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Abstract The primary cause of non-melanoma skin
cancer is ultraviolet (UV) light from the sun. Many studies
have demonstrated that cutaneous inflammation resulting
from UV exposure is important for the development of skin
cancer. In fact, anti-inflammatory drugs have been shown
to be effective in preventing skin cancer in animal models
and in clinical trials. One new class of inflammatory
mediators that could regulate UV-induced inflammation
and skin carcinogenesis is alarmins. Alarmins are endog-
enous molecules that act as potent pro-inflammatory
mediators when they are released by cells or accumulate
extracellularly. The purpose of the current studies was to
examine the expression and release of the alarmin high
mobility group box 1 (HMGBI1) after acute and chronic
UV irradiation. Acute UV exposure stimulated the release
of HMGBI1 in cultured human keratinocytes and epidermal
keratinocytes in murine skin. HMGBI release correlated
with pro-inflammatory cytokine production in vitro and
inflammatory cell infiltration in vivo. HMGB1 was also
examined in tumors arising in chronically irradiated murine
skin. HMGBI1 protein expression in low grade, benign
papillomas was similar to adjacent skin. However, HMGB1
staining was more widespread with a higher number of
HMGB 1 -positive cells observed in high grade papillomas
and malignant tumors. Overall, the data suggest that
HMGB1 may be an important regulator of UV-induced
cutaneous inflammation and tumor formation. Additional
studies are needed to assess whether targeting HMGB1

K. E. Johnson - B. C. Wulff - T. M. Oberyszyn -

T. A. Wilgus (<)

Department of Pathology, The Ohio State University, 1645 Neil
Avenue, 129 Hamilton Hall, Columbus, OH 43210, USA
e-mail: traci.wilgus@osumc.edu

would be a useful strategy to prevent tumors from devel-
oping in response to chronic UV exposure.
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Introduction

Exposure to ultraviolet light is believed to be the most
important risk factor for developing non-melanoma skin
cancer (NMSC). NMSC, which includes both basal cell
carcinoma and squamous cell carcinoma, is the most
common form of cancer [36]. Ultraviolet (UV) light, par-
ticularly UVB, induces a classic inflammatory response in
the skin characterized by redness, swelling, and the acti-
vation and infiltration of inflammatory cells [49]. This
inflammatory response, along with reactive oxygen species
and DNA damage resulting from UV exposure, contributes
to tumor formation in the skin [34]. The importance of UV-
induced inflammation in the development and progression
of skin tumors has been demonstrated in various animal
models, and is highlighted by studies which show that anti-
inflammatory drugs can act as potent chemopreventive
agents [14, 35, 40, 48].

Inflammation is most commonly initiated when the body
detects a potential pathogen, but inflammation can also be
initiated in the absence of pathogen-associated signals.
Exposure to UV light, for example, induces inflammation
independently of microbial recognition. One class of
mediators that act as endogenous danger signals to stimu-
late ‘sterile inflammation’, or inflammation that occurs in
the absence of microbes, is alarmins [5]. Alarmins are
sometimes referred to as damage-associated molecular
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patterns (DAMPs) because these endogenous molecules act
in a similar way to exogenous pathogen-associated
molecular patterns (PAMPs), which stimulate inflamma-
tion in response to microbes [5, 12]. Many alarmins reside
inside the cell or within cell nuclei under normal condi-
tions, but are released from the cell upon damage. When
alarmins are released or build up in the extracellular space,
they bind pattern recognition receptors (PRRs) or other
receptors on the surface of inflammatory cells resulting in
NF-«B activation and subsequent pro-inflammatory cyto-
kine production [5]. Some alarmins can also activate in-
flammasomes, leading to caspase-1 activation and the
release of mature IL-1f [38]. For example, adenosine tri-
phosphate (ATP) causes inflammasome activation and
results in IL-1P production [24, 29, 42].

High mobility group box-1 (HMGBI) is one well-
studied alarmin [5, 22]. HMGBI1 is a non-histone DNA
binding protein that is localized to the nucleus under nor-
mal conditions [12]. However, in response to cell damage
or exposure to certain cytokines, HMGB1 moves from the
nucleus to the cytoplasm and is eventually released from
the cell. Extracellular HMGB1 stimulates inflammation by
binding to the receptor of advanced glycation end products
(RAGE) or toll-like receptors (TLRs) on the surface of
inflammatory cells [30]. Based on the importance of
HMGBI in sterile inflammation, this alarmin likely helps
regulate the cutaneous inflammatory response initiated by
exposure to UV light.

