
the Ser2248 residue in HaCaT cells. We found that following UVA-340 exposure; there was an
increase in phosphorylation at the Ser2248 residue (Figure 3). Studies have shown that mTOR is
activated at this same residue by the PI3 kinase/Akt pathway (34). It is unclear as to what
mechanism is at play following UVA-340 exposure that results in mTOR activation.
Nevertheless, the results demonstrate that UVA-340 is capable of activating mTOR, a marker
associated with carcinogenesis.
v. Discussion
The effects of UVB irradiation on the LKB1-AMPK pathway in epidermal keratinocytes
have been well documented. The use of UVA-340 as an energy source has not been explored as
extensively, despite its ability to mimic natural sunlight. These results provide insight into the
effects of UVA-340 radiation on the LKB1-AMPK pathway and its downstream effects, in
HaCaT cells. UV exposure seems to prevent LKB1-AMPK binding through phosphorylation of
the Ser428 residue. This interaction is thought to be necessary for the activation of AMPK;
however, it still remains unclear whether phosphorylation of the AMPK Thr172 residue depends
on this contact. Studies, have demonstrated that phosphorylation of LKB1 at Ser428 does not
increase the ability of LKB1 to phosphorylate downstream targets (35). Yet, upon UV irradiation
AMPK Thr172 phosphorylation is markedly decreased relative to the control. In light of these
results, it is possible that AMPK Thr172 phosphorylation is carried out through a separate
mechanism. LKB1 may be responsible for stabilizing AMPK or in recruiting kinases that carry
out the phosphorylation and consequently activate AMPK’s catalytic functions. Nevertheless,
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these data support the notion that UVA-340 exposure diminishes the protective effects that
LKB1 and AMPK play in attenuating skin carcinogenesis.

Figure 4. Regulation of LKB1 and AMPK by UV-light. By inhibiting LKB1, UV-light
represses AMPK-dependent activation of TSC2, resulting in activation of mTORC1 and
stimulation of proliferation. Modified from (8).

The mTOR protein is a potent oncogene involved in promoting cellular growth and protein
synthesis. The irradiation of HaCaT cells with UVA-340 increased the phosphorylation of
mTOR at Ser2248. The PI3 kinase/Akt pathway has been shown to activate mTOR via
phosphorylation of the Ser2248 residue. Based on these data it is difficult to conclude by what
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mechanism AMPK and mTOR are interacting; however, it is clear that UVA-340 is stimulating
mTOR’s activation. Hyper-activation of mTOR is observed in many different cancers,
supporting the notion that UVA-340 is acting as a carcinogen (36). Of further interest would be
to analyze the phosphorylation of the Ser792 residue of mTORC1. AMPK has been thought to
interact with the mTORC1 complex by phosphorylating this residue, and inhibit mTORC1’s
ability to stimulate cellular growth (37).
vi. Conclusion and Future Directions
The results presented here suggest UVA-340 modulates the LKB1-AMPK pathway and
mTOR activity; and support their use as biomarkers of UV-exposure. AMPK activators like
metformin, AICAR, or mTOR inhibitors like rapamycin have been shown to inhibit UVBmediated cell-cycle progression (8). Because of the similarity between UVA-340 and natural
sunlight preclinical studies should investigate the effects of therapeutic agents on LKB-1dependent regulation of AMPK.
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V. REGULATION OF APE1/ REF-1 BY UV LIGHT

