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Protein kinase C (PKC)-� , a Ca2�-independent, phos-
pholipid-dependent serine/threonine kinase, is
among the PKC isoforms expressed in mouse epider-
mis. We reported that FVB/N transgenic mouse lines
that overexpress (8- or 18-fold) PKC-� protein in basal
epidermal cells and cells of the hair follicle develop
papilloma-independent squamous cell carcinoma
(SCC) elicited by 7,12-dimethylbenz(a)anthracene ini-
tiation and 12-O-tetradecanoylphorbol-13-acetate-
promotion or by repeated ultraviolet radiation expo-
sures. The susceptibility to the development of SCC
was proportional to the level of expression of the
PKC-� transgene. We now report that PKC-� FVB/N
transgenic mice (line 215) that overexpress in epider-
mis �18-fold PKC-� protein more than their wild-type
littermates spontaneously develop a myeloprolifera-
tive-like disease (MPD) in 100% of PKC-� transgenic
mice. The MPD was characterized by an excess of
neutrophils and eosinophils, resulting in invasion of
almost all vital organs of the mouse by 6 months
of age. On gross examination these mice present with
splenomegaly, hepatomegaly, and severe lymphade-
nopathy. Examination of the bone marrow revealed
almost complete effacement by neutrophils, eosino-
phils, and their precursors. Furthermore, the spleen
and lymph nodes were enlarged and exhibited
marked extramedullary hematopoiesis. Complete
pathological analysis of the second PKC-� transgenic
mouse (line 224) that expresses approximately eight-
fold PKC-� protein more than their wild-type litter-
mates revealed no remarkable findings in any of the
affected organs as seen in line 215. However, periph-

eral blood analyses of PKC-� transgenic mice indi-
cated significant increases of neutrophils in the cir-
culating blood in both PKC-� transgenic lines. To
determine whether there was an imbalance of cyto-
kines in PKC-� transgenic mice (line 215), resulting in
aberrant myelopoiesis, we analyzed 17 cytokines in
the peripheral blood. This analysis indicated that in-
terleukin-5, interleukin-6, and granulocyte-colony
stimulating factor were up-regulated as a function of
age. The transgene PKC-� was not detected in any of
the affected organs (bone marrow, liver, spleen,
lung) We suggest that overexpression of PKC-� in the
epidermis may lead to the induction of specific cyto-
kines that may, in a paracrine mechanism, perturb
normal hematopoiesis in bone marrow resulting in a
granulocytic skew toward that of neutrophils and eo-
sinophils. The susceptibility of PKC-� transgenic mice
to the induction of SCC and the spontaneous develop-
ment of MPD are unrelated. (Am J Pathol 2005,
166:117–126)

Hematopoiesis is a highly regulated process in the adult
bone marrow that gives rise to all elements of the blood
including erythrocytes, granulocytes, monocytes, lym-
phocytes, and platelets.1 All of these blood cells are
believed to derive from one common precursor cell, the
pluripotent hematopoietic stem cell. This common pre-
cursor gives rise to a lymphoid stem cell and myeloid
stem cell, which are committed to producing lympho-
cytes and the cells of the myeloid lineage. The progenitor
myeloid stem cell, a tri-lineage multipotent stem cell,
gives rise to three types of committed stem cells, which
differentiate along the erythroid/megakaryocytic, eosino-
philic, or the polymorphonuclear-monocyte pathway. This
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process, called myelopoiesis, is tightly regulated to bal-
ance and coordinate proliferation, survival, and differen-
tiation, and is regulated by growth factors and cytokines.

To date, four proteins have been identified that have
the ability to induce the proliferation of myeloid stem
cells. These proteins are called colony-stimulating factors
(CSFs). One of these molecules induces macrophages
(M-CSF), the second induces granulocytes (G-CSF), the
third induces both macrophages and granulocytes (GM-
CSF), and finally the fourth induces macrophages, gran-
ulocytes, mast cells, and erythroid cells [interleukin (IL)-
3]. For a myeloid stem cell to give rise to a mature,
functional, nondividing, differentiated cell requires a bal-
ance of cell survival, division, and differentiation associ-
ated with the ability to withdraw from the cell cycle at the
time of maturity. Little evidence exists that the CSFs have
the ability to induce both proliferation and differentiation.
Rather it is thought that a complex cytokine network
exists in which CSFs are responsible for triggering mul-
tiplication and non-CSF cytokines are responsible for
triggering differentiation.2

Chronic myeloproliferative syndromes are a group of
interrelated neoplastic disorders of the multipotent my-
eloid stem cell. As a result, this syndrome can present
with imbalances of all lineages including erythroid, gran-
ulocytic, monocytic, as well as megakaryocytic cells.
Clinically these diseases are broken into four subtypes
each of which features a predominant cell lineage: es-
sential thrombocythemia (megakaryocytes), polycythe-
mia vera (erythrocytes), myeloid metaplasia (all myelo-
poietic lineages), and chronic myelogenous leukemia
(granulocytes).