In the current study, HMGB1 expression and release
was characterized in keratinocytes after acute UV expo-
sure. HMGB1 expression was also examined in skin and
tumors after chronic UV irradiation. The studies indicate
that HMGBI1 release correlates with acute inflammation
and show that HMGBI is expressed in murine skin tumors.
Overall, the results suggest that this alarmin could be
important for the development and progression of UV-
induced skin tumors.

Materials and methods
Cell culture

Primary normal human epidermal keratinocytes (NHEK)
from pooled neonatal donors were cultured in keratinocyte
growth medium-2 (KGM-2; Lonza, Walkersville, MD).
Cells were maintained at 37 °C and 5 % CO, and sub-
cultured according to manufacturer’s guidelines. Cells
were passaged no more than three times. NHEK were
grown to approximately 70 % confluence in 100 mm tissue
culture dishes. Media were removed and cells were washed
twice with phosphate buffered saline (PBS). Cells were
irradiated in PBS at various doses of UVB. Unirradiated
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cells were treated in the same way except they were not
exposed to UV. UVB light was emitted by Philips FS25
UVB lamps (American Ultraviolet Company, Lebanon, IN)
and the dose was determined using a UVX meter (UVP
Inc., Upland, CA). After irradiation, PBS was replaced
with KGM-2. Cells were irradiated with a dose of 300 J/m*
UVB and supernatants and cell lysates were harvested at 6,
12, or 24 h post-irradiation. Alternately, cells were irradi-
ated with 75, 150, or 300 J/m*> UVB then cells and
supernatants were harvested at 24 h post-irradiation.

Assessment of cell death

Cell death was estimated by measuring release of the
intracellular enzyme lactate dehydrogenase into superna-
tants using the CytoTox 96 assay (Promega, Madison, WI)
as described by Krysko et al. [23]. Briefly, cell supernatants
were added to 96 well plates and incubated with substrate
solution for 30 min, then stop buffer was added and the
absorbance was measured at 490 nm.

To analyze apoptosis, adherent cells were harvested
from tissue culture dishes using 0.25 % trypsin/EDTA
solution (Lonza) and combined with floating cells from the
same dish that had been separated from the supernatants by
centrifugation. Cells were washed two times with PBS.
Staining with APC-conjugated annexin V and SYTOX
green (Molecular Probes, Eugene, OR) was used to analyze
apoptosis by fluorescence activated cell sorting (FACS).
Briefly, cells were resuspended at a concentration of
1 x 10° cells/ml in annexin binding buffer (Molecular
Probes) and 1 x 10° cells were stained with 5 pl annexin
V-APC and 1 pl of IM SYTOX green for 15 min at 37 °C
in the dark. Staining was detected within 1 h by FACS.
Apoptosis was confirmed through cell cycle analysis in
propidium iodide-stained cells. Cells (1 x 10°) were fixed
overnight in cold 70 % ethanol then permeabilized for
15 min on ice with 0.25 % Triton X-100 in PBS. Following
permeabilization, cells were stained with PBS containing
20 uM propidium iodide (BD Biosciences, San Jose, CA)
and 10 pg/ml RNase (Life Technologies, Carlsbad, CA).
Annexin/SYTOX staining and propidium iodide staining
were detected using a FACSCalibur flow cytometer and
analysis was performed using CellQuest Pro software (BD
Biosystems). Cells staining positive for Annexin V but
negative for SYTOX green or propidium iodide-stained
cells in the sub-G1 peak were considered apoptotic.