i. Background
Sensitizing cancer cells to DNA damaging agents such as chemotherapy and/or radiation
is achieved through the inhibition of proteins involved in DNA repair pathways (1). Although it
seems counterintuitive to inhibit enzymes that prevent the acquisition of mutations in genetically
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unstable tumor cells, there appears to be a threshold in which a lack of DNA repair results in cell
death (2). The up-regulation of DNA repair enzymes also contributes to increased resistance of
tumor cells to treatment. These cells are able to bypass the negative effects induced by therapy
through the repair of their DNA (3).
One such enzyme involved in the DNA repair pathway is Ape1/Ref-1. Ape1/Ref-1 plays
a key role in the base excision repair (BER) pathway, which is responsible for the repair of DNA
caused by oxidative and alkylation damage (4). Interestingly, Ape1/Ref-1 also functions as a
reduction-oxidation (redox) factor that maintains transcription factors in their active states.
Ape1/Ref-1 is responsible for promoting the binding activity of transcription factors such as AP1, NFκB, CREB, and p53. These transcription factors are influential is processes governing
cancer promotion and progression (5).
The dual-functionality of Ape1/Ref-1 provides it with the ability to sensitize cancer cells to
chemotherapeutic agents. Inhibiting Ape1/Ref-1 activity will force tumor cells to undergo
apoptosis, because they will lack the capacity to undergo DNA repair. Furthermore, preventing
Ape1/Ref-1’s redox activity will diminish its ability to activate transcription factors that once
bound to DNA promote cellular growth signals (3). In this section, I will describe Ape1/Ref-1’s
activities along with its potential to serve as a target in cancer treatment, particularly in relation
to UV-induced skin carcinogenesis. Based on in vitro experiments the effects of UVA-340
irradiation on Ape1/Ref-1 expression will be presented. Additionally, the effects of Ape1/Ref-1
siRNA knockdown on inducing apoptosis in HaCaT cells will be explored.
Mammalian BER consists of two pathways: long patch (LP) and short patch (SP) repair.
These two processes differentiate from one another based on the length of DNA that is repaired.
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Ape1/Ref-1 is active in both of these processes and may be responsible for determining which of
the two takes place (6). The first step of BER involves the removal of a damaged base by a DNA
glycosylase. The second step of the process involves Ape1/Ref-1, which hydrolyzes the
phosphodiester backbone immediately 5’ to an AP (abasic) site generated by the glycosylase.
Subsequent enzymes involved in the BER pathway then process the abasic deoxyribose-5phosphate generated by this incision (3). Ape1/Ref-1 also possesses a diesterase activity that
removes fragmented sugar residues generated by oxidative stress, ionizing radiation, or
chemotherapeutic agents. The diesterase activity of Ape1/Ref-1 is 200-fold less than its AP
endonuclease activity (7). Finally, Ape1/Ref-1 also plays a role in the excision of
deoxyribnucleoside analogs from DNA via its 3’-5’ exonuclease activity (8). Ultimately
Ape1/Ref-1 protects the cell from the accumulation of mutagenic AP sites in the DNA. If AP
sites are left unrepaired then that can lead to accumulation of DNA strand breaks, apoptosis, and
increased cytotoxicity (9). Based on Ape1/Ref-1’ role in regulating DNA repair, exploiting this
pathway could result in the sensitization of cells to UV exposure and drive initiated cells to
undergo cell death rather than clonal expansion.
A number of transcription factors have been shown to be under Ape1/Ref-1 redox control.
Ape1/Ref-1 has been shown to activate these transcription factors by converting them from
oxidized to reduced states via the reduction of cysteine residues (3). Ape1/Ref-1 is a major
reduction factor of AP-1 in cells (3). AP-1 activation is known to be a consequence of UV
irradiation. Increased AP-1 activity leads to clonal expansion of initiated cells by inducing genes
that are involved in cellular proliferation and survival. Pharmacologic and genetic inhibition of
AP-1 has been shown to inhibit the development of skin cancer in vivo. Although there is limited
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evidence regarding Ape1/Ref-1 activity following UV-irradiation, Ape1/Ref-1 represents a
potentially important biological marker for UV-induced skin carcinogenesis (10).
ii. Hypothesis
Solar simulated ultraviolet light (UVA-340) increases APE-1 expression in an
immortalized human keratinocyte cell line, HaCaT cells. Furthermore, knockdown of Ape1/Ref1 via siRNA increases apoptosis in HaCaT cells.
iii. Methodology
AP-1 Luciferase Assay:
The role of the oxidoreductase activity of Ape1/Ref-1 was measured using a HaCaT derived cell
line called HCL-14. HCL-14 cells were stably transfected with an AP-1 luciferase reporter
construct containing a human MMP-1 TPA response element driving the expression of firefly
luciferase. HCL-14 cells were grown in DMEM (Gibco/BRL, Carlsbad, CA) plus 10% fetal
bovine serum to 90% confluency. Cells were incubated with either compound 793-2 or
resveratrol one hour prior to irradiation. Prior to irradiation the cells were washed twice with
PBS and then irradiated with 40 kJ/m2 of UVA-340 light. Protein samples were collected 12
hours following irradiation.
Ape1/Ref-1 siRNA Treatment:
HaCaT cells were treated with doses of 0, 25, 50, 100, or 200 pmol of Ape1/Ref-1 siRNA and
incubated at 37°C for 48 hours following treatment. The cells were then harvested for Western
blot analysis according to previously described protocol.
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iv. Results
Previous studies have not analyzed the effects of UVA-340 solar simulated light on
Ape1/Ref-1 expression. UVA-340 mimics natural sunlight by including both UVA and UVB
wavelengths. The combinatorial effects of both wavelengths on the expression of Ape1/Ref-1 in
epidermal keratinocytes are not well understood. In order to understand how UVA-340
influences Ape1/Ref-1 expression we compared total Ape1/Ref-1 cellular abundance in both
mock and UVA-340 treated cells. We found that Ape1/Ref-1 abundance increased following
UV-exposure, compared to the mock (Figure 1). Ape1/Ref-1 protein samples were collected at
0, 6, 12, and 24 hours following UV-irradiation. Interestingly, the abundance of Ape1/Ref-1
decreases starting at 12 hours post-UV exposure. Overexposure of the Western blot reveals a
band of heavier weight for all time points after 12 hours (Figure 2). It is possible that these bands
represent post-transcriptionally modified Ape1/Ref-1 protein, and explain why there is a
decreased abundance of Ape1/Ref-1 beginning at the 12-hour time point. Nevertheless, the
increase in protein levels following UVA-340 irradiation demonstrates that solar simulated light
up-regulates Ape1/Ref-1.

