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Abstract Background: The purpose of the study was to
evaluate the use of phospho-Akt in mouse and human
skin as a surrogate target for tumor phospho-Akt to
measure the effect of antitumor inhibitors of phospha-
tidylinositol-3-kinase (PI-3-K)/Akt (protein kinase B)
signaling. Method: The expression of phosphoSer*’*-Akt
was quantitatively assessed by Western blotting in hu-
man HT-29 colon, MCF-7 breast, A-549 non small cell
lung tumor xenografts in mice, and by immunohisto-
chemistry in mouse skin and human hair. Results: The
pattern of PI-3-K isoforms in human hair keratinocytes
was similar to that in tumor but mouse hair keratino-
cytes showed a different pattern. A high level of phos-
pho-Akt staining was present in keratinocytes of the
external root sheath of the hair and was inhibited by the
PI-3-K inhibitor PX-866 administered to mice, and in
human hair exposed to PX-866 in culture. The inhibition
of phospho-Akt by PX-866 in mouse hair keratinocytes
was greater than inhibition of phospho-Akt in HT-29
and A-549 xenografts in the same mice. Phospho-Akt in
mouse hair keratinocytes was inhibited by the Akt
inhibitor PX-316 to a lesser degree than in MCF-7
tumor xenografts. Conclusions: Hair offers a way of
measuring the effects of PI-3-K signaling inhibitors and,
in cancer patients, may provide a readily obtainable
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Introduction

The phosphoinositide-3-kinase (PtdIns-3-kinase)/Akt
(protein kinase B) signaling pathway promotes cell sur-
vival in human tumors [3, 6]. PtdIns-3-kinases phos-
phorylate membrane PtdIns on the three position of
the myo-inositol ring leading to the formation of PtdIns-
3-phosphates and the recruitment of cytoplasmic Akt
(protein kinase B) to the plasma membrane [10]. There
are eight mammalian PtdIns-3-kinases that are divided
into three main classes based on sequence homology and
substrate preference [28]. Class I enzymes produce
PtdIns(3,4,5)P5 and are subdivided into class Ia, which
includes pl110o PtdIns-3-kinase and the closely related
pl10p and p1106 PtdIns-3-kinases. p110x and p110p are
found in all adult human tissues, while p1106 is found in
leukocytes. All class Ia kinases are associated with a p85
regulatory/adapter subunit. Three genes that can also
generate splice variants encode at least 8 p85 adaptor
subunits [24]. Different p85 subunits show differences in
tissue distribution that may be of functional significance,
but there does not appear to be a preferential association
between the p85 subunits and any of the p110s. Class Ib
PtdIns-3-kinase is represented by p110y, which associ-
ates with a p110 adapter subunit and is confined largely
to leukocytes [14]. Class II PtdIns-3-kinases are larger
molecules of around 200 kDa without adapter subunits
and give rise to PtdIns(3)P and PtdIns(3,4)P,. Class III
PtdIns-3-kinase has one member, Vps34p, which is
constitutively active and is involved in lysosomal protein
trafficking. The lipid product of Vps34p is PtdIns(3)P.
It is likely that all mammalian cells express repre-
sentatives of each class of PtdIns-3-kinase [24]. Class la
PtdIns-3-kinases are activated by transmembrane



receptors and oncogenic tyrosine kinases through the
binding to Src homology 2 (SH2) domains found in all
p85 isoforms [6] and by p21R [23]. Class 1b PtdIns-3-
kinase is activated by fy subunits of heterotrimeric G
proteins released upon the activation of 7-pass trans-
membrane receptors [14]. Class II PtdIns-3-kinases are
activated by tyrosine kinase coupled receptors, although
their mechanism of activation and function are largely
unknown.

Akt binds through its pleckstrin homology (PH) do-
main to membrane PtdIns(3,4,5)P; and is activated by
phosphorylation on Thr’® and Ser *’* by membrane-
associated phosphoinositide dependent kinases (PDKs)
[2]. Activated Akt detaches from the plasma membrane
[17] and phosphorylates a battery of targets including
the forkhead transcription factor family members [20],
the pro-apoptotic Bcl-2 family member Bad [8], apop-
tosis signaling kinase-1 (ASK-1), and procaspase-9,
the initiator of the caspase cell death cascade [7]. The
end result of PtdIns-3-kinase/Akt activation is the
decreased expression of death genes and increased cell
survival [20]. The dual specificity tyrosine-threonine/
Ptdins-3-phosphatase tumor suppressor protein phos-
phatase and tensin homologue deleted on chromosome
ten (PTEN) that is lost in many tumors prevents the
accumulation of PtdIns(3,4,5)P; and, thus, attenuates
Ptdins-3-kinase signaling [5].

