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Requirement of STAT3 Activation for Differentiation
of Mucosal Stratified Squamous Epithelium
RONG WU, SHISHINN SUN, AND BETTIE M STEINBERG

STAT3, a member of the signal transducers and activators of transcription (STAT) family, has been shown to play a key role in
promoting proliferation, differentiation, or cell cycle progression, depending on cell type. A number of signaling pathways
are altered in laryngeal papillomas, benign tumors induced by human papillomavirus 6/11. Papillomas overexpress the epidermal growth factor receptor and display enhanced MAP kinase and PI-3-kinase activity. They also show reduced activation of Akt and reduced levels of tyrosine-phosphorylated STAT3, due to overexpression of the tumor suppressor, PTEN. As
papillomas show abnormalities in terminal differentiation, we examined the potential role of STAT3 in regulating epithelial differentiation. Laryngeal epithelial cells were suspended in supplemented serum-free medium. Differentiation was measured
by Western blot analysis of keratin 13. Normal laryngeal epithelial cells were transfected with a constitutively active STAT3 or
a dominant negative STAT3. Cells were transferred to suspension culture 24 h after transfection. Increased expression of keratin 13 was accompanied by the activation of STAT3 when differentiation was induced, and expression of a constitutively
active STAT3 (STAT3C) enhanced the expression of keratin 13. In contrast, expression of a dominant negative STAT3 (Y705F)
inhibited the expression of keratin 13. We conclude that activation of STAT3 is required for the differentiation of normal human
stratified squamous epithelium.

INTRODUCTION
Laryngeal papillomas are benign squamous epithelial tumors
caused by infection of the low-risk Human Papillomavirus (HPV)
type 6 or 11 (1). They are characterized by a hyperplastic suprabasal epithelium surrounding cords of connective tissues (2). The
process of epithelial differentiation is complex, involving the
coordinated step-wise change in expression of multiple genes.
Papillomas display abnormal differentiation, as indicated by a
drastic reduction of keratin 13, a mucosal epithelial differentiation
marker (3). Basal cells of all stratified squamous epithelia display
a keratin network composed of the type II keratin, K5, and the
type I keratin, K14 (4,5). Other keratin pairs, such as K4 and K13,
are expressed in suprabasal-stratified squamous epithelia (6).
These are markers of early differentiation. In both skin and
mucosa, the outer layers of terminally differentiated cells are
replenished by the basal proliferating keratinocytes. Basal cells
proliferate and either retain the stem cell characteristics or
migrate outwards and differentiate. This dynamic transition is
accompanied by drastic alterations in gene expression programming (7). Signal transduction in HPV-infected papilloma cells is
altered. They express elevated levels of the epidermal growth factor receptor (EGFR) (8,9), which lead to constitutively activated
MAP kinase and enhanced PI3 kinase activity. Papillomas show
reduced activation of protein kinase B (PKB or Akt) (10) and
reduced levels of phosphorylated STAT3 due to overexpression of
the tumor suppressor, PTEN (11). Negative regulation of STAT3

by PTEN immediately implies a role of STAT3, a transcription factor implicated in the differentiation of a variety of hematopoietic
cells (12–14), in mediating the abnormal differentiation of HPVinfected papilloma tissues.
STAT3 is a member of the signal transducer and activator of
transcription (STAT) family (STAT1, STAT2, STAT3, STAT4,
STAT5a, STAT5b, and STAT6). The activation of STAT has been
linked with both the receptor-associated tyrosine kinases, including Janus-activated kinases Src and Abl, as well as the receptor
tyrosine kinases, such as EGFR and platelet-derived growth factor receptor (15–18). Upon tyrosine phosphorylation, STATs form
hetero- or homodimers and translocate to the nucleus. Dimerized
STAT then binds to a specific promoter-proximal element,
thereby activating transcription of target genes (19). STAT3, in
particular, has been reported as a proto-oncogene (20) and has
been shown to play a role in EGF-induced proliferation in head
and neck squamous carcinoma cells (21). STAT3 is activated by
EGFR activation (22). However, STAT3 has been shown to play
important roles in the differentiation of myeloid leukemia cells
(12,23–25), murine hematopoietic cells (14,26), and rat hepatocytes (27–29). Its role in epithelial differentiation is unclear.
Because reduced expression of K13 (3) is accompanied by reduced
activation of STAT3 (11) in HPV-infected papilloma tissue, we
have asked whether STAT3 plays a role in the differentiation of
human mucosal epithelium. This report provides evidence indicating that activation of STAT3 is required for the induction of
K13 during keratinocyte differentiation.
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MATERIALS AND METHODS
Tissue Handling and Cell Culture
Surgical discards of normal laryngeal tissues and HPV-infected
laryngeal papillomas were derived from patients. Epithelial
explant cultures of normal human laryngeal cells or papilloma
cells were established from biopsies in Ham’s F12 with 10 µg/mL
hydrocortisone and 10 mL/100 mL Fetal Clone II (Hyclone, Logan,
UT, USA), as described previously (30). Normal laryngeal cells
were subcultured on mitomycin C–treated J23T3 feeder cells, as
described (31). Multiple early passage cultures were used. The
use of human tissues and cultured cells was approved by the
Institutional Review Board at Long Island Jewish Medical Center.