Figure 1. UVA-340 solar simulated light increases Ape1/Ref-1 protein abundance. HaCaT
cells were not either not exposed to UVA-340 or received a dose 40 kJ/m2. Following exposure
cells were incubated for 0, 6, 12, 24, or 48 hours at 37°C before being harvested for Western blot
analysis.
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Figure 2. Overexpression of Western blot reveals molecular weight shift of Ape1/Ref-1
bands. HaCaT cells were not either not exposed to UVA-340 or received a dose 40 kJ/m2.
Following exposure cells were incubated for 0, 6, 12, 24, or 48 hours at 37°C before being
harvested for Western blot analysis. Starting at the 12-hour time point, overexpression of
Western blot reveals a molecular weight shift of Ape1/Ref-1 protein, as indicated by the arrow.
These bands may represent post-transnationally modified Ape1/Ref-1 protein.
The Ape1/Ref-1 protein’s critical involvement in the BER pathway following the
formation of AP sites has been proposed to have an effect on cell survival (3). If the cell
accumulates sufficient unrepaired AP sites it can lead to DNA strand breaks and apoptosis (9).
DNA damage is a well-established consequence of UV exposure, with UVB being the primary
UV wavelength responsible for such outcome (11). If the BER pathway is non-functional as a
cause of Ape1/Ref-1 inhibition, the accumulation of unrepaired UV-induced DNA lesions might
cause the cell to reach a threshold and undergo programmed cell death. To test this idea we first
treated HaCaT cells with Ape1/Ref-1 targeting siRNA. At 48 hours post-siRNA treatment we
observed a decrease in Ape1/Ref-1 protein levels in a dose-dependent manner (Figure 3). A dose
of 200 pmol almost completely reduces Ape1/Ref-1 protein levels as is observed in Figure 3.
HaCaT cells were then treated with the siRNA according to the conditions established above and
then irradiated with UVA-340 light. The apoptotic response was then measured by Western
analysis of PARP cleavage.
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Figure 3. Ape1/Ref-1 siRNA decreased Ape1/Ref-1 protein abundance in HaCaT cells.
HaCaT cells were treated with doses of 0, 25, 50, 100, or 200 pmol of Ape1/Ref-1 siRNA and
incubated at 37°C for 48 hours following treatment. The cells were then harvested for Western
blot analysis.
We found that in the vehicle group not treated with Ape1/Ref-1 siRNA there was
increased cleavage of PARP in cells irradiated with UVA-340 compared to the mock, suggesting
that UV exposure induced apoptosis (Figure 4). In the group treated with Ape1/Ref-1 siRNA;
however, PARP cleavage in the cells irradiated with UVA-340 was not as evident. A decrease in
PARP protein relative to the mock, and the absence of cleavage suggested that apoptosis did not
take place. Other groups have found that even in the absence of exogenous DNA damage, siRNA
directed against Ape1/Ref-1 led to increased levels of apoptosis (12). Our findings clearly
contrast with these results and further experimentation is certainly required to validate these
results.

Figure 4. Ape1/Ref-1 siRNA treatment decreased PARP cleavage in UVA-340 irradiated
cells. HaCat cells were treated with 200 pmol of Ape1/Ref-1 siRNA or vehicle, and incubated at
37°C for 48 hours following treatment. Then the cells were either not exposed to UVA-340 or
they were irradiated with a 40 kJ/m2 dose and then incubated for 16 hours post-UV at 37°C. The
cells were then harvested for Western blot analysis.