Phosphoinositide-3-kinase/Akt signaling is activated
in a large number of human cancers, either through in-
creased PtdIns-3-kinase, increased Akt, deleted PTEN, or
a combination of these mechanisms, and is a major factor
in promoting cancer cell survival and resistance to many
current cancer therapies [6]. Consequently, the pathway is
of great interest for therapeutic intervention in cancer
[4, 24, 30] and a number of inhibitors of PtdIns-3-kinase
or Akt are under development as cancer drugs [10, 12,
19, 30]. An important aspect of the development of
PtdIns-3-kinase/Akt signaling inhibitors as clinical
agents, and indeed for any targeted cancer drug, is to
have a way to evaluate the drug’s ability to inhibit its
target in patients [22]. This is most conveniently done in
a surrogate normal tissue since it is difficult to obtain
tumor biopsies before and after treatment from more
than a few patients, particularly during the early phases of
clinical drug development. We have investigated the use
of skin and hair as surrogate normal tissues to measure
the effects of inhibitors of PtdIns-3-kinase and Akt on
PtdIns-3-kinase signaling and compared the effects to
inhibition in human tumor xenografts.

Materials and methods
Compounds

Rabbit purified polyclonal anti-phosphoSer*’*-Akt
antibody (1:50 dilution), anti-Akt antibody (1:50 dilu-
tion), anti-human PtdIns-3-kinase 110« antibody (1:100
dilution), and anti-human PtdIns-3-kinase pll10y
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antibody (1:150 dilution) were obtained from Cell Sig-
naling Technology (Beverly, MA, USA). Rabbit poly-
clonal anti-human PtdIns-3-kinase 110§ antibody
(0.75 pg/ml) was obtained from Santa Cruz Biotech-
nology (Santa Cruz, CA, USA) and mouse monoclonal
anti-human PtdIns-3-kinase p1106 antibody (5 pg/ml)
from Upstate (Chicago, IL, USA). Hydroxypropyl-
p-cyclodextrin (Trappsol) ® was obtained from Cyclo-
dextrin Technologies Development (High Springs, FL,
USA). The PtdIns-3-kinase inhibitor PX-866 (acetic
acid (1S,4E,10R,11R,13S,14R)-[4-diallylaminomethyl-
ene-6-hydroxy-1-methoxymethyl-10,13-dimethyl-3,7,
17-trioxo-1,3,4,7,10,11,12,13,14,15,16,17-dodecahydro-
2-oxa-cyclopentala]phenanthren-11-yl ester) and the Akt
inhibitor PX-316 (p-3-deoxy-phosphatidyl-myo-inositol
1-[(R)-2-methoxy-3-octadecyloxypropyl hydrogen phos-
phate) were synthesized as previously described [18, 29].
Gefitinib (ZD 1839, Iressa’™) was obtained from Astra
Zeneca (Macclesfield, UK). For administration to mice,
PX-866 was dissolved at 1 mg/ml in 5% ethanol in 0.9%
NaCl and PX-316 at 10 mg/ml in 20% hydroxypropyl-
p-cyclodextrin, 5% ethanol in 0.9% NaCl, and both
were administered intravenously (i.v.) within 30 min.
Gefitinib was administered orally (po) by gavage as a
7.5 mg/ml suspension in 0.1% Tween 20 in water.