Suspension Culture
This system mimics the in vivo environment for mucosal epithelium differentiation. The culture system used is a modification of
Wakita and Takigawa (32) to induce differentiation of cultured
human epidermal cells. Cultured normal epithelium cells were
treated with 0.02% EDTA in phosphate-buffered saline to selectively remove J23T3 feeder cells. Normal laryngeal cells were
trypsinized and replated in serum-free keratinocyte basal medium
(KBM) (Clonetics, San Diego, CA, USA) supplemented with
0.15 mM calcium, 0.5 µg/mL hydrocortisone, 2 µg/mL transferrin,
1 ng/mL EGF, and 5 µg/mL insulin (KGM). After 24 h, cells were
trypsinized and suspended in KGM supplemented with 1.4 mM
calcium. Cells were cultured at a density of 1  105 cells/cm2 on
1% agarose-coated dishes (Nunc) to allow cell-cell contact, with
cell-extracellular matrix contact blocked in order to promote differentiation. For control, monolayers of cells were cultured in
0.15 mM calcium KGM on tissue culture plastic at the same density.
At indicated times, cells were washed with phosphate-buffer saline
and lysates were prepared from harvested cells as described next.

Preparation of Extracts and Western Blot Analysis
Keratins were extracted using the method of Stasiak and others
(33), which sequentially extracts the soluble cytoplasmic proteins,
the nuclear proteins, and finally the detergent-insoluble keratins.
Briefly, cells were lysed on ice with 50 µL of low salt extract buffer
in the presence of complete protease inhibitor cocktail (Roche
Molecular Biochemicals, Mannheim, Germany) and phosphatase inhibitors (20 mM α-glycerophosphate, 1 mM sodium orthovanadate, 30 mM sodium fluoride). Lysates were centrifuged at
2000 rpm for 10 min, and the pellets were extracted with 50 µL of
high salt extract buffer in the presence of protease and phosphatase inhibitors. The extract was centrifuged at 14000 rpm for
10 min, the pellet was washed twice, and keratin was extracted by
boiling for 5 min in 100 µL electrophoresis sample buffer. For the
determination of STAT3 activation, whole cell extracts were prepared by lysing cells with 1% NP-40, 0.4 M NaCl, 1% glycerol,
1 µM dithiothreitol, and the protease/phosphatase inhibitor as
described above. Protein concentrations of the lysates were determined by Micro BCA reagents (Pierce, Rockford, IL, USA). Western blot was performed as previously described (34). Protein
(40 µg) was loaded per lane on a 7.5% SDS-PAGE acrylamide gel,
and electroblotted onto a nitrocellulose membrane (Shleicher &
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Shull, Keene, NH, USA). Standard molecular weight marker (BioRad, broad range, Hercules, CA, USA) was used for molecular
weight estimation. Blots were stained with Fast green (35) to confirm equivalence in loading and transfer. The immunoreactive
species were detected by using Super Signal West Pico chemiluminescent substrates (Pierce, Rockford, IL, USA). After probing
with anti-phospho STAT3 or anti-keratin 13, the membrane was
stripped, and reprobed with anti-STAT3 or anti-keratin 14, respectively. Signal intensity was quantified by UN-SCAN-IT Program
(Silk Scientific Inc, Orem, Utah, USA).

Plasmids and Antibodies
pSTAT3C (a gift from Dr James E Darnell, Jr), an expression plasmid that generates constitutively activated STAT3, has been
described (22). A hemagglutinin peptide (HA)-tagged dominant
negative STAT3 (Y705F) (gift of Dr Jennifer Rubin Grandis) has
been previously described (36). Dr Danile Besser donated pTATA4XM67-Luc and control plasmid pTATA-Luc (37). pHygEGFP was
from Clontech (Palo Alto, CA, USA). Anti-PTyr (705) STAT3 and
Anti-STAT3 (pan) polyclonal rabbit antibodies were purchased
from Cell Signaling Technology (Beverly, MA, USA). Anti-keratin
13 and anti-keratin 14 monoclonal antibodies were from Novocastra Laboratories (Newcastle upon Tyne, UK). Polyclonal rabbit antiSTAT3 and anti-phospho (Tyr-705)-STAT3 were used at 1:500 dilution. Anti-keratin 13 was used at 1:2500 dilution, anti-keratin 14
was used at 1:12500 dilution. Horseradish peroxidase-conjugated
secondary antibodies were purchased from Pierce (Rockford, IL,
USA). For immunohistochemistry staining, Vectastain Elite ABC
Kit (Vector Laboratories, Burlingame, CA, USA) was used.