Finally the effects of Ape1/Ref-1 inhibitors on the oxidoreductase function of Ape1/Ref1 were assessed. As previously mentioned Ape1/Ref-1 is an important regulator of the AP-1
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transcription factor. Ape1/Ref-1 reduces AP-1 thereby allowing it to bind to DNA elements and
modulate the expression of genes involved in tumorigenesis. We hypothesized that by inhibiting
the activity of Ape1/Ref-1 with compounds that interact with the specific drug binding pockets
of Ape1/Ref-1, oxidoreductase activation of downstream targets will decrease. In order to test
this hypothesis we used a HaCaT-derived cell line (HCL-14 cells) that has been stably
transfected with an AP-1 luciferase reporter construct containing the MMP-1 TPA response
element driving the expression of firefly luciferase. HCL-14 cells were treated with compound
793-2 and the phytoalexin resveratrol before and after UVA-340 irradiation. Resveratrol is a
naturally occurring compound and component of red wine and grapes. It is thought to bind the
redox domain of Ape1/Ref-1 and inhibit the activation of downstream transcription factors. The
793-2 compound is similar in structure to resveratrol, but is thought to bind the Ape1/Ref-1
pocket with a higher affinity. We found that the 793-2 compound did not significantly reduce
AP-1 transcription factor activation, while resveratrol was effective in decreasing AP-1
activation relative to the DMSO control (Figure 5).
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Figure 5. Resveratrol inhibited UVA-340 induced AP-1 activation. HCL-14 cells were
treated with a control (DMSO), and different concentrations of compound 793-2, or resveratrol
prior to UVA-340 irradiation. The cells were either not exposed to UVA-340 or irradiated with
40 kJ/m2 of and then incubated with their respective compounds for 12 hours at 37°C. The cells
were then harvested for AP-1 luciferase assay.

v. Discussion
These results demonstrate that UVA-340 radiation increases Ape1/Ref-1 abundance in
HaCaT cells. Increased Ape1/Ref-1 levels are observed in numerous cancers including breast,
prostate, ovarian, cervical, germ cell tumor, rhabdomyosarcoma, and colon (5). This supports the
notion that UVA-340 acts as a strong carcinogen in epidermal keratinocytes. The increased
activity of Ape1/Ref-1 following exposure to UVA-340 could be explained by increased BER
repair activity due to newly acquired DNA damage. The time-dependent decrease in Ape1/Ref-1
beginning at 12 hours post-UV irradiation could be a result of the 8-hour half-life of the protein.
Another possibility is that Ape1/Ref-1 undergoes post-translational modifications, which is
supported by the observed shift in molecular weight of the bands 12 hours post-UV exposure.
Yacoub et al., demonstrated that Ape1/ Ref-1 is phosphorylated by casein kinase II (CKII) and
that this modification inactivates its AP-endonuclease function. Following UV-exposure for 12
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hours, the AP-endonuclease function of Ape1/Ref-1 might not be necessary because the DNA is
sufficiently repaired (13). One possibility is that phosphorylation represents a feedback
mechanism that serves to inhibit the BER activity of Ape1/Ref-1 when it is no longer needed.
Ape1/Ref-1’s role in BER makes it an essential protein for preserving genomic stability.
Previous studies have demonstrated that targeted reduction of Ape1/Ref-1 renders mammalian
cells hypersensitive to chemotherapeutic agents, radiation, and H2O2 (14). We expected that
knocking out Ape1/Ref-1’s function with siRNA would have a similar response when exposed to
UVA-340 light, and induce apoptosis. Our results showed the opposite, and suggested that a lack
of Ape1/Ref-1 function may promote survival. However, further experimentation is required to
uncover the role that Ape1/Ref-1 plays in mediating the apoptotic response in human epidermal
keratinocytes.