Animals

Female SKH-1 hairless mice (6-8 weeks old, Charles
River, Wilmington, MA) were housed in the vivarium at
the Ohio State University according to the requirements
established by the American Association for Accreditation
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of Laboratory Animal Care. All procedures were approved
by the Institutional Animal Care and Use Committee prior
to beginning the studies. For irradiations, mice were
exposed dorsally to 2,240 J/m* of UVB light (approxi-
mately one minimal erythemic dose) from Phillips FS40
UVB lamps (American Ultraviolet Company). The lamps
were fitted with Kodacel filters (Eastman Kodak, Roches-
ter, NY) to ensure the emission of only UVB light
(290-320 nm). For acute studies, mice were euthanized 6,
12, 24 or 48 h after a single exposure, with unirradiated
mice serving as controls. For long-term studies, mice were
irradiated three times weekly for 15 weeks then maintained
without UV exposure for an additional 9 weeks. This
procedure has been previously shown to generate multiple
tumors of various grades [50]. At this point, skin and
tumors were harvested from irradiated mice. Skin from
age-matched, unirradiated mice was used as controls.
Samples were either frozen in liquid nitrogen, frozen in
TBS tissue freezing media (Triangle Biomedical Sciences,
Durham, NC), or fixed in 10 % neutral buffered formalin
and embedded in paraffin. For acute samples, a portion of
the skin was reserved for separation of the epidermis from
the dermis by submersion in 60 °C water followed imme-
diately by submersion in ice water [15]. For tumor samples,
grades were assigned as described previously [44] using
histological criteria by a board-certified veterinary pathol-
ogist. Clear evidence of stromal invasion was required for a
tumor to be considered a microinvasive SCC.

Protein analysis

Total protein was isolated from NHEK lysates or epidermal
tissue using RIPA (radioimmunoprecipitation assay) buffer
containing protease inhibitor cocktail (Thermo Scientific,
Rockford, IL). Cultured cells were lysed directly in tissue
culture dishes and epidermal samples were homogenized in
RIPA buffer and sonicated. After centrifugation, total
protein concentrations were determined using the BCA
(bicinchoninic acid) protein assay (Thermo).

HMGBI1 and B-actin levels were determined by Western
blot using standard methods. Briefly, total protein was
subjected to sodium dodecyl sulfate—polyacrylamide gel
electrophoresis and transferred onto polyvinylidene
difluoride membranes (Bio-Rad Laboratories, Hercules,
CA). Membranes were blocked and probed using anti-
HMGBI1 (Abcam, Cambridge, MA) and anti-B-actin (Cell
Signaling, Danvers, MA) antibodies. Secondary horserad-
ish peroxidase (HRP)-conjugated anti-rabbit antibodies
(Cell Signaling) were used in conjunction with Immun-Star
WesternC chemiluminescence reagents (Bio-Rad) for pro-
tein detection. Digital images were captured using the
Chemidoc XRS imaging system (Bio-Rad). Densitometry
was performed using Quantity One software (Bio-Rad).

Commercially available enzyme-linked immunosorbent
assays (ELISAs) were used to quantify the amount of
HMGBI1 (IBL International, Toronto, ON) or TNF-a, IL-
1B, and IL-6 (R&D Systems, Minneapolis, MN) in NHEK
supernatants according to manufacturer’s instructions.

Immunohistochemistry

Immediately following euthanization, skin sections were
either fixed in 10 % neutral buffered formalin, processed,
and embedded in paraffin, or frozen in TBS tissue freezing
media. Immunohistochemistry was used to detect HMGBI,
Ly-6G (neutrophils), and MOMA-2 (macrophages). After
each step described below, slides were washed in PBS,
except after serum blocking steps.

HMGBI1 immunostaining was performed in 4 pm par-
affin sections. After deparaffinization and rehydration,
antigen retrieval was performed by steaming slides in tar-
get retrieval solution (DAKO, Carpinteria, CA) for 15 min.
After cooling slides in the target retrieval solution for
10 min, sections were blocked with 3 % hydrogen perox-
ide in water for 10 min, then 10 % normal goat serum for
30 min. Samples were then incubated with rabbit anti-
HMGBI antibodies (Abcam, Cambridge, MA) overnight at
4 °C in a humid chamber. For negative staining controls,
some slides were incubated with serum only (primary
antibody omitted) or with rabbit IgG (Vector Laboratories,
Burlingame, CA) at the same final concentration as the
HMGBI1 antibody (data not shown). The following day,
samples were incubated with biotinylated goat anti-rabbit
secondary antibodies (Vector Laboratories) and then avi-
din/biotinylated horseradish peroxidase complex (ABC-
HRP complex; Vector Laboratories) for 30 min each. The
samples were then incubated with DAB solution (KPL,
Gaithersburg, MD) for 8 min in the dark to visualize the
staining. After rinsing with distilled water, sections were
counterstained with hematoxylin 2 (Richard-Allan Scien-
tific, Kalamazoo, MI). Slides were then dehydrated and
coverslips were mounted before samples were viewed and
photographed.