To study the in vivo function of individual CSFs, trans-
plantation studies have been performed. Transgenic
mice carrying the murine GM-CSF under the control of a
retroviral promoter had accumulation of macrophages in
eyes, striated muscle, and peritoneal and pleural cavi-
ties.3 Similar results were seen when murine bone mar-
row cells were transduced with a retrovirus containing the
mouse GM-CSF cDNA and transplanted into lethally irra-
diated mice. The results were the development of non-
neoplastic myeloproliferative disease with infiltration of
neutrophils and macrophages into the spleen, lung, and
liver.4 Similar retroviral approaches have shown that IL-3
can lead to chronic myeloid proliferative diseases.5 When
murine bone marrow cells, transduced with a retrovirus
containing G-CSF6 or IL-6,7 were introduced into recipi-
ent mice, a severe neutrophilic granulocytosis in all he-
matopoietic compartments was reported. In addition,
neutrophil infiltration occurring in the lung, liver, and
lymph nodes was accompanied by splenomegaly result-
ing from enhanced extramedullary hematopoiesis. These
experimental approaches have defined the roles of indi-
vidual CSFs, indicating that imbalances of such factors
can lead to severe disturbances in myelopoiesis and
subsequent formation of chronic myeloproliferative-like
disease (MPD) and leukemias.

Protein kinase C (PKC) represents a large family of
phosphatidylserine (PS)-dependent serine/threonine ki-
nases.8–10 Based on structural similarities and co-factor
dependence, 11 PKC isoforms have been classified into

three subfamilies: the classical (cPKC), the novel (nPKC),
and the atypical (aPKC). The cPKCs (�, �I, �II, �) are
dependent on PS, diacylglycerol, and calcium for their
activation. The nPKCs (�, �, �, and �) retain responsive-
ness to diacylglycerol and PS, but do not require calcium
for full activation. The aPKCs (� and 	) only require PS for
their activation. The members of the PKC family exhibit
functional diversity in their roles in the regulation of gene
expression, cell growth, differentiation, and apoptosis.11–17

PKC-� has been well documented as an oncogene.18,19

PKC-� is a calcium-independent, 12-O-tetradecanoylphor-
bol-13-acetate (TPA)/diacylglycerol-activated serine/threo-
nine kinase that participates in the regulation of diverse
cellular functions, including gene expression,20–22 neoplas-
tic transformation,18,19 cell adhesion,23 mitogenicity,24,25

and cellular motility.26 However, the role of PKC-� in the
production and release of cytokines remains unclear.

PKC-� is among six isoforms (�, �, �, �, 
, �) expressed
in the mouse skin. To determine the in vivo functional
specificity of PKC-� in mouse skin carcinogenesis, we
generated PKC-� transgenic mouse (FVB/N) lines 224
and 215 that overexpress �8- and 18-fold, respectively,
PKC-� protein over endogenous levels in basal epidermal
cells. PKC-� transgenic mice were observed to be highly
sensitive to the development of squamous cell carcinoma
(SCC) elicited by the 7,12-dimethylbenz(a)anthracene
(DMBA) (100 nmol)-TPA (5 nmol) tumor promotion proto-
col or by repeated ultraviolet radiation exposures. In this
communication, we report that PKC-� transgenic line 215
exhibits a MPD accompanied by increased serum levels
of IL-5, IL-6, and G-CSF with age. These mice show
extreme neutrophil/eosinophil proliferation in the bone
marrow, with increased numbers of these cells in the
blood and marked infiltration of the lungs, liver, and kid-
neys. In addition, PKC-� transgenic mice presented with
massive splenomegaly resulting from increased ex-
tramedullary hematopoiesis. It appears PKC-� mediated
induction and release of specific cytokines may affect the
proliferation of a putative myeloid stem cell with resultant
development of a spontaneous MPD. These mice will be
a useful tool to study the pathogenesis and treatment of
chronic myeloid diseases.

Materials and Methods

PKC-� Transgenic Mice

PKC-� transgenic mice were generated as previously
described.27 All animal care protocols were approved by
an institutional review board. Transgenic mice were main-
tained by mating hemizygous transgenic mice with wild-
type FVB/N mice. The mice were housed in groups of two
to three in plastic bottom cages in light-, humidity-, and
temperature-controlled rooms; food and water were avail-
able ad libitum. The animals were kept in a normal rhythm
of 12-hour light and 12-hour dark periods. The transgene
was detected by polymerase chain reaction (PCR) anal-
ysis using genomic DNA isolated from 1-cm tail clips.
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Peripheral Blood Analysis

The mice were anesthetized with halothane. An incision
along the axillary blood vessels was made and 500 
l of
blood was withdrawn with a 22-gauge needle. The sy-
ringes were coated with 0.5 mol/L of ethylenediaminetet-
raacetic acid to prevent coagulation. The blood was
placed immediately into ethylenediaminetetraacetic acid-
coated tubes and mixed thoroughly. Cell analysis was
performed by the Clinical Pathology Department at the
University of Wisconsin College of Veterinary Medicine
using the Advia 120 Chemistry Analyzer (Bayer Corp.,
Tarrytown, NY).