Cells and animals

HT-29 human colon cancer cells, MCF-7 human breast
cancer cells, and A-549 human non small cell lung
cancer cells were obtained from the American Tissue
Type Collection (Rockville, MD, USA) and grown in
humidified 95% air, 5% CO, at 37°C in Dulbecco’s
Modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS). The cell lines were tested
to be mycoplasma-free using a PCR ELISA kit (Roche
Diagnostics Inc., Indianapolis, IN, USA). 10’7 HT-29,
MCEF-7, or A-549 cancer cells were injected subcutane-
ously into the flanks of female severe combined immu-
nodeficient (scid) mice and allowed to grow to
approximately 300 mm®. Mice that received MCF-7
human breast cancer cells were implanted with a 60 day
17-f-estradiol slow release pellet (Innovative Research,
Sarosota, FL, USA) 1 day before tumor implantation.
Mice were administered PX-866 as a single dose of 5—
20 mg/kg i.v., 2.5 10 mg/kg po, 10 mg/kg i.v. and po,
alone or 3 h before administration of the EGFR inhib-
itor gefitinib at 75 mg/kg po. The Akt inhibitor PX-316
was administered as a single i.v. dose of 37.5-150 mg/kg.

Western blotting for tumor phospho-Akt

Tumors were rapidly excised from the mice and frozen
as 5 mm?’ fragments in liquid N,. For assay, the tumors
were homogenized in 50 mM HEPES buffer, pH 7.5,
50 mM NaCl, 1% Nonidet® P40, and 0.25% sodium
deoxycholate. Twenty microgram of total protein was
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boiled for 5 min, loaded on a 12% acrylamide/bis-
acrylamide gel, and separated by electrophoresis at
160 V for 40 min. Proteins were electrophoretically
transferred to polyvinylidene fluoride membranes, pre-
incubated with a blocking buffer of 137 mM NaCl,
2.7 mM KCl, 897 mM CaCl,, 491 mM MgCl,, 3.4 mM
Na,HPO,, 593 mM KH,PO4, 5% bovine serum
albumin, and incubated overnight with anti-phospho-
Ser*>-Akt polyclonal antibody or anti-Akt polyclonal
antibody. Detection employed donkey anti-rabbit IgG
peroxidase coupled secondary antibody and the
Renaissance chemiluminescence system (Perkin Elmer
Life Sciences, Boston, MA, USA) on Kodak X-Omat
Blue XB films. Bands were quantified using Eagle Eye
software (Stratagene Corp., La Jolla, CA, USA). Tumor
Akt activity was expressed as the ratio of phospho-
Ser*’-Akt to total Akt.

Immunohistochemistry for skin and hair phospho-Akt

Mouse skin was fixed in buffered 4% formaldehyde for
24 h followed by 70% ethanol before being embedded in
paraffin,and 5 pm sections were cut. Hair from the temple
area of six human volunteers was collected by plucking
with tweezers and immediately immersed, root down, in
McCoy’s 5A cell culture medium containing 20% FBS, or
the same medium with 100 nM PX-866. The study was
approved by the Institutional Review Board and in-
formed consent was obtained. After 10 min, the medium
was removed and the hair follicles fixed in buffered 4%
formaldehyde for 20 min. Excess hair was trimmed, and
seven to ten intact roots were aligned in an agarose block,
transferred to 70% ethanol and embedded in paraffin.
Serial 5 pm sections were cut every 20 pm throughout the
thickness of the block. Sections of mouse skin and human
hair were baked and dewaxed automatically, and then
stained for phospho-Akt and the four isoforms of PtdIns-
3-kinase using a BOND-maX autostainer and Intense
Polymer Detection System (Vision BioSystems, Norwell,
MA, USA). Slides were lightly counter-stained with the
onboard hematoxylin to visualize nuclei. Pictures of
individual follicle sections were taken on a Nikon €901
fully motorized upright microscope with an RS Photo-
metrics K4 (Roper Scientific, Tucson, AZ, USA) digital
camera using a 10x plan-apo objective lens. Image anal-
ysis and reconstruction was performed using SimplePCI
image analysis software (Compix Inc. Imaging Systems,
Cranberry Township, PA, USA).