Morphological Analyses and
Immunohistochemistry Staining
Normal laryngeal and papilloma specimens were fixed in 10%
buffered formalin, paraffin-embedded, and processed for histological study by conventional methods. Cultured normal cells were
cytospun onto glass slides, followed by immunohistochemistry
staining. Five fields were counted per slide with approximately
150 cells/field. The percentage of cells that stained positive for K13
staining in the cytoplasm was determined by microscopic examination. Immunostaining was performed based on previously
reported procedure (38). Sections were deparaffinized, submerged
in methanol containing 0.3% hydrogen peroxide for 30 min at room
temperature to inhibit endogenous peroxidase activity, blocked
with 1.5% normal horse serum, and immunostained using the
avidin-biotin-complex (ABC) method with diaminobenzidine as
label (Vectastain ABC Elite Kit) according to the supplier’s instructions. Antigen retrieval procedure (10 mmol/L heated citrate buffer
[pH 6.0] in a microwave oven for 10 min) was performed only for
phosphorylated STAT3. The slides were then incubated with the
primary antibodies at 1:50 dilution. Sections without the addition
of the primary antibodies served as controls. Counterstaining was
performed for 30 s with hematoxylin.

Transfection
Normal laryngeal epithelial cells were transfected with various
amounts of plasmid cDNA using Lipofectamine Plus reagents
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RESULTS
Phospho-STAT3 and Keratin 13 Are Reduced
in Papilloma Tissue

Figure 1. Immunolocalization of K13 and phospho-STAT3 in papilloma tissue and human normal laryngeal tissue. Immunohistochemistry staining of
formalin-fixed, paraffin-embedded normal laryngeal and papilloma tissues. Tissue sections were incubated with K13 monoclonal antibody (A, B),
phospho-STAT3 antibody (C, D), total STAT3 (E, F), or control antibody
(G, H). Note the presence of very little K13 in the cytoplasm of papillomas
and very little phospho-STAT3 in the nucleus of papillomas. Also note that
abundant K13 was detected in the cytoplasm of normal laryngeal tissue,
and phospho-STAT3 was detected in the nuclei of almost all layers.
Control staining does not show significant staining. Arrow indicates basement membrane. Hematoxylin counterstain. Bar, 24 µm.

(Life Technologies, Rockville, MD, USA) according to manufacturer’s instructions. Twenty-four hours after transfection, cells
were transferred to suspension culture, as described above. Using
this procedure, approximately 50% of cells are transfected (data
not shown).

Luciferase Assay
Typically, transfections contained a total of 3 µg of DNA. This
included 1 µg of either the STAT3 responsive pTATA-4XM67-Luc
or control pTATA-Luc luciferase reporter construct, 0.5 µg of
pHygEGFP expression construct, and 1.5 µg of STAT3C or STAT
(Y705F), control empty vectors pcDNA3 (Invitrogen, Carlsbad,
CA, USA), or pCAGGS-Neo. Cytosolic lysates were prepared at 0,
24, and 48 h post-suspension, and luciferase assays were performed using a commercial luciferase assay kit (Promega, Madison, WI, USA). Luciferase activity of the lysates was measured
using a TD-20/20 luminometer (Turner Designs, Sunnyvale, CA,
USA). STAT3-driven luciferase expression was determined by
subtracting the background activity obtained with pTATA-Luc
transfection after normalizing to green fluorescent protein for
transfection efficiency. The final luciferase activity was expressed
as a percentage relative to that of the control transfection with
pcDNA3 or pCAGGS-Neo at 0 time.

The XTT Assay
The XTT (TOX-2) system (Sigma, St. Louis, MO, USA) is a measurement of metabolic viability. XTT was used to assess cell death
resulting from transfecting STAT3 mutant (STAT3C and Y705F)
constructs in suspension culture. Cells (2  105) from suspension
culture were plated in 96-well tissue culture plates at the indicated times. Triplicate experiments were performed. Cells were
incubated with XTT and absorbance at 450 nm was measured
using a Microplate Reader (Bio Whittaker, Rockland, ME, USA).
VOLUME 9, NUMBER 3/4

Keratin 13 is normally found in differentiated cells of the larynx, the esophagus, and some other nonkeratinizing epithelia (5).
Immunohistochemistry showed little K13 in the suprabasal layers
in papilloma tissue (Figure 1A). In contrast, normal laryngeal tissue showed abundant expression of K13 in the epithelium (see
Figure 1B). This was consistent with our previous observations
that HPV-induced papillomas displayed abnormal differentiation (3). There was little nuclear staining in papilloma cells (see
Figure 1C). However, strong positive staining was observed in
all layers of the normal epithelium, using a rabbit polyclonal antibody against phospho-STAT3 (see Figure 1D). Notably, activated
STAT3 was localized to the nuclei. However, total STAT3 levels
were comparable in the 2 types of tissues (see Figure 1E, 1F). Negative controls omitting the 1st antibody did not result in staining
either in papillomas or in normal laryngeal tissue (see Figure 1G,
1H). These results are in accord with our previous studies that
reduced STAT3 activation (11) and reduced expression of K13 (3)
were observed in HPV-infected cells.