Histological Methods

Soft tissues were fixed in 10% neutral-buffered formalin
for 24 hours, paraffin-embedded, sectioned, and stained
with hematoxylin and eosin (H&E). Bones were surgically
removed, cut longitudinally, and placed in 10% neutral-
buffered formalin overnight. Decalcification was per-
formed overnight using Fisher’s Cal-EX solution followed
by paraffin-embedding and staining with H&E.

Routine Electron Microscopy

Liver tissue was cut into 1 mm cubes, fixed in glutaral-
dehyde, and postfixed in osmium tetroxide. Tissues were
then dehydrated in an ethanol series and embedded in
Epon 812. Thin sections for electron microscopy were cut
with an LKB (Bromma, Sweden) ultramicrotome. Copper
grids were stained with lead citrate and uranyl acetate
and photographed in a Hitachi (Tokyo, Japan) electron
microscope.

Cytokine Analysis

G-CSF levels in the serum and epidermis were quantified
by enzyme-linked immunosorbent assay (ELISA) using a
mouse G-CSF Quantikine ELISA kit (R&D Systems, Min-
neapolis, MN). Serum was collected by drawing blood
from mice, incubating at room temperature for 30 min-
utes, followed by centrifugation for 10 minutes at 5000 �
g. Fresh serum was used for ELISA analysis. Epidermis
was collected by scrapping the epidermis, followed by
homogenization of the sample in immunoprecipitation ly-
sis buffer (50 mmol/L HEPES, pH 7.5, 150 mmol/L NaCl,
10% glycerol, 1% Triton X-100, 1.5 mmol/L MgCl2, 10

g/ml aprotinin, 10 
g/ml leupeptin, 1 mmol/L phenylm-
ethyl sulfonyl fluoride, 200 
mol/L Na3VO4, 200 
mol/L
NaF, and 1 mmol/L ethylene glycol-bis (�-aminoethyl
ether)-N,N,N�,N�-tetraacetic acid). The samples were
spun for 30 minutes at maximum speed and supernatants
were collected for analysis. For analysis of G-CSF in the
media, media from treated and untreated cells were col-
lected, centrifuged, and analyzed using the mouse G-
CSF Quantikine ELISA kit (R&D Systems). G-CSF release
to the media was normalized to the number of cells
present at the onset of the experiment. Analysis of mac-
rophage inflammatory protein1-�, GM-CSF, monocyte

chemoattractant protein, keratinocyte-derived cytokine,
regulated on activation normal T cell expressed and se-
creted (RANTES), interferon-�, IL-1�, IL-2, IL-4, IL-5, IL-6,
IL-9, IL-10, IL-12, IL-13, and tumor necrosis factor
(TNF)-� at the indicated times were performed by Linco
Diagnostics (St. Charles, MO) using the Luminex Multi-
Analyte detection assay.

Western Analysis

Mice were euthanized by cervical dislocation and organs
collected. The tissues were homogenized in immunopre-
cipitation lysis buffer (50 mmol/L HEPES, pH 7.5, 150
mmol/L NaCl, 10% glycerol, 1% Triton X-100, 1.5 mmol/L
MgCl2, 10 
g/ml aprotinin, 10 
g/ml leupeptin, 1 mmol/L
phenylmethyl sulfonyl fluoride, 200 
mol/L Na3VO4, 200

mol/L NaF, and 1 mmol/L ethylene glycol-bis (�-amino-
ethyl ether)-N,N,N�,N�-tetraacetic acid) at 4°C. The ho-
mogenate was centrifuged at 14,000 � g for 30 minutes
at 4°C. One hundred 
g of whole cell lysate was fraction-
ated on a 7.5% sodium dodecyl sulfate (SDS)-polyacryl-
amide gel. The proteins were transferred to 0.45-
m
Hybond-P polyvinylidene fluoride transfer membrane
(Amersham, Piscataway, NJ). The membrane was then
incubated with a mouse monoclonal antibody to T7 (No-
vagen, Madison, WI) at a 1:1000 dilution to detect the T7
epitope-tagged mouse PKC-�. The detection signal was
developed with Amersham’s electrochemiluminescence
reagent.

Real-Time Quantitative PCR

Total RNA was isolated using the RNeasy RNA isolation
kit (Qiagen, Valencia, CA), DNase-treated, and 1 
g was
used to prepare cDNA using Ready-to-Go reverse tran-
scription-PCR beads (Amersham). Quantitative reverse
transcription-PCR was performed by monitoring in real
time the increase in fluorescence of the SYBR Green dye
as described using the iCycler detection system (Bio-
Rad, Richmond, CA). We also quantified transcripts of
the 18s RNA an endogenous RNA control, and each
sample was normalized on the basis of its 18s content.