Results

Inhibition of phospho-Akt in mouse skin
by a PtdIns-3-kinase inhibitor

Immunohistochemical staining for Ptdins-3-kinase
in mouse skin using anti-human antibodies that cross-
reacted with mouse protein showed weak staining for

p110a and p1106 isoforms and strong staining for p110f
throughout most of the mouse skin including the exter-
nal root sheath keratinocyte layer of the hair follicles.
Staining was cytoplasmic in all cases. Ptdins-3-kinase
p1106 could not be detected in either mouse skin or hair.
Staining for phosphoSer*’*>-Akt showed that its distri-
bution in mouse skin was confined to the external root
sheath keratinocyte layer of the hair follicles with no
detectable staining in other areas of the skin, including
the epidermal keratinocytes (Fig. la). The phospho-
Ser*’*-Akt staining in hair keratinocytes was cytoplas-
mic and lightly nuclear. Skin sections were cut along the
length of the hair follicles and approximately 25% of the
hairs stained for phosphoSer*’>-Akt. When mice were
administered the Ptdins-3-kinase inhibitor PX-866 either
po or i.v., there was a marked decrease in the number of
hairs showing phosphoSer*’>-Akt staining (Fig. 1a, b).
The maximum inhibition of phosphoSer*’>-Akt staining
in hair was at 4 h after po and i.v. PX-866 but was still
more than 50% at 24 h (data not shown). Phospho-
Ser*’3-Akt in HT-29 tumor xenografts measured by
Western blotting that has previously been reported to be
maximal at 4-12 h [11] and in the present study at 4 h,
was less sensitive than phosphoSer*’*-Akt in hair to
inhibition by PX-866 (Fig. 1c).

The ability of the EGFR inhibitor gefitinib adminis-
tered in combination with the PtdIns-3-kinase inhibitor
PX-866 to decrease phosphoSer*’*-Akt in mouse hair
and in A-549 non small cell lung tumor xenografts was
studied. PX-866 administered either i.v. or po caused a
marked decrease in hair phosphoSer*’*-Akt but only up
to a 60% decrease in A-549 tumor xenograft phospho-
Ser*-Akt (Fig. 2). Gefitinib did not alter tumor phos-
phoSer*’*>-Akt but almost completely blocked mouse
hair phosphoSer*’*-Akt. The combination of PX-866
and gefitnib gave almost complete phosphoSer*’*-Akt
inhibition in mouse hair, but only the same inhibition as
produced by PX-866 alone in A-549 tumor xenografts.
At the same dose, gefitinib inhibited tumor phospho-
EGFR greater than 70% (results not shown).

Inhibition of phospho-Akt in mouse skin by
an Akt inhibitor

PhosphoSer*’*-Akt in mouse hair and MCF-7 human
breast cancer tumor xenografts was compared following
administration of the Akt inhibitor PX-316. PX-316
binds to the PH domain of Akt preventing Akt’s
translocation from the cytoplasm to the plasma mem-
brane, thus blocking Akt activation [20]. PX-316 de-
creased phosphoSer*’*>-Akt in MCF-7 breast cancer
xenografts up to 85% at the highest dose, but only up to
50% in mouse hair (Fig. 3).

Human hair phosphoSer*’*-Akt and PtdIns-3-kinase

Human hair was easily obtained from the temple and
approximately 40 plucked hairs gave 7-10 hairs with
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Fig. 1 Inhibition of phospho-Akt in mouse skin and HT-29 colon
tumor xenografts by the PtdIns-3-kinase inhibitor PX-866. Scid
mice with HT-29 human colon cancer xenografts were administered
PX-866 i.v. or orally po at the doses shown. Four hours later, the
animals were euthanized and skin and tumor removed. a Typical
phosphoSer*’?-Akt immunohistochemical staining of mouse skin.
Left panel control mouse. Right panel a mouse treated with PX-866
at 10 mg/kg i.v. b The percent of hair follicles in mouse skin
staining positive for phosphSer*’3-Akt. Values are the mean of 10
fields on four mice and bars are SE. *P <0.05 compared to control.
¢ HT-29 tumor xenograft phosphoSer*’>-Akt measured by Western
blotting expressed relative to total Akt. Values are the mean of four
tumors and bars are SE. *P <0.05 compared to control

intact roots after microscopic observation. The staining
for phosphoSer®’*-Akt in human hair was predomi-
nantly (74%) in the outer root sheath region of the hair
shaft (Fig. 4a). Individual human hairs in short-term
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Fig. 2 Inhibition of phospho-Akt in mouse skin and A-549 non
small cell lung cancer xenografts by PX-866 and gefitinib. Scid mice
with A-549 human non small cell lung cancer xenografts were
administered PX-866 i.v. or po, or gefitinib po at doses shown.
When used in combination, the gefitinib was administered 3 h after
the PX-866. Twenty four hours later, the animals were euthanized
and skin and tumor removed. a The percent of hair follicles
staining positive for phosphSer*’>-Akt in mouse skin. Values are
the mean of 10 fields on four mice and bars are SE. *P <0.05
compared to control. b A-549 tumor xenograft phosphoSer*’3-Akt
measured by Western blotting expressed relative to total Akt.
Values are the mean of four tumors and bars are SE. *P <0.05
compared to control