Suspension Culture Induces Differentiation of Normal
Human Stratified Squamous Epithelium, but Not
HPV-infected Papilloma Cells
Cultured normal laryngeal cells and laryngeal papilloma cells
were suspended in serum-free medium in the presence of EGF
and insulin, under conditions where cell-cell contact was enhanced
but cell-matrix contact was blocked, to induced differentiation.
Cells that had been cultured in suspension displayed an increased
cytoplasm to nucleus ratio with a flattening morphology, indicative of induction of differentiation. After a 48-h culture in suspension (data not shown), 56.9% of normal cells were induced to
differentiate as measured by K13 staining. Western blot analysis
using a K13 monoclonal antibody detected a 53 kDa polypeptide
whose expression was induced at 24 and 48 h in suspension cultures of normal laryngeal cells (Figure 2A). Fast green staining
confirmed equal loading of protein. Higher K14 expression is
observed in undifferentiated cells (4). Consistent with this, levels
of K14 were slightly decreased as normal cells were stimulated to
differentiate. Papilloma cells in suspension had minimal induction of K13 and failed to show any reduction in the expression of
K14. These observations are consistent with previous in vivo findings (3) and our results in Figure 1. Normal laryngeal cells cultured on plastic (see Figure 2B) did not show alteration in K13 or
K14 expression at 24 and 48 h. Earlier studies in our lab (3) had
shown that papilloma cells showed markedly reduced expression
of K13, but no abnormality in involucrin expression, which seems
to be regulated differently from keratins. Moreover, unlike skin,
only a subset of mucosal cells expressed filaggrin late in differentiation. Therefore, the ratio of K13/K14 was used throughout the
study to quantitate differentiation. The bar graph in Figure 2C
shows that suspension culture stimulated normal laryngeal cells
to differentiate, with K13/K14 ratios at 24 and 48 h significantly
different from that at 0 h (P < 0.01) and no significant difference in
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Figure 2. Suspension culture promotes differentiation of normal laryngeal cells but not HPV-infected papilloma cells. A: Normal or laryngeal papilloma
cells were cultured in suspension. At indicated times, cells were harvested and keratin extracts were prepared and analyzed by Western blot, as
described in Materials and Methods. Figures are representative of 2 separate experiments. B: Normal cells cultured on plastic. C: Quantitative analysis
of K13/K14 expression. Results represent mean ± SD from 2 independent duplicate experiments. The relative K13/K14 ratio was set to 1 at 0 h in each
group. The K13/K14 ratio showed that normal laryngeal cells were significantly induced to differentiate at 24 and 48 h by suspension culture (∗P < 0.01),
whereas papilloma cells in suspension culture and normal cells cultured on plastic were not (P > 0.05). P values were evaluated by Student’s t-test.

cells cultured on plastic (P > 0.05). Taken together, these results
support the use of this suspension culture to study differentiation
of mucosal epithelium.

STAT3 Activation Is Enhanced in Suspension Culture
As a transcription factor, STAT3 has been shown to mediate both
growth arrest and differentiation in murine M1 leukemia cells
and murine myeloid stem cells (23,39) but stimulate proliferation
of head and neck carcinoma cells (21). In order to establish a link
between STAT3 activation and epithelial differentiation, normal
cells were induced to differentiate and STAT3 activation was
assessed by Western blot, using antibodies specific for tyrosinephosphorylated (705) STAT3 or total STAT3 (molecular weight
92 kDa). STAT3 phosphorylation was markedly enhanced after
24 h in suspension culture and remained high at 48 h (Figure 3A),
when the K13/K14 ratios were drastically elevated. The elevation
in STAT3 phosphorylation was significant (P < 0.01) (see Figure
3B). To confirm that the phosphorylation truly reflected activation, cells were transfected with a STAT3-responsive luciferase
reporter construct before suspension. The results depicted in Figure 3C show that luciferase activity was increased at 24 and 48 h,
demonstrating increased functional STAT3 transcriptional activity. These results indicate that STAT3 activation accompanies
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epithelial cell differentiation. These results also are consistent
with the in vivo data presented in Figure 1D.

Constitutively Active STAT3 (STAT3C) Enhances
Differentiation and Dominant-Negative STAT3
Blocks Keratinocyte Differentiation
The data in Figure 3 indicated a correlation between STAT3 activation and differentiation, but did not directly test whether
STAT3 activity regulates differentiation. Therefore, we used constitutively active STAT3 (STAT3C) and dominant negative STAT3
(Y705F) to address this question. First, we transfected both constructs into normal laryngeal epithelial cells along with the luciferase reporter construct and 24 h later put the cells into suspension to confirm that the STAT3 constructs would function in these
conditions (Figure 4A). STAT3C markedly increased luciferase
expression, and Y705F reduced the endogenous activity. We then
confirmed that neither construct altered cell viability, using an
assay that measures mitochondrial dehydrogenase activity (XTT).
As shown in Figure 4B, neither STAT3C nor STAT3 (Y705F) significantly altered cell viability compared with controls.
To determine the effect of increased STAT3 activity on human
epithelial differentiation, normal laryngeal cells were transfected
with control vector or with the STAT3C construct. After 24 h,
VOLUME 9, NUMBER 3/4
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Figure 3. Activated STAT3 is enhanced by culturing in suspension.
A: 40 µg of whole cell extracts were analyzed by Western blot, using antiphospho-STAT3 or anti-STAT3 as indicated in Materials and Methods.
B: The ratio of phosphorylated STAT3/total STAT3 after 24 and 48 h in suspension culture showed significant differences from 0 h (∗P < 0.01). Data
are means ± SD from 2 independent duplicate experiments. C: To confirm that STAT3 phosphorylation was indicative of activity, normal cells
were transfected with a STAT3-responsive luciferase construct prior to
suspension culture.