Results

PKC-� Transgenic Mice Develop Suppurative
Dermatitis and Severe Hepatomegaly and
Splenomegaly with Age

The generation of PKC-� transgenic mice has previously
been described.27 To determine the in vivo functional
specificity of PKC-� in mouse skin carcinogenesis, we
generated PKC-� transgenic mouse (FVB/N) lines 224
(PKC-�224) and 215 (PKC-�215) that overexpress �8-
and 18-fold, respectively, T7-epitope tagged PKC-� im-
munoreactive protein in the mouse skin over endogenous
levels. The level of basal PKC-� activity in the absence of
added PKC activators (PS/TPA) in epidermal extract from
PKC-� transgenic line 215 was significantly higher than
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the epidermal extract from line 224.27 The expression of
PKC-� was directed to the basal cells of the epidermis
and cells of the hair follicle using a human cytokeratin 14
(K14) promoter.27,28 A comparison of the susceptibility of
PKC-� transgenic mouse lines (215 and 224) to the de-
velopment of SCC has been reported (Wheeler DL, Li Y,
Verma AK, Photochemistry and Photobiology, February,
2005). We found a dramatic difference in carcinoma la-
tency period between the two PKC-� transgenic mouse
lines; the first carcinoma in line 215 appeared at 10

weeks whereas it took 23 weeks for the first carcinoma to
appear in line 224. However, although delayed in line
224, both lines elicited similar carcinoma incidence.

The high-expressing line 215 developed a severe
MPD. To evaluate gross phenotypic and hematopatho-
logical changes, mice were allowed to age untreated,
and euthanized at 2 and 6 months of age along with their
corresponding wild-type littermates. At 2 months, PKC-�
transgenic mice were indistinguishable from their wild-
type littermates (Figure 1A). Consistent with our previous
report,27 by 6 months of age, PKC-� transgenic mice
exhibited extreme hyperkeratosis, alopecia, suppurative
dermatitis, and development of scales most remarkable
over the tail base, ears, face, and the dorsal skin (Figure
1B). At 6 months of age the PKC-� transgenic mice
showed marked hepatosplenomegaly (Figure 1, C and
D). Both the liver and spleen weights varied from two to
six times larger from their control wild-type littermates at
6 months of age (data not shown).

PKC-� transgenic bone marrow exhibits increased my-
elopoiesis. To determine whether there were alterations in
normal marrow hematopoiesis, the bone marrow of PKC-�
transgenic mice and their wild-type littermates was ana-
lyzed. Three mice from each group were euthanized at 7
months of age and the femurs were collected. This anal-
ysis of PKC-� transgenic bone marrow at 7 months
showed that normal hematopoiesis observed in wild-type
bone marrow had been replaced by irregular myelopoi-
esis with a granulocytic predominance ie, neutrophils,
eosinophils, and their early precursors (Figure 2). Fur-
thermore, PKC-� transgenic mice had significant in-
creases in peripheral blood neutrophils (Table 1). PKC-�
transgenic mouse line 224 also had elevated circulating
neutrophils in the peripheral blood (Table 1).

Figure 1. PKC-� transgenic mice develop suppurative dermatitis and severe
hepatomegaly and splenomegaly with age. PKC-� transgenic mice and their
wild-type littermates were analyzed for external (2 and 6 months) and
internal phenotype at 6 months of age. A and B: Photographs depict repre-
sentative wild-type and PKC-� transgenic mice at 2 and 6 months of age. C
and D: Photographs depict representative samples of PKC-� liver (C) and
spleen (D) at 6 months of age.

Figure 2. PKC-� transgenic bone marrow exhibits increased myelopoiesis with a predominance of neutrophils. The femurs from wild-type (A) and PKC-�
transgenic mice (B) were surgically removed, cut longitudinally, and fixed for 24 hours in 10% neutral-buffered formalin. The bone sections were decalcified
overnight. Four-
m sections were cut and stained with H&E. Mk, megakaryocyte; N, neutrophil; RBC, red blood cell.
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Aged PKC-� Transgenic Mice Show
Pronounced Neutrophilic Infiltration into
Nonhematopoietic Organs

To assess the infiltration of neutrophils into various or-
gans, histological examination of PKC-� transgenic
mouse tissues at 2, 4, 5, and 6 months of age was
performed. A representative time course of morphologi-
cal findings of the liver is presented in Figure 3, A to D.
Neutrophil involvement in the hepatic tissue was seen as
early as 1 month of age and presented with multiple
perivascular foci of neutrophils and eosinophils through-
out the liver. By 2 months of age, the neutrophils and

eosinophils were also seen in the parenchyma as well as
demonstrating increased perivascular cuffing. At 4 to 6
months of age, liver sections revealed variable foci of
necrosis with large and small foci of neutrophils and
eosinophils both confluent in the parenchyma and prom-
inent within the perivascular regions. The neutrophils ap-
peared to be intact as well as degranulating. Within re-
gions of necrotic hepatocytes, there was associated
fibrin deposition. To confirm the presence of eosinophils
and neutrophils within the parenchyma of the liver, rou-
tine electron microscopy was performed (Figure 3; E to
G). Neutrophils were apparent and identified by the pres-
ence of multilobed nuclei with variable sized lysosomes,
whereas eosinophils were identified by the presence of
the crystalloid bar within the cytoplasmic lysosomes.