culture showed more than 80% decrease in phospho-
Ser*’3-Akt staining when incubated with 100 nM PX-
866 (Fig. 4b). Staining for PtdIns-3-kinase isoforms in
the external root sheath of the hair shaft showed the
presence of pl110a, p110S, p110y, and p1105, and was
similar to the pattern of PtdIns-3-kinase isoform stain-
ing in human A-549 non small cell lung cancer xeno-
grafts except for an increased staining of p110d in the
external root sheath keratinocytes (Fig. 5).

Discussion

The epidermis is contiguous with the external root
sheath of the hair follicle, a complex structure respon-
sible for creating the hair shaft [26]. The external root
sheath of the human hair follicle has previously been
reported to exhibit staining for EGFR, phospho-EGFR
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Fig. 3 Inhibition of phospho-Akt in mouse skin and MCF-7 breast
tumor xenografts by the Akt inhibitor PX-316. Scid mice with
MCF-7 human breast cancer xenografts were administered PX-316
i.v. at the doses shown. Twenty four hours later, the animals were
euthanized and skin and tumor removed. a The percent of hair
follicles staining positive for phosphoSer*’>-Akt in mouse skin.
Values are the mean of 10 fields on four mice and bars are SE.
*P<0.05 compared to control. b MCF-7 tumor xenograft
phosphoSer*’>-Akt measured by Western blotting expressed
relative to total Akt. Values are the mean of four tumors and
bars are SE. *P<0.05 compared to control

[1], and phospho-MAPK [16]. We detected strong
phospho-Akt staining in the external root sheath of the
hair follicle in both mice and humans. It is noteworthy
that double knockout mice lacking the two major Akt
isoforms, Aktl and Akt2, show impaired keratinocyte
proliferation and severely impaired hair follicle devel-
opment [21]. In the present study, we used phospho-
Ser*’3-Akt as a cellular indicator of the activity of the
PtdIns-3-kinase signaling pathway to compare in mice
the response to inhibition of PtdIns-3-kinase signaling in
tumor xenografts with that in hair as a potential sur-
rogate tissue for clinical trials of PtdIns-3-kinase sig-
naling inhibitors. We found that mouse hair
phosphoSer*’*-Akt was inhibited by the experimental
PtdIns-3-kinase inhibitor PX-866 and, with the caveat
that different techniques to measure phosphoSer*’*-Akt
were being compared, mouse hair phosphoSer*’3-Akt
was more sensitive to inhibition by PX-866 than tumor
xenograft phosphoSer*’*-Akt. In contrast, the experi-
mental Akt inhibitor PX-316 gave greater inhibition of

pAkt (staining/ total area ) U0

[AB[C [ D | E [ F [ & |

0 030609 121518 2124 2.7 3.0 3.3
mm from base

Fig. 4 Staining for phospho-Akt in human hair. a Axial and
saggital views of a single human hair reconstructed from multiple
5 pum cross sections taken every 20 um along the hair root showing
staining for phospho-Akt. b Quantization of phospho-Akt staining
along the length of the human hair root. The continuous line is
human hair incubated for 10 min in culture media; dashed line is
human hair incubated for 10 min in media with 100 nM PX-866.
Values are the means of 7 hairs in both cases. The regions of the
hair shaft are: 4 dermal papilla, B cell matrix, C medulla, D cortex
and inner root sheath, E outer root sheath, F squamous epithelium,
and G keratinized epithelium

tumor xenograft phosphoSer*’>-Akt than hair phos-
phoSer*’*-Akt. The EGFR inhibitor gefitinib caused
marked inhibition of phosphoSer*”*-Akt in mouse hair
but did not inhibit phospho-Akt in A-549 human tumor
xenografts, despite causing marked inhibition of phos-
pho-EGFR in the tumor. This has been previously re-
ported for gefitinib in A-549 cells and was ascribed to
the absence of ErbB-3 expression which is necessary to
couple the EGFR to activation of PtdIns-3-kinase/Akt
signaling [9].