Figure 6. Activation of Ape1/Ref-1 by UV-light. UV-light induces Ape1/Ref-1 leading to DNA
repair and regulation of reactive oxygen species (ROS). Ape1/Ref-1 also activates transcription
factors such as AP-1 and p53 leading to transcriptional activation of target genes.
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Resveratrol was shown to inhibit AP-1 transcription factor binding to its DNA response
element in a dose dependent fashion. This result is in accordance with results obtained by Yang
et al., who demonstrated that resveratrol was able to inhibit in a dose-dependent manner,
Ape1/Ref-1 mediated DNA binding of AP-1 and endonuclease activity (15). The underlying
mechanisms involved in the anti-cancer properties of resveratrol are not widely understood;
however, it is well known that resveratrol affects a variety of signaling pathways. These findings
suggest resveratrol mediates Ape1/Ref-1 redox activity.
The physiological relevance of these results is not clear. Studies have shown that
resveratrol reaches concentrations of approximately 1 μM in the blood (16). The efficacy of
resveratrol at inhibiting Ape1/Ref-1 redox function was seen at much higher doses. However,
once ingested resveratrol undergoes extensive modifications and is metabolized into several
components very quickly. Therefore, the effects of resveratrol metabolites in reducing AP-1
DNA binding cannot be excluded, but certainly warrant further investigation. Furthermore, these
results do not provide direct evidence that resveratrol prevents AP-1 DNA binding by
exclusively inhibiting Ape1/Ref-1. It is possible that resveratrol could inhibit Ape1/Ref-1’s
redox activity and prevent AP-1 from binding to the DNA by exclusively interacting with
Ape1/Ref-1. It is also possible that resveratrol may act non-specifically and bind to AP-1
directly, thereby preventing it from binding its DNA response element.
vi. Conclusion and Future Directions
In summary, these results suggest that UVA-340 solar simulated light increases the
abundance of Ape1/Ref-1 protein in epidermal keratinocytes. The Ape1/Ref-1 protein is
involved in activating AP-1 that subsequently activates a transcriptional program associated with
cellular proliferation. Activation of AP-1 is a critical step during UV-induced squamous cell
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tumor promotion; therefore, inhibition of this pathway (Ape1/Ref-1/AP-1) represents a viable
treatment option for the inhibition of SCC and other cancers (17). Ape1/Ref-1 is also shown to
interact with the tumor suppressor p53. Inactivation of p53 plays an essential role in UV-induced
initiation of squamous cell carcinoma and clonal expansion (18). The interactions between p53
and Ape1/Ref-1 following UVA-340 exposure merits further consideration due to p53’s essential
role in carcinogenesis.
Resveratrol was able to diminish AP-1 DNA binding and provides a proof-of-concept for
therapy, although smaller concentrations closer to the normal physiological amounts found in
circulation should be tested. Other dietary compounds like soy isoflavones, curcumin, and
various antioxidants have been shown to inhibit Ape1/Ref-1 function and modulate cell-cycle
progression, apoptosis, and metastasis (19). The efficacy of these compounds in mediating
Ape1/Ref-1 protein levels following UV-exposure should also be explored.

VI. OVERALL SUMMARY AND CONCLUSIONS
This report has drawn upon three areas of research within the field of skin biology to
describe the normal physiological functions of the skin epidermis and how de-regulation of these
processes leads to the onset of inherited epidermal disorders and cancer. The results regarding
the pathophysiological mechanisms associated with the onset of ARCI, and the role of 12R-L are
in accordance with past studies, which implicate 12R-L as responsible for the development of a
functional epidermal barrier. 12R-L KO mice exhibited differential expression of filaggrin,
glucosyl ceramide, and ceramide markers, suggesting that they are essential in the proper
formation of the epidermis. Considering that ARCI results in the formation of a hyperplastic or
dysplastic tissue organization, a possible link between a pre-cancerous phenotype – dysplasia or
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hyperplasia – and the abnormal expression of these markers exists. Further studies are warranted
to explore this possibility.
The molecular pathways associated with the development of skin cancer were addressed
in order to highlight the roles that certain proteins play in the development of UV-induced skin
carcinogenesis. Most studies have focused on the role that UVB or UVA irradiation plays in
causing skin cancer; however, few have explored the combinatorial effects. Natural sunlight
contains both types of UV-radiation. Therefore, we used UVA-340 as an energy source because
it comes closest to mimicking the natural effects of sunlight exposure by containing biologically
relevant amounts of UVA and UVB radiation. We found that UVA-340 exerts carcinogenic
effects, by reducing AMPK phosphorylation and the activity of its upstream kinase LKB1.
Furthermore, we found that UVA-340 stimulates mTOR’s activation, whose hyper-activity is
observed in many different cancers (36).
Finally, we found that UVA-340 increases the abundance of Ape1/Ref-1 protein in
epidermal keratinocytes. The Ape1/Ref-1 protein activates the AP-1 transcription factor, whose
activation has been established as one of the critical steps during UV-induced squamous cell
carcinoma. The natural compound resveratrol was found to inhibit AP-1 DNA binding, further
supporting its role as an anti-carcinogen. Questions still remain about the physiological relevance
of the doses used to test the efficacy of resveratrol.
In summary, our data support the idea that UV-exposure is a critical factor for the
development of skin cancer. Possible links exist between ARCI and the development of skin
cancer, but a clear understanding of this connection warrants further studies.
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