transfected cells were placed in suspension culture, and expression of K13 and K14 was analyzed by Western blot (Figure 5). The
K13/K14 ratios were significantly increased in STAT3C-expressing cells compared with the controls (P = 0.02). Expression of the
constitutively active construct with a FLAG-tag was confirmed by
immunoblotting with an anti-FLAG antibody (data not shown).
Our data therefore suggested that activated STAT3 enhanced the
expression of K13.
To assess the effect of a decreased STAT3 activity on epithelial
differentiation, normal laryngeal cells were transfected with
pCAGGS-Neo control vector, or with a dominant negative STAT3
(Y705F) construct. Cells were put into suspension 24 h later. Keratins were then analyzed by Western blot at indicated times (Figure 6). The ratio of K13/K14 in STAT3 (Y705F)-expressing cells
was markedly inhibited after 24 and 48 h in suspension culture
compared with the control group (P = 0.02). Expression of dominant negative STAT3 construct with a HA-tag was confirmed by
immunoblotting with an anti-HA antibody (data not shown).
These results demonstrated that tyrosine phosphorylated STAT3
is required for the differentiation of normal laryngeal cells. The
proposed model shows STAT3, in combination with the Akt and
MAP kinase pathways, regulates K13 expression either directly,
indirectly, or both in the laryngeal epithelial cells (Figure 7).

Figure 4. Dominant-negative and constitutive active STAT3
constructs are functional in suspension cultures. Effects of
STAT3C or Y705F expression on STAT3-dependent transcription
were measured by luciferase assay. A: STAT3-driven luciferase
activity was greatly increased in STAT3C-transfected cells, but
not in Y705F-transfected cells. B: Transfection of STAT3 mutant
constructs (STAT3C or Y705F) into normal laryngeal cells did not
alter survival as measured by the XTT assay. Survival of cells at
0 h in each group was set to 1. Data are means ± SD from triplicate data.
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Figure 5. STAT3 activation enhances differentiation of normal laryngeal
cells. Cells were cultured in suspension 24 h post-transfection. At indicated times, keratin extracts were prepared and analyzed by Western
blot. Expression of a constitutively active STAT3 (STAT3C) construct
enhanced K13 expression. Fast green staining shows equal loading of
protein. Relative ratio of K13/K14 shows that STAT3C promoted differentiation significantly at 24 and 48 h compared with the control in suspension culture (∗P = 0.02). Data are means ± SD from 2 independent
duplicate experiments.

knowledge, this is the 1st report demonstrating that activation of
STAT3 regulates differentiation of normal human stratified squamous epithelium.
The effect of STAT3-mediated promotion of differentiation
could be direct or indirect, or both. Several transcription factors are
known to regulate transcription of differentiation-specific genes.
For example, Skn-1a and Skn-1i activate transcription of the keratin
10 promoter, whereas Tst-1/Oct-6 transcription represses keratins 5
and 14 (42,43). Sp1 and AP2 transcription factors also were shown
to be important for the up-regulation of keratin genes during differentiation (44,45). Potential STAT3 binding sites (18) at –123 to
–113 and at –351 to –340 are located in the K13 promoter region (46).
Moreover, a reverse complementary site is found at –271 to –260.
We believe that these sequences may confer STAT3 binding and
subsequent transactivation of the K13 promoter. C-Myc and transforming growth factor β-induced transcription factors are well documented to function as molecular switches that convert the cellular
program from proliferation to differentiation in other cell types
(47,48). In this regard, it is conceivable that STAT3 may act as a program converter during laryngeal epithelial cell differentiation.
Human papillomavirus (HPV) types 6 or 11 causes benign
tumors of mucosal epithelium. These tumors are characterized by
slow proliferative rates, abnormal terminal differentiation (3), and
a low probability of malignant conversion. We previously reported
that HPV 6/11–infected tissues show increased expression of the
EGFR in both basal and suprabasal cells (9). We also documented