There was no correlation between phospho-Akt
staining and the relative staining for PtdIns-3-kinase
isoforms. The major PtdIns-3-kinase isoform present in
mouse skin and the external root sheath of the hair shaft
was pl110p; staining for p110ax and p1106 was weak and
pl1106 was not detectable. Phospho-Akt staining was
present only in the upper third of the external root
sheath of both mouse and human hairs and was not seen
in the cell matrix or dermal papilla of the hair follicle
bulb where hair growth occurs. Thus, Akt signaling
appears to play a role in hair development or mainte-
nance unrelated to growth. In this regard, we have not
observed inhibition of hair growth as a side effect in mice
receiving long-term treatment with PX-866 for up to
3 weeks [12]. All PtdIns-3-kinase isoforms were present
in human hair and in the A-549 non small cell lung
cancer xenograft. However, whether different patterns
of PtdIns-3-kinase isoform expression could influence
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Fig. 5 Staining for PtdIns-3- Human hair A-549 nscl cancer
kinase in the outer root sheath _

of human hair and in A-549 control PAKT (serd73) control: =" - -

non small cell tumor o s e b i

xenografts. Typical
photomicropraphs of sequential
sections of the outer root sheath
of freshly plucked human hair
and A-549 human non small
cell lung cancer xenografts

stained for phospho-Akt, or for

the PtdIns-3-kinase isoforms
p110a, p110g, p110y and p1106
with specific anti-human
antibodies, and a counter stain
of hematoxylin. The control
shows counter stain with
secondary antibody only

response between hair as a surrogate tissue and tumor in
the clinical setting is not known and the response could
depend upon the PtdIns-3-kinase inhibitor used. PX-866
is an irreversible inhibitor of Ptdins-3-kinases pl10a,
pl10y, and p110J but a weaker inhibitor of p1108 [12].
Other reversible isoform-specific PtdIns-3-kinase inhib-
itors are being developed [10, 30] and they could con-
ceivably cause a different response between hair and
tumor. Tissue drug pharmacokinetics due to differences
in skin and tumor perfusion may also play a role in
determining the response to PtdIns-3-K and Akt inhib-
itors.

Skin samples obtained as punch biopsies have been
previously been used as surrogate tissues to measure the
effects of inhibitors of EGFR. EGFR inhibitors, as a
class, cause acneiform eruptions and desquamation
particularly on the face, and alterations in hair growth
[15]. In normal adult skin, the EGFR is strongly ex-
pressed in keratinocytes in the basal layer of the epi-
dermis and outer root sheath of follicles, as well as in
cells of eccrine and sebaceous glands [13]. Albanell et al.
[1] reported a decrease in epidermal keratinocyte phos-
pho-EGFR staining in patients receiving the EGFR
inhibitor gefitinib in a Phase I study. There was also a
significant decrease in epidermal keratinocyte phospho-
MAPK and in cell proliferation, and an increase in the
cell cycle inhibitor p27. Malik et al. [16] observed a
significant but non-dose related decrease in epidermal
keratinocyte phospho-EGFR staining in up to 50% of
patients receiving erlotinib in a Phase I study. There was
no change in phospho-MAPK but a dose-related in-
crease in p27. A study by Tan et al. [25] found no sig-
nificant decrease of epidermal keratinocyte phospho-

EGFR in patients with metastatic breast cancer fol-
lowing treatment with erlotinib. The study also reported
no significant decrease in skin phospho-Akt following
erlotinib treatment. Where inhibition of EGFR receptor
activation was seen, it occurred at doses of inhibitor well
below those that produce unacceptable toxicity, leading
to the suggestion that skin EGFR activation might be
used to select optimal doses of EGFR inhibitor rather
than using maximum-tolerated doses [1]. In the above
studies, it was not possible to make correlations of
inhibition of skin EGFR with inhibition of tumor
EGFR.