Other organs with neutrophil/eosinophil involvement
included the lung and the kidney. Pulmonary tissue col-
lected from 7-month-old PKC-� transgenic mice revealed
moderate cellular infiltration in perivascular locations.
Small vessels showed numerous neutrophils, often ad-
hering to the vascular endothelium associated with
marked perivascular cuffing. Collections of neutrophils
were observed in peribronchial areas, although not within
the bronchial lumens. In addition, lung interstitial cellular
populations consisted of mononuclear cells and in-
creased presence of neutrophils. By 6 to 8 months of age
PKC-� transgenic pulmonary tissue exhibited strong in-
flammatory cell infiltration and respiratory distress was
clearly noted in PKC-� transgenic mice. Examination of
the kidneys revealed heavy neutrophil infiltration and their
early precursors in the periarteriolar regions.

Table 1. Absolute Blood Counts in the Peripheral Blood
(per 
l of Blood)

Mouse Neutrophilis Eosinophilis Monocytes

Four mice
sampled
at 18
months of
age
WT 170 � 10 35 � 5 90 � 70
PKC�-224 420 � 87 17 � 12 120 � 50

Four mice
sampled
at 6
months of
age
WT 305 � 58 42 � 14 107 � 39
PKC�-215 2345 � 685 220 � 98 853 � 305

Figure 3. PKC-� transgenic mice exhibit neutrophil invasion into the hepatic tissue. A–D: PKC-� transgenic mice were sacrificed at 1, 2, 4, and 6 months of age.
Liver was collected and fixed in 10% neutral-buffered formalin for 24 hours. Four-
m sections were cut and stained with H&E. E–G: Liver sections were collected
and processed as described in Materials and Methods. N/E, neutrophil and eosinophil foci; V, vein.
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Several organs in 6-month-old PKC-� transgenic mice
did not demonstrate infiltration by neutrophils. These or-
gans included the following: heart, brain, stomach, intes-
tines, lymph nodes, and spleen. Wild-type spleen
showed normal architecture with preserved white pulp
(Figure 4). The red pulp contained slight extramedullary
hematopoiesis including megakaryocytes. In contrast the
spleens from PKC-� transgenic mice (line 215) showed
residual white pulp, greatly expanded red pulp by hema-
topoietic cells, predominately neutrophil and monocyte
precursors, with increased megakaryocytes and nucle-
ated red blood cells. Sections of 6-month-old wild-type
lymph node showed normal sized lymph nodes with nor-
mal architecture. However, lymph nodes from 6-month-
old PKC-� transgenic mice (line 215) were greatly en-
larged and expanded by a paracortical infiltrate
composed mainly of monocytes and granulocytic precur-
sors (data not shown).

To determine whether the low-PKC-�-expressing trans-
genic mouse line 224 had neutrophil infiltration into vital
organs, PKC-� transgenic mice (line 224) and their wild-
type littermates were analyzed at �18 months of age.
Complete pathological analysis of the lower expressing
PKC-� transgenic line (line 224) revealed no remarkable
findings in any of the affected organs as seen in line 215.

The PKC-� Transgene Is Not Expressed in Any
Organs Other than Skin

To determine whether PKC-� protein was expressed in
the affected organs (lung, liver, bone marrow, and
spleen), Western analysis was performed. PKC-� trans-
genic mice were collected at 7 months of age and all
organs harvested and homogenized in immunoprecipita-
tion lysis buffer. Total protein was collected, quantitated,
and analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis. The immunoblot was probed with
anti-T7 antibody to identify the expression of the T7-
tagged PKC-� transgene. No immunoreactive protein
was detected by Western blot analysis except in the
dorsal epidermal layer (Figure 5A). Although no protein
was detected in any of the affected organs, it is possible
that the K14 promoter drives expression of PKC-� protein
in a small subset of cells in the bone marrow itself which
is below the level of detection using Western analysis. To
answer this question we isolated RNA from the skin,
trachea, thymus, bone marrow, thyroid, liver, spleen, and
lung from PKC-� transgenic mice. The RNA was reverse-
transcribed and real-time quantitative PCR was per-
formed. To detect only the transgene expressed

Figure 4. PKC-� transgenic spleen histopathology exhibits severe extramedullary hematopoiesis. The spleens from 6-month-old wild-type (A and B) and PKC-�
transgenic mice (C and D) were removed and fixed for 24 hours in 10% neutral-buffered formalin. Four-
m sections were cut and stained with H&E. WP, white
pulp; RP, red pulp; MK, megakaryocyte.
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T7-PKC-� we designed a forward primer located in the
T7-tag and a downstream primer oriented in the PKC-�
cDNA sequence. Transgene expression was only de-
tected in the skin, trachea, and thymus, organs that we
have previously reported to express the T7-PKC-� pro-
tein27 (Figure 5B).