Neutrophils were identified in paraffin sections by
immunohistochemical detection of the neutrophil marker
Ly-6G. Sections were treated as described above for
HMGBI1 staining, except that the antigen retrieval and
hydrogen peroxide blocking steps were omitted and normal
rabbit serum, rat anti-mouse Ly-6G (BD Biosciences, San
Jose, CA) primary antibodies, and biotinylated rabbit anti-
rat secondary antibodies were used. The number of Ly-6G-
positive cells in the dermis was counted in at least five
400X fields per section.

To detect macrophages, 10 pm cryosections were air
dried and fixed in acetone for 15 min. Slides were treated
with 0.3 % hydrogen peroxide in methanol for 30 min then
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blocked with 10 % normal rabbit serum (Vector Labora-
tories) for 30 min. Sections were incubated with rat anti-
mouse MOMA-2 antibodies (Abcam) in serum overnight at
4 °C. After incubation with biotinylated rabbit anti-rat
secondary antibodies and ABC-HRP complex, DAB solu-
tion was used to visualize staining as described above.

Statistical analysis

Prism software (Graphpad, La Jolla, CA) was used for
statistical analysis. One-way or two-way ANOVA with
Bonferroni’s post hoc testing were used where appropriate.
p-values <0.05 were considered statistically significant.

Fig. 1 HMGBI1 and pro-
inflammatory cytokine levels in
cultured NHEKS after acute UV
irradiation. NHEK cells were
grown to 70 % confluence and
exposed to 300 J/m* of UV
light. Unirradiated cells (No
UV) served as controls. Cell
lysates and supernatants were
collected at 6, 12, or 24 h after
irradiation. HMGB1 was
detected in protein isolated from
adherent cells by Western blot
(a). Densitometry was used to
quantify HMGBI1 expression
and the data were normalized to
B-actin levels. The ratio of
normalized HMGBI in
irradiated cells to unirradiated
cells at each timepoint is shown
graphically. Bars represent the
mean ratio (UV:NoUV) of
normalized HMGB1 + S.E.M.
(n = 3-4 samples per
timepoint; *p < 0.05 by one-
way ANOVA with Bonferroni
post hoc testing). A
representative blot is shown
below the graph. HMGBI1 (b),
IL-1B (¢), TNF-a (d), and IL-6
(e) release were assessed by
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To determine whether acute UV exposure alters HMGB1
levels in cultured keratinocytes, NHEK lysates were ana-
lyzed by Western blot. HMGB1 protein levels were similar
to unirradiated cells (No UV) at 6 and 12 h after UV
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exposure. To determine whether the reduction in cellular
HMGBI1 was due to release of the protein after irradiation,
HMGBI1 was analyzed in supernatants by ELISA (Fig. 1b).
HMGBI levels were low in supernatants from unirradiated
cells, but increased significantly in response to UV.
HMGBI1 began to increase in supernatants 12 h after irra-
diation and was highest at 24 h. Together, the loss of
HMGBI1 protein in cell lysates and the concomitant
increase in HMGBI in supernatants after irradiation dem-
onstrate that HMGBI is released by cultured keratinocytes
in response to UV.

To assess whether HMGBI1 release corresponded to the
production of pro-inflammatory cytokines, the levels of
classic pro-inflammatory cytokines (IL-18, TNF-a, and IL-6)
were determined in NHEK supernatants by ELISA (Fig. 1c—
e). The timing and pattern of pro-inflammatory cytokine
secretion was similar to HMGBI1 release, as the levels of all
three cytokines began to rise in supernatants from irradiated
cells 12 h after UV exposure and were the greatest at 24 h.

These results show that HMGB1 release correlates with UV-
induced cytokine production by keratinocytes.

UV-induced HMGBI1 release correlates with cell death
in cultured keratinocytes

Studies have shown that HMGBI1 release often occurs as a
result of cell death, including release by necrotic cells and
cells undergoing apoptosis or pyroptosis [3, 18, 26, 27, 39].
Given that UV exposure causes a predictable cell death
response keratinocytes [7, 33], NHEKs were exposed to
multiple doses of UV to determine whether HMGBI1
release correlated with keratinocyte cell death. HMGBI1
and pro-inflammatory cytokine levels increased signifi-
cantly at 24 h only with the highest dose (300 J/m?) of UV
(Fig. 2a—c). Similarly, significant increases in cell death,
estimated by measuring lactate dehydrogenase release
(Fig. 2d), and apoptosis (Fig. 2e—f) were also only
observed after irradiation with 300 J/m* of UV. These data
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indicate that cell death is likely important for HMGBI1
release by cultured keratinocytes after UV exposure.