DISCUSSION
The extrinsic cues that determine cell proliferation compared with
cell death compared with cell differentiation depend on ligandinduced, receptor-mediated signals, including cell-cell and cellmatrix interactions. The biologic effects of receptor-mediated,
growth factor–induced signaling may differ between suprabasal
and basal keratinocyte cell layers, since proliferation of normal
stratified squamous epithelium is stimulated only in the presence
of cell-extracellular matrix interaction (40). In this report, we have
shown that normal laryngeal cell differentiation was induced by
suspension culture, by which cell-extracellular matrix interaction
was blocked while cell-cell interaction was maintained. In contrast, laryngeal papilloma cells failed to differentiate in suspension culture. Thus, this culture condition reproduced the in vivo
differentiation phenotype of normal cells and papillomas, at
least in part. STAT3 activation has been shown to correlate with
differentiation of primary mouse skin keratinocytes (41). According to that report, STAT3 is activated in keratinocytes, which are
in a stage of growth arrest and differentiation. Consistent with
this, our investigation showed that STAT3 becomes activated
during human keratinocyte differentiation. Dominant-negative
STAT mutants have been used to test whether STAT activation is
required for survival of squamous cell carcinoma of head and
neck (21) and cytokine-induced differentiation of myeloid leukemia
M1 cells (12) and bone marrow cells (13). In our studies, transfection of a dominant negative STAT3 (Y705F) into the normal laryngeal cells inhibited the expression of differentiation-specific K13.
Additionally, transfection of a constitutively active STAT3 into
normal laryngeal cells increased the expression of K13. To our
82 | MOLECULAR MEDICINE | MARCH/APRIL 2003

Figure 6. STAT3 activity is required for differentiation. Cells were cultured
in suspension 24 h post-transfection. At indicated times, keratin extracts
were prepared and analyzed by Western blot. Expression of a dominantnegative STAT3 (Y705F) construct inhibited K13 expression. Fast green
staining shows equal loading of protein. Relative ratio of K13/K14 shows
that STAT3 (Y705F) significantly inhibited differentiation compared with
the control (∗P = 0.02). Data are means ± SD from 2 independent duplicate experiments.
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Figure 7. Proposed model for STAT3-mediated laryngeal epithelial cell
differentiation. The model shows that STAT3, in combination with the Akt
and MAP kinase pathways, regulates K13 expression either directly, indirectly or both.

REFERENCES
1.

2.

reduction in the activation of both Akt and STAT3, due to increased
expression of PTEN, a dual specificity phosphatase, in HPVinfected papillomas (10,11). Judging from our immunohistochemical findings (Figure 1), nuclear phospho-STAT3 was abundant in
the upper layer of normal laryngeal epithelium where keratinocytes had differentiated. In contrast, there was little phosphoSTAT3 in HPV-infected laryngeal papillomas where abnormal differentiation was observed, consistent with the notion that STAT3
regulates keratinocyte differentiation. Data obtained by expressing
mutant STAT3 imply that reduced STAT3 activation, due to overexpression of PTEN, may contribute to the differentiation defect in
HPV-infected papillomas. Apart from the STAT3 pathway, we are
currently investigating potential roles of the MAP kinase and PI-3kinase/Akt pathways in the regulation of differentiation of normal
mucosal epithelial cells, since both are altered in papillomas. Interestingly, our preliminary data indicate that both these 2 signaling
pathways also appear to contribute to normal laryngeal cell differentiation (Dackour and others, personal communication). A model
of this interaction is shown in Figure 7. If this model is correct, it
may prove necessary to restore both AKT and STAT3 to induce
papilloma cell differentiation. These studies are continuing.
In summary, the studies reported here have demonstrated that
STAT3 activation is required for keratinocyte differentiation in normal human stratified squamous epithelium. The suspension culture mimics the in vivo differentiation of normal laryngeal cells and
HPV-infected papilloma cells and can be used as a model system
for studying regulatory mechanisms of differentiation in human
stratified squamous epithelium. Furthermore, our findings may
prove useful in developing a STAT3-targeting strategy to enhance
differentiation in HPV-infected laryngeal epithelial cells, thereby
providing a potential alternative treatment for this disease.

3.

4.
5.

6.

7.
8.

9.

10.

11.
12.

13.

14.

15.
16.

17.
18.

19.
20.

ACKNOWLEDGMENTS

21.

This work was supported by grant P50DC00203 from the National
Institute on Deafness and Other Communication Disorders and a
Faculty Research Award from the North Shore-Long Island Jewish
Research Institute.

22.

VOLUME 9, NUMBER 3/4

23.