The Development of a Spontaneous MPD-Like
Disease Is Specific to PKC-� Transgenic Mice

To determine whether the development of this disease
was specific to PKC-�, we analyzed PKC-� transgenic
mice29 that overexpress PKC-� under the control of the
human keratin 14 promoter. Organs were analyzed from
1 to 8 months for aberrant production of cells of the
myeloid lineage. There were no signs of this disease in
PKC-� mice throughout the time course noted in this
study (data not shown) or in our previous work.29 In
addition, we and others did not observe the development
of this disease in PKC-� transgenic mice using both the
human keratin 1430 and under the direction of the bovine
K5 promoter.31

G-CSF, IL-5, and IL-6 Levels Are Increased in
PKC-� Transgenic Mice

Hematopoietic cytokines play critical roles in the deci-
sions made by the myeloid stem cells, and imbalances of
these cytokines have been shown to lead to nonneoplas-
tic myeloproliferative diseases. GM-CSF and G-CSF are
cytokines that promote the production, maturation of my-
eloid cells, and in particular, the proliferation and differ-
entiation of neutrophil progenitors. To determine whether
PKC-� transgenic mice had imbalances of GM-CSF or
G-CSF, PKC-� transgenic mice (n � 4) and their wild-type
littermates were examined at 3, 7, 9, 17, 20, and 40
weeks (GM-CSF) and 3, 7, 17, and 38 weeks (G-CSF) by
ELISA. The GM-CSF levels in the serum were undetect-
able at all time points. However, G-CSF levels (Table 2)

showed a significant increase (P � 0.05) as the mice
aged. At 3 and 7 weeks of age G-CSF serum levels were
not significantly different from their wild-type littermates,
whereas both the 17- and 38-week time points showed
significant increases in the serum (P � 0.05).

To determine if keratinocytes overexpressing PKC-�
could contribute to the increases of G-CSF in the serum
of PKC-� transgenic mice, keratinocytes isolated from
PKC-� transgenic newborn pups and their wild-type lit-
termates were plated, in triplicate, at 500,000 cells per
well in six-well plates. The cells were treated with either
the vehicle ethanol or 100 nmol/L of TPA for 3, 6, 12, 24,
and 48 hours. At the indicated times, the media was
collected and analyzed for G-CSF by ELISA (Table 3).
The G-CSF released was normalized to the number of
cells plated at the onset of the experiment. The results of
the experiment indicated that keratinocytes from PKC-�
transgenic mice released more G-CSF into the media at
all time points examined. Notable findings included the
following: keratinocytes from PKC-� transgenic mice re-
leased G-CSF within 3 hours after TPA treatment,
whereas the levels in wild-type controls were not detect-
able; and the ethanol-treated control keratinocytes from
PKC-� transgenic mice at 48 hours had increased basal
release of G-CSF without TPA stimulation.

Figure 5. T7-PKC-� expression profile. A: Organs from untreated, 2-month-
old, PKC-� transgenic mice were collected and homogenized in immunopre-
cipitation lysis buffer for protein analysis. Extracts were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotted with
a mouse anti-T7 antibody to detect the T7-tagged PKC-� protein. The level of
actin was determined as a control for gel-loading variations. B: The indicated
organs were collected from untreated PKC-� transgenic mice and total RNA
was collected. The RNA was reversed-transcribed and real-time quantitative
PCR was performed using primers specific to the transgene. A standard curve
was performed using serial dilutions of the K14-T7-PKC-� vector and was
used to determine the number of copies of mRNA per ng of total RNA. ND,
not detected.

Table 2. G-CSF Levels in the Serum

Time Mouse pg/ml Serum G-CSF P value

3 week WT 76.9 � 3.9 � 0.4795
3 week PKC� 131.6 � 34.5
7 week WT 108.0 � 16.5 � 0.7728
7 week PKC� 108.7 � 17.2
17 week WT 57.0 � 22.1 � 0.05
17 week PKC� 156.4 � 19.9
38 week WT 113.6 � 40.8 � 0.05
38 week PKC� 1519.5 � 324.2

Table 3. G-CSF Levels Released from Cultured Keratinocytes

Time Keratinocytes
pg/ml

Media G-CSF

P value
(WT-TPA vs
PKC� TPA)

3 hours WT-ETOH ND*
WT-TPA ND
PKC�-ETOH ND
PKC�-TPA 117.5 � 10.9

6 hours WT-ETOH ND �0.05
WT-TPA 103.9 � 9.4
PKC�-ETOH ND
PKC�-TPA 180.9 � 8.0

12 hours WT-ETOH ND �0.05
WT-TPA 119.0 � 12.9
PKC�-ETOH ND
PKC�-TPA 221.3 � 10.1

24 hours WT-ETOH ND �0.05
WT-TPA 110.0 � 11.9
PKC�-ETOH ND
PKC�-TPA 209.9 � 23.1

48 hours WT-ETOH ND � 0.05
WT-TPA 415.1 � 4.7
PKC�-ETOH 57.6 � 4.4
PKC�-TPA 546.3 � 26.7

*ND, not detectable.

PKC-� Leads to Spontaneous MPD 123
AJP January 2005, Vol. 166, No. 1



Although GM-CSF and G-CSF are the primary cyto-
kines involved in the regulation of neutrophils, we ana-
lyzed a set of 15 cytokines to determine whether imbal-
ances in other sets of cytokines existed. These cytokines
included IL-1�, IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12,
IL-13, macrophage inflammatory protein-1�, TNF-�,
RANTES, keratinocyte-derived cytokine, interferon-�, and
monocyte chemoattractant protein. Serum from PKC-�
transgenic mice and their wild-type littermates were an-
alyzed at time points throughout their life. Only IL-5 and
IL-6 were significantly (P � 0.05) increased in PKC-�
transgenic mice (Figure 6) at the later time points.