Acute UV exposure induces HMGBI release
and dermal inflammation in murine skin

In addition to assessing the effects of UV on HMGBI in
cultured keratinocytes, the effects of irradiation on HMGB1
levels were also examined in murine skin in vivo. Immu-
nohistochemical analysis of HMGB1 showed strong staining
in the nuclei of epidermal keratinocytes in unirradiated skin
(Fig. 3a). A similar pattern of staining was seen 6 (Fig. 3b)
and 12 h (data not shown) after irradiation. However, there

Fig. 3 HMGBI expression in
murine skin after acute UV
irradiation.
Immunohistochemical staining
was used to examine HMGB1
protein expression in murine
skin after acute irradiation.
SKH-1 mice were exposed to
2,240 J/m? UV light (n = 4
mice per timepoint).
Representative
photomicrographs are shown for
unirradiated skin (a) and skin
harvested 6 (b), 24 (c), or 48
(d) hours after irradiation. Scale
bars 100 pm; brown positive
staining. HMGBI1 protein levels
were also examined by Western
blot in epidermal tissue that had
been separated from the dermis
(e). Densitometry was used to
quantify HMGB1 expression
and data were normalized to -
actin levels. Bars represent the
mean values of normalized
HMGBI1 £+ SEM. (n = 3-4
samples from separate mice per
timepoint; *p < 0.05 by one-
way ANOVA with Bonferroni
post hoc testing). A
representative blot is shown
below the graph
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appeared to be less epidermal staining at 24 h (Fig. 3c), and
reduced HMGB1 staining became even more pronounced at
48 h (Fig. 3d). Western blot analysis of epidermal protein
was used to confirm the reduced HMGB1 levels observed by
immunohistochemistry (Fig. 3e). Significantly lower epi-
dermal HMGBI levels were observed 48 h after irradiation.
Based on the results shown in Fig. 1, the reduction in epi-
dermal HMGBI staining is likely due to the release of
HMGB/1 by keratinocytes in response of UV. While HMGB 1
staining declined in the epidermis, dermal staining for
HMGBI increased after UV exposure. The dermal cells are
likely to be HMGB 1-positive immune cells recruited to the
skin as part of the acute UV-induced inflammatory response.
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Similar to what was observed in cultured NHEK,
reduced cellular HMGBI1 protein levels in epidermal
keratinocytes (HMGBI1 release) corresponded to inflam-
mation in the skin (Fig. 4). As expected, UV exposure
resulted in dermal inflammation, with an increase in the
number of neutrophils and macrophages in irradiated
skin. The greatest numbers of both types of inflammatory
cells were present 48 h after irradiation when HMGBI1
release was the highest, suggesting that keratinocyte-
derived HMGB! may contribute to UV-induced
inflammation.

HMGBI is expressed in skin tumors after chronic
irradiation

Because inflammation plays an important role in UV-
induced tumor formation, HMGB1 was also examined in

Fig. 4 Inflammatory cell
infiltration in murine skin after
acute UV irradiation.
Immunohistochemical staining
was used to detect neutrophils
(Ly-6G™ cells) and
macrophages (MOMA-2" cells)
in SKH-1 murine skin after
exposure to 2,240 J/m? UV light
(n = 4 mice per timepoint). The
number of neutrophils was
counted per high power field
(HPF), which is represented
graphically (a). Bars represent
the mean number of Ly-6G*
cellsyHPF £ SEM. (n = 4
samples from separate mice per
timepoint; **p < 0.01,

**%p < 0.001 by one-way
ANOVA with Bonferroni post
hoc testing). Representative
photomicrographs are shown for
Ly-6G staining in unirradiated
skin (b) and skin harvested 24 h
after irradiation (c).
Representative images are also
shown for MOMA-2 staining in
unirradiated skin (d) and skin
harvested 24 h after irradiation
(e). Scale bars 50 um; brown
positive staining
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chronically irradiated skin and tumors. Immunohisto-
chemical staining showed that HMGB1 was expressed
primarily in the nucleus of epidermal keratinocytes in
unirradiated skin (Fig. 5a) and irradiated skin (Fig. 5b).
The presence of nuclear HMGB1 even in irradiated skin is
likely due to the 9 week period in which the mice were not
exposed to UV that followed 15 weeks of chronic irradi-
ation. HMGB1 was expressed in low grade papillomas,
with the most intense staining observed in tumor cells near
the tumor-stroma interface (Fig. 5c, grade 1 papilloma;
Fig. 5d, grade 2 papilloma). The percentage of tumor cells
expressing HMGBI1 increased in grade 3 papillomas
(Fig. 5e) and microinvasive squamous cell carcinomas
(MISCC) (Fig. 5f), with HMGBI1-positive tumor cells
present throughout the tumor. In addition to intense
HMGBI staining within the tumor in MISCC, a large
number of stromal cells also displayed positive staining.
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Fig. 5 HMGBI expression in
murine skin and tumors after
chronic UV irradiation. SKH-1
mice were exposed three times
weekly to 2,240 J/m? UVB for
15 weeks, after which mice
were maintained without UV
exposure for an additional