Gissman L, Diehl B, Schults-Coulon J, zur Hausen H. (1982) Molecular cloning and
characterization of human papillomavirus DNA derived from a laryngeal papilloma. J. Virol. 44:393-9.
Abramson AL, Steinberg BM, Winkler B. (1987) Laryngeal papillomatosis: clinical,
histopathologic and molecular studies. Laryngoscope. 97:678-85.
Steinberg BM, Meade R, Kalinowski S, Abramson AL. (1990) Abnormal differentiation of human papillomavirus-induced laryngeal papillomas. Arch.
Otolaryngol. Head Neck Surg. 116:1167-71.
Fuchs E, Green H. (1980) Changes in keratin gene expression during terminal differentiation of the keratinocyte. Cell. 19:1033-42.
Moll R, Franke WW, Schiller DL, Geiger B, Krepler R. (1982) The catalog of human
cytokeratins: patterns of expression in normal epithelia, tumors and cultured
cells. Cell. 31:11-24.
Sun TT, Eichner R, Schermer A, Cooper D, Nelson WG, Weiss R.A. (1984)
Classification, expression, and possible mechanisms of evolution of mammalian
epithelial keratins: a unifying model. In: Cancer cells/1. The transformed phenotype. Levine AJ et al (ed.). N.Y.: Cold Spring Harbor Laboratory Press. p 169-76,
Fuchs E. (1993) Epidermal differentiation and keratin gene expression. J. Cell Sci.
Suppl. 17:197-208.
Johnston D, Hall H, DiLorenzo TP, Steinberg BM. (1999) Elevation of the epidermal growth factor receptor and dependent signaling in human papillomavirusinfected laryngeal papillomas. Cancer Res. 59:968-74.
Vambutas A, Di Lorenzo TP, Steinberg BM. (1993) Laryngeal papilloma cells have
high levels of epidermal growth factor receptor and respond to epidermal
growth factor by a decrease in epithelial differentiation. Cancer Res. 53:910-4.
Zhang P, Steinberg BM. (2000) Overexpression of PTEN/MMAC1 and decreased
activation of Akt in human papillomavirus-infected laryngeal papillomas.
Cancer Res. 60:1457-62.
Sun S, Steinberg BM. (2002) PTEN is a negative regulator of STAT3 activation in
human papillomavirus-infected cells. J. Gen. Virol. 83:1651-8.
Minami M, Inoue M, Wei S, Takeda K, Matsumoto M, Kishimoto T, Akira S. (1996)
STAT3 activation is a critical step in gp130-mediated terminal differentiation and
growth arrest of a myeloid cell line. Proc. Natl. Acad. Sci. U.S.A. 93:3963-6.
McLemore ML, Grewal S, Liu F, Archambault A, Poursine-Laurent J, Haug J, Link
DC. (2001) STAT-3 activation is required for normal G-CSF-dependent proliferation and granulocytic differentiation. Immunity. 14:193-204.
de Koning JP, Ward AC, Caldenhoven E, de Groot RP, Lowenberg, B, Touw IP.
(2000) STAT3beta does not interfere with granulocyte colony-stimulating factorinduced neutrophilic differentiation. Hematol. J. 1:220-5.
Danial NN, Pernis A, Rothman PB. (1995) Jak-STAT signaling induced by the v-abl
oncogene. Science. 269:1875-7.
David M, Wong L, Flavell R, Thompson SA, Wells A, Larner AC, Johnson GR.
(1996) STAT activation by epidermal growth factor (EGF) and amphiregulin.
Requirement for the EGF receptor kinase but not for tyrosine phosphorylation
sites or JAK1. J. Biol. Chem. 271:9185-8.
Park OK, Schaefer TS, Nathans D. (1996) In vitro activation of Stat3 by epidermal
growth factor receptor kinase. Proc. Natl. Acad. Sci. U.S.A. 93:13704-8.
Yu CL, Meyer DJ, Campbell GS, Larner AC, Carter-Su C, Schwartz J, Jove R.
(1995) Enhanced DNA-binding activity of a Stat3-related protein in cells transformed by the Src oncoprotein. Science. 269:81-3.
Darnell Jr JE. (1997) STATs and gene regulation. Science. 277:1630-5.
Bromberg JF, Wrzeszczynska MH, Devgan G, Zhao Y, Pestell RG, Albanese C,
Darnell Jr JE. (1999) Stat3 as an oncogene. Cell. 98:295-303.
Grandis JR, Drenning SD, Chakraborty A, Zhou MY, Zeng Q, Pitt AS, Tweardy DJ.
(1998) Requirement of Stat3 but not Stat1 activation for epidermal growth factor receptor-mediated cell growth in vitro. J. Clin. Invest. 102:1385-92.
Zhong Z, Wen Z, Darnell Jr JE. (1994) Stat3: a STAT family member activated by
tyrosine phosphorylation in response to epidermal growth factor and interleukin-6. Science. 264:95-8.
Nakajima K, Yamanaka Y, Nakae K, Kojima H, Ichiba M, Kiuchi N, Kitaoka T,
Fukada T, Hibi M, Hirano T. (1996) A central role for Stat3 in IL-6-induced regula-