Discussion

Transgenic mice overexpressing PKC-� in the mouse
epidermis display a phenotype, increasing with age,
characterized by splenomegaly, hepatomegaly, and en-
larged inguinal and axillary lymph nodes associated with
the development of severe dermatitis. In addition, these
mice exhibit effacement of normal bone marrow hemato-
poiesis, with marked increases of neutrophils within the
bone marrow as well as in the circulating blood. Further-
more, the aged PKC-�, the high-PKC-�-overexpressing
transgenic mice (line 215) exhibited loss of the normal
splenic architecture because of exaggerated extramed-
ullary hematopoiesis in the red pulp, and infiltration of
both neutrophils and eosinophils into nonhematopoietic
organs. Analysis of G-CSF in PKC-� transgenic mice
showed elevated levels as the mice aged.

Analysis of G-CSF in PKC-� transgenic mice revealed
an increase in serum levels, which correlated with in-
creasing age (Table 2). This finding strongly correlated
with the progression of the MPD and increasing circulat-
ing neutrophils and infiltration of neutrophils in nonhema-
topoietic organs (Table 1 and Figure 3). Mice at 6 to 8
months of age had complete effacement of the bone
marrow, which was replaced by mature neutrophils and
their early precursors (Figure 2). G-CSF is a growth factor
that promotes the production, maturation, and survival of
myeloid stem cells. Furthermore G-CSF plays a role in the
proliferation and differentiation of neutrophil progenitors

as well as increasing their trafficking from the bone mar-
row to the blood.32–34 G-CSF is not only vital for the latter
but has also been shown to have chemoattractant prop-
erties for cells of the granulocytic lineage.35 There have
been several studies that have investigated and reported
the role of G-CSF in granulopoiesis. The most conclusive
evidence has come from gene-targeting studies involving
G-CSF36 or G-CSF receptor gene knockouts.37 Both G-
CSF-deficient and G-CSF-receptor-deficient mice have
defective granulopoiesis with chronic neutropenia, both
peripheral and in bone marrow, as well as a decrease in
mature myeloid elements in their bone marrow. These
studies have confirmed the hypothesis in the literature
that G-CSF is a major regulator of granulopoiesis. Alter-
natively, studies in which murine marrow cells trans-
duced with a retroviral vector containing the G-CSF DNA
were transplanted into lethally irradiated recipients re-
sulted in dramatic increases in neutrophilic granulocyto-
sis in all hematopoietic tissues with neutrophilic infiltration
occurring in the lung and liver.6 In addition to its roles of
increasing proliferation and survival, G-CSF has also
been shown to facilitate the mobilization of neutrophils
from bone marrow into blood.33,34

IL-5 and IL-6 were also elevated at late time points in
the life span of PKC-� transgenic mice (Figure 6). IL-5
induces eosinophil growth, differentiation, activation, sur-
vival, and primes eosinophils to respond to chemoattrac-
tants such as eotaxin.38,39 IL-6 is a multifunctional cyto-
kine that is produced by cells during a variety of
inflammatory conditions in vivo.40–42 It stimulates activa-
tion and differentiation of B and T lymphocytes, induces
fever, and regulates acute phase protein synthesis.43–46

In addition, IL-6 has been shown to be involved in various
steps of hematopoiesis and has been used for ex vivo
expansion of hematopoietic cells.47–49 However, given
the time of onset of the disease (4 weeks) and the time of
detection of these cytokines (20� weeks), they may be
produced secondarily to another primary event.

One fundamental question when analyzing a myelo-
proliferative disease is whether the growth advantage of
the target cell is cell intrinsic. This question is addressed
by transplanting bone marrow cells from PKC-� trans-
genic mice into a normal, irradiated, syngeneic host. If
the myeloproliferative disease persists in the trans-
planted mice, then a cell-intrinsic mechanism is likely.
With the data presented in this communication, it is not
possible to answer this question and these experiments
need to be performed.

It is possible that PKC-� is expressed in a subset of
hematopoietic cells. The human keratin 14 promoter has
been shown to target gene expression to the stratified
squamous epithelium in transgenic mice.50 This promoter
has been used to generate several different transgenic
mice to understand the role of various genes in inflam-
matory skin disease as well as skin carcinogenesis. To
date, genes driven by this promoter have been solely
detected in the stratified squamous epithelium of the
mouse, mainly the epidermis, trachea, thymus, and cer-
vix. To determine whether our transgene was expressed
in the affected organs of PKC-� transgenic mice, we
analyzed, by Western analysis and real-time quantitative

Figure 6. PKC-� transgenic mice have increased IL-5 and IL-6. PKC-� trans-
genic mice and their wild-type littermates were sacrificed at the indicated
time points and serum was collected. The serum was analyzed by Linco
Diagnostics as described in Material and Methods. Serum levels of IL-5 (A)
and IL-6 (B) were significantly different from their wild-type littermates at 17
and 20 and 20 and 40 weeks, respectively (P � 0.05). Serum levels of IL-6 in
wild-type and PKC-� transgenic mice from 3 to 7 weeks were not detectable
(ND).
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PCR, T7-PKC-� protein and RNA expression (Figure 5).
No immunoreactivity was detected besides the skin in
this experiment. Only the skin, trachea, and thymus de-
tected expression of the transgene when analyzed using
real-time quantitative PCR. These results correlate with
the protein expression we have previously reported in
these organs.27 These results imply that T7-PKC-� was
not driving neutrophil proliferation by aberrant production
of PKC-� in a granulocyte progenitor cell.