9 weeks (24 weeks total). Age-
matched, unirradiated mice
served as controls.
Representative images of
HMGBI immunostaining are
shown for unirradiated skin (a),
chronically irradiated skin (b),
grade 1 papilloma (c), grade 2
papilloma (d), grade 3
papilloma (e), and
microinvasive squamous cell
carcinoma (f). Scale bars

100 pm; brown positive staining

Discussion

Inflammation is a significant component of the cutaneous
response to UV irradiation. After acute UV exposure,
inflammation contributes to the classic sunburn reaction,
which is characterized by redness, swelling, and the
recruitment and activation of inflammatory cells [49].
Chronic UV exposure causes persistent inflammation,
which promotes skin carcinogenesis by causing oxidative
DNA damage and increasing growth factors and cytokines
that promote the growth of mutated keratinocytes [37].
Studies indicating that prominent inflammation is associ-
ated with skin tumors and experiments showing that anti-
inflammatory drugs can prevent the formation of skin
tumors demonstrate the significant role of inflammation in
skin carcinogenesis [14, 35, 48]. Based on the importance
of inflammation in the development and progression of
skin cancer, anti-inflammatory drugs, such as COX-2
inhibitors, have become a viable strategy to combat this
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disease [11, 19]. However, cardiac events and other side
effects associated with the use of many non-steroidal anti-
inflammatory drugs [45] highlight the importance of
identifying new targets to reduce UV-induced inflamma-
tion and potentially prevent skin cancer.

One relatively new class of inflammatory mediators
beginning to be recognized for their importance in cuta-
neous inflammation is alarmins. Alarmins are endogenous
molecules that act as pro-inflammatory mediators, which
often occurs when they are released or accumulate outside
of the cell [5, 12]. Because alarmins mediate ‘sterile
inflammation’, or inflammation that occurs in the absence
of infection, they could be particularly important for reg-
ulating skin inflammation triggered by UV light. In the
current study, alterations in the expression of HMGBI, a
classic alarmin, were examined after acute and chronic UV
irradiation.

In acute studies using a single UV exposure, irradiation
resulted in HMGBI release by keratinocytes. This was
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demonstrated by a decrease in cellular HMGB1 protein
levels with a concomitant increase in HMGB1 over time in
supernatants from irradiated primary keratinocytes in cul-
ture. UV exposure is known to cause cell death in kerati-
nocytes [7, 33], and HMGB 1 is released by damaged or
dying cells. HMGBI1 release was originally described in
necrotic cells [39], but subsequent studies showed that
HMGBI is also released during apoptosis [3, 18] and py-
roptosis [26, 27]. Therefore, cell death was also examined
in keratinocytes after exposure to various doses of UV.
Significant HMGBI1 release was only detected at UV doses
for which lactate dehydrogenase release (a marker of cell
death) and apoptosis were prominent. Thus, it appears that
UV-induced cell death is important for HMGBI1 release in
cultured keratinocytes. Interestingly, UV has been shown
to activate caspase-1 [13, 21], which could be contributing
to HMGBI1 release in the current studies. HMGBI1 can
undergo unconventional secretion [6, 16], a process that is
mediated by caspase-1 [21, 32]. HMGBI1 can also be
released during pyroptosis [26, 27], which is also caspase-
1-dependent [4].

Similar to keratinocyte lysates, reduced HMGBI1 levels
were also detected by immunohistochemistry in keratino-
cytes after a single irradiation in murine skin. Reduced
nuclear HMGBI1 staining is commonly interpreted as a sign
of HMGBI release in vivo in other models of acute injury
[2, 10, 25, 43, 51]; therefore, the decrease in staining is
likely due to HMGBI release. Together, the data from
cultured cells and murine skin provide strong evidence that
UV light stimulates the release of HMGBI1 by keratino-
cytes. Like the results presented here with UV light,
HMGBI release by keratinocytes has been reported in other
studies examining acute skin damage [2, 10, 25, 43, 51].