MOLECULAR MEDICINE | MARCH/APRIL 2003 | 83

ARTICLES
tion of growth and differentiation in M1 leukemia cells. Embo. J. 15:3651-8.
24. Yamanaka Y, Nakajima K, Fukada T, Hibi M, Hirano T. (1996) Differentiation and
growth arrest signals are generated through the cytoplasmic region of gp130
that is essential for Stat3 activation. Embo. J. 15:1557-65.
25. Zhang J, Shen B, Li Y, Sun Y. 2001 STAT3 exerts two-way regulation in the biological effects of IL-6 in M1 leukemia cells. Leuk. Res. 25:463-72.
26. Rane SG, Reddy EP. (1994) JAK3: a novel JAK kinase associated with terminal
differentiation of hematopoietic cells. Oncogene 9:2415-23.
27. Runge D, Runge DM, Drenning SD, Bowen Jr WC, Grandis JR, Michalopoulos GK. (1998)
Growth and differentiation of rat hepatocytes: changes in transcription factors HNF-3,
HNF-4, STAT-3, and STAT-5. Biochem. Biophys. Res. Commun. 250:762-8.
28. Smithgall TE, Briggs SD, Schreiner S, Lerner EC, Cheng H, Wilson MB. (2000)
Control of myeloid differentiation and survival by Stats. Oncogene. 19:2612-8.
29. Ward AC, Touw I, Yoshimura A. (2000) The Jak-Stat pathway in normal and perturbed hematopoiesis. Blood. 95:19-29.
30. Steinberg BM, Abramson AL, Meade RP. (1982) Culture of human laryngeal
papilloma cells in vitro. Otolaryngol. Head Neck Surg. 90:728-35.
31. Green H, Kehinde O, Thomas J. (1979) Growth of cultured human epidermal
cells into multiple epithelia suitable for grafting. Proc. Natl. Acad. Sci. U.S.A.
76:5665-8.
32. Wakita H, Takigawa M. (1999) Activation of epidermal growth factor receptor
promotes late terminal differentiation of cell-matrix interaction-disrupted keratinocytes. J. Biol. Chem. 274:37285-91.
33. Stasiak PC, Purkis PE, Leigh IM, Lane EB. (1989) Keratin 19: predicted amino acid
sequence and broad tissue distribution suggest it evolved from keratinocyte
keratins. J. Invest. Dermatol. 92:707-16.
34. Forde AM, Feighery C, Jackson J. (1998) Characterisation of anti-neutrophil
cytoplasmic antibody target antigens using electrophoresis and western blotting techniques. Br. J. Biomed. Sci. 55:247-52.
35. Eichner R, Bonitz P, Sun TT. (1984) Classification of epidermal keratins according
to their immunoreactivity, isoelectric point, and mode of expression. J. Cell Biol.
98:1388-96.
36. Grandis JR, Zeng Q, Drenning SD. (2000) Epidermal growth factor receptor—
mediated stat3 signaling blocks apoptosis in head and neck cancer. Laryngoscope. 110:868-74.

84 | MOLECULAR MEDICINE | MARCH/APRIL 2003

37. Besser D, Bromberg JF, Darnell Jr JE, Hanafusa H. (1999) A single amino acid substitution in the v-Eyk intracellular domain results in activation of Stat3 and
enhances cellular transformation. Mol. Cell Biol. 19:1401-9.
38. Hsu SM, Raine L, Fanger H. (1981) The use of antiavidin antibody and avidinbiotin-peroxidase complex in immunoperoxidase technics. Am. J. Clin. Pathol.
75:816-21.
39. Shimozaki K, Nakajima K, Hirano T, Nagata S. (1997) Involvement of STAT3 in the
granulocyte colony-stimulating factor-induced differentiation of myeloid cells.
J. Biol. Chem. 272:25184-9.
40. Frisch SM, Francis H. (1994) Disruption of epithelial cell-matrix interactions
induces apoptosis. J. Cell Biol. 124:619-26.
41. Hauser PJ, Agrawal D, Hackney J, Pledger WJ. (1998) STAT3 activation accompanies keratinocyte differentiation. Cell Growth Differ. 9:847-55.
42. Andersen B, Weinberg WC, Rennekampff O, McEvilly RJ, Bermingham Jr JR,
Hooshmand F, Vasilyev V, Hansbrough JF, Pittelkow MR, Yuspa SH, Rosenfeld MG.
(1997) Functions of the POU domain genes Skn-1a/i and Tst-1/Oct-6/SCIP in epidermal differentiation. Genes Dev. 11:1873-84.
43. Faus I, Hsu HJ, Fuchs E. (1994) Oct-6: a regulator of keratinocyte gene expression in stratified squamous epithelia. Mol. Cell Biol. 14:3263-75.
44. Chen TT, Wu RL, Castro-Munozledo F, Sun TT. (1997) Regulation of K3 keratin gene
transcription by Sp1 and AP-2 in differentiating rabbit corneal epithelial cells.
Mol. Cell Biol. 17:3056-64.
45. Wanner R, Zhang J, Henz BM, Rosenbach T. (1996) AP-2 gene expression and
modulation by retinoic acid during keratinocyte differentiation, Biochem.
Biophys. Res. Commun. 223:666-9.
46. Waseem A, Alam Y, Dogan B, White KN, Leigh IM, Waseem NH. (1998) Isolation,
sequence and expression of the gene encoding human keratin 13. Gene.
215:269-79.
47. Demeterco C, Itkin-Ansari P, Tyrberg B, Ford LP, Jarvis RA, Levine F. (2002) c-Myc
controls proliferation versus differentiation in human pancreatic endocrine
cells. J. Clin. Endocrinol. Metab. 87:3475-85.
48. Gorelik L, Constant S, Flavell RA. (2002) Mechanism of transforming growth factor beta-induced inhibition of T helper type 1 differentiation. J. Exp. Med.
195:1499-505.

VOLUME 9, NUMBER 3/4