Another possibility for the development of this MPD is
a neoplastic transformation of a precursor cell. However,
given that this disease occurs with a 100% incidence in
aged high-PKC-�-overexpressing transgenic mice (line
215) it seems unlikely that such an event occurred, but
cannot be ruled out with the data presented. To deter-
mine whether this MPD was because of the FVB/N back-
ground we crossed PKC-� transgenic mice (line 215) on
the FVB/N background to the SKH background for six
generations. These mice presented, at 6 months of age,
with severe dermatitis, scales, and ulcerations on the
dorsal skin, ears, neck, and the base of the tail. On
autopsy, 6-month-old PKC-� transgenic mice on the SKH
background demonstrated severe splenomegaly and
hepatomegaly (data not shown). These data suggest that
the development of the myeloproliferative disease is de-
pendent on PKC-� expression in the epidermis and not
the FVB/N background itself.

During the process of transgenesis, linear DNA inserts
randomly into the mouse genome. One possibility for the
genesis of this disease in line 215 is insertional mutagen-
esis into a key gene involved in granulopoiesis. One
approach to test the hypothesis that PKC-� mediates the
MPD from epidermal keratinocytes would be to generate
transgenic mice expressing kinase-dead PKC-� using the
human K14 promoter and to determine whether the dis-
ease symptoms and course could be alleviated. The
PKC-� transgenic mouse line 224, which expresses eight-
fold more PKC-� protein than their wild-type littermates,
does not elicit histopathological changes as are ob-
served in the line 215 that expresses 18-fold more PKC-�
protein. It is also likely that there is a threshold of PKC-�
protein, which may induce the observed phenotypic
changes (hepatomegaly and splenomegaly).

The PKC-� transgenic mice were generated to deter-
mine the role of PKC-� in skin carcinogenesis. The PKC-�
transgenic mouse lines (215 and 224) induced papillo-
ma-independent SCC elicited either by the initiation
(DMBA)-promotion (TPA) protocol or by repeated expo-
sure to ultraviolet radiation.51 The susceptibility of PKC-�
transgenic mice to the induction of SCC was proportional
to the level of the expression of the transgene in the
epidermis. We found that TNF-�52 is the key cytokine
linked to the induction of SCC in these PKC-� transgenic
mice. In this context it is noteworthy that pentoxifylline, an
inhibitor of TNF-� synthesis, which completely prevented
the induction of SCC, failed to affect the development of
the MPD (data not shown). In addition, PKC-� transgenic
mice crossed to TNF-�-null mice showed no difference in
the presentation of the MPD. This finding suggests that
PKC-�-induced TNF-� is not responsible for the develop-
ment of the MPD. Taken together, these data suggest that

the susceptibility of PKC-� transgenic mice to the induc-
tion of SCC and the development of MPD are unrelated.
Skin carcinogenesis involves initiation (DMBA) and pro-
motion (TPA). Tumor promotion involved chronic activa-
tion of PKC-� and then induction of TNF-� both in the skin
and serum. However, MPD develops spontaneously
through basal activation of PKC-� by mechanisms other
than TPA treatment, such as generation of endogenous
diacylglycerol.27 PKC-� transgenic mice have signifi-
cantly increased levels of basal PKC-� activity. It is also
noteworthy that basal PKC-� activity is extremely low in
line 224. We could not link the role of TNF-� in the
development of myeloproliferative disorder.

In summary, aged PKC-� transgenic mice develop a
MPD that is characterized by massive neutrophil prolifer-
ation in the bone marrow, release to the blood, and
infiltration of nonhematopoietic tissues. The spontaneous
development of MPD accompanied increased serum lev-
els of G-CSF, IL-5, and IL-6 but not of the cytokines
macrophage inflammatory protein1-�, GM-CSF, mono-
cyte chemoattractant protein, keratinocyte-derived cyto-
kine, RANTES, interferon-�, IL-1�, IL-2, IL-4, IL-9, IL-10,
IL-12, IL-13, and TNF-�. The etiology of the development
of the MPD in high-expressing PKC-� transgenic mice is
unknown. The MPD developed in PKC-� transgenic mice
have characteristics similar to that of human MPD most
notably severe splenomegaly, hypercellular bone mar-
row, and increased circulating myeloid cells in the pe-
ripheral blood. This PKC-� transgenic mouse model may
be useful for studying the pathogenesis of myeloprolifer-
ative disease.
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