Many studies have shown that extracellular HMGBI1
promotes inflammation [1, 10, 31, 39, 46]. A correlation
between HMGB1 release and inflammation was also
observed in the current studies. The timing and pattern of
UV-induced HMGBI1 release by keratinocytes mimicked
the release of pro-inflammatory cytokines in vitro and
inflammatory cell infiltration in vivo, suggesting that
HMGBI release contributes to the cutaneous inflammatory
response following UV exposure. The idea that HMGBI1
release could stimulate inflammation after acute skin injury
is supported by other studies linking HMGB1 with cuta-
neous inflammation. For example, HMGBI1 stimulates
inflammatory cell recruitment in wounded skin [10],
HMGBI release correlates with inflammation and redness
in cutaneous lupus erythematosus lesions induced by UV
exposure [2], and neutralizing HMGB1 activity reduces
pro-inflammatory cytokine production and inflammatory
cell recruitment in the skin after topical treatment with
chemical tumor promotors [31]. Interestingly, HMGB1 was
not released immediately after UV exposure, suggesting

that this protein may be more important for enhancing or
maintaining inflammation, rather than acting as an initial
stimulus.

Due to the importance of inflammation in the develop-
ment, growth and progression of UV-induced skin tumors,
HMGBI1 expression was also examined in murine skin and
tumors after long-term UV irradiation. In contrast to the
loss of HMGBI staining in keratinocytes observed after
acute irradiation, epidermal HMGBI1 expression and
localization in chronically irradiated skin appeared to be
similar to unirradiated skin, with positive nuclear staining
observed in keratinocytes. It should be noted that for
chronically irradiated mice, animals were exposed to UV
three times per week for 15 weeks followed by 9 weeks
with no UV exposure. The strong nuclear HMGBI1
expression is likely explained by the fact that the samples
were harvested after an extended recovery period and not
immediately after UV exposure. As expected, the chronic
irradiation protocol resulted in the formation of multiple
skin tumors per mouse which varied in grade. HMGBI1
expression was examined in UV-induced tumors ranging
from grade 1 papillomas to MISCC. Expression in low
grade papillomas was similar to adjacent, chronically
irradiated skin, with positive cells localized to the tumor
margin. A larger number of tumor cells stained positively
for HMGB1 and positive cells were more widely distrib-
uted throughout the tumors in grade 3 papillomas and
MISCCs. Compared to benign papillomas, more intense
staining for HMGB1 was observed in MISCC, both in
tumor cells and in cells within the surrounding stromal
tissue. Unfortunately, it is difficult to determine whether
HMGBI is being released by the tumor cells based on
immunohistochemistry. In acute injury models, reduced
nuclear staining is often interpreted as release; however, it
is possible that over-expression of HMGB1 in tumor cells
is obscuring the detection of HMGBI1 release, as the pro-
duction of new HMGBI1 protein could be continually
replacing any secreted HMGB1. To our knowledge, this is
the first study to examine HMGBI1 expression in UV-
induced skin tumors. However, increased levels of
HMGBI in skin tumors have been shown by immunohis-
tochemistry, Western blot and RT-PCR in a chemical
carcinogenesis model [41]. HMGB1 over-expression has
also been described for other tumor types and studies have
linked high HMGBI levels with enhanced tumor growth
and metastasis [8, 9, 20, 28, 47]. A functional role for
HMGBI in skin tumors has been suggested by studies in
which mice lacking RAGE or TLR-4, two receptors for
HMGBI, displayed reduced inflammation and tumor sus-
ceptibility in a chemical carcinogenesis model [17, 31].

Overall, the results described here indicate that UV
light, the most important etiologic agent in the develop-
ment of skin cancer, causes the release of HMGBI1 by
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keratinocytes. Together, the correlation between HMGB1
release and inflammation combined with the over-expres-
sion of HMGBI in skin tumors described in the current
study suggest that HMGBI1 could contribute to inflamma-
tion and tumor formation in response to UV exposure.
More detailed studies will be needed to define the func-
tional significance of HMGBI1 over-expression in skin
cancer and to determine whether HMGBI1 could be tar-
geted to minimize inflammation and prevent tumor
formation.
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