To our knowledge, there have been no reports of
clinical studies using individual hair as a surrogate tissue
for assessing the effects of cancer drugs. Hair is easier to
obtain than a skin biopsy which requires local anesthe-
sia, and hair has higher levels of phospho-Akt than skin.
There is a report using individual hairs to measure
EGFR, phospho-EGFR, ERK, and phospho-ERK in
hair from normal volunteers as a prelude to clinical
studies with EGFR inhibitors with the possibility of
optimizing dose and treatment scheduling [27]. In this
study, the proteins from each hair root were transferred
to membranes before being stained with fluorescently
labeled antibodies. In our study, we used direct immu-
nohistochemical staining of plucked human hair from
the temple. PhosphoSer*’3-Akt staining was predomi-
nantly localized in the external root sheath of human
hair. We were able to show in individual human hairs in
a short-term culture that the phospho-Akt staining was
susceptible to inhibition by PX-866.

In summary, we have shown that phosphoSer*’>-Akt
staining in the keratinocytes of the external sheath of
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hair is inhibited by a PtdIns-3-kinase inhibitor admin-
istered to mice and to human hair in culture. The de-
crease in phosphoSer*’*-Akt in mouse hair was greater
than the decrease in phosphoSer*’*-Akt in human tumor
xenografts in the same mice. In contrast, inhibition of
phospho-Akt in mouse hair by an Akt inhibitor was less
than in human tumor xenografts. While in mouse hair,
an EGFR inhibitor almost completely inhibited phos-
phoSer*’3-Akt, there was no inhibition in human tumor
xenograft, showing that signaling pathways in hair and
tumor are not always identical. The results of the study
suggest that individual human hairs could provide a
minimally invasive way of measuring the effects of
PtdIns-3-kinase signaling inhibitors in patients reflecting
inhibition of tumor phospho-Akt.

Acknowledgments Supported by NIH grants CA52995 and
CA90821

References

1. Albanell J, Rojo F, Averbuch S, Feyereislova A, Mascaro J,
Herbst R, LoRusso P, Rischin D, Sauleda S, Gee J, Nicholson
R, Baselga J (2002) Pharmacodynamic studies of the epidermal
growth factor receptor inhibitor ZD1839 in skin from cancer
patients: histopathologic and molecular consequences of
receptor inhibition, J Clin Oncol 20:110-124

2. Alessi DR, Cohen P (1998) Mechanism of activation and
function of protein kinase B. Curr Opin Genet Develop 8:55-62

3. Bates S, Vousden K (1999) Mechanisms of p53-mediated
apoptosis. Cell Mol Life Sci 55:28-37

4. Berrie C P (2001) Phosphoinositide 3-kinase inhibition in
cancer treatment. Expert Opin Investig Drugs 10:1085-1098

5. Cantley LC, Neel BG (1999) New insights into tumor sup-
pression: PTEN suppresses tumor formation by restraining the
phosphoinositide 3-kinase/AKT pathway. Proc Natl Acad Sci
USA 96:4240-4245

6. Cantley LC (2000) The phosphoinositide 3-kinase pathway.
Science 296:1655-1657

7. Cardone MH, Roy N, Stennicke HR, Salvesen GS, Franke TF,
Stanbridge E, Frisch S, Reed JC (1998) Regulation of cell death
protease caspase-9 by phosphorylation. Science 282:1318-1321

8. Datta SR, Dudek H, Tao X, Masters S, Fu H, Gotoh Y,
Greenberg ME (1997) Akt phosphorylation of BAD couples
survival signals to the cell-intrinsic death machinery. Cell
91:231-241

9. Engleman JA, Jinne PA, Mermel C, Pearlberg J, Mukohara T,
Fleet C, Cichowski K, Johnson BE, Cantley LC (2005) ErbB-3
mediates phosphoinositide 3-kinase activity in gefitinib-sensi-
tive non-small cell lung cancer cell lines. Proc Natl Acad Sci
USA 102:3788-3793

10. Hennessy BT, Smith DL, Ram PT, Lu Y, Mills GB (2005)
Exploiting the PI-3K/Akt pathway for cancer drug discovery.
Nature Rev Drug Discov 4:987-1004

11. Thle NT, Williams R, Chow S, Chew W, Berggren MI, Paine-
Murrieta G, Minion DJ, Halter RJ, Wipf P, Abraham R,
Kirkpatrick DL, Powis G (2004) Molecular pharmacology and
antitumor activity of PX-866, a novel inhibitor of phospho-
inositide-3-kinase signaling. Mol Cancer Thera 3:1-10

12. Thle N, Paine-Murrieta G, Berggren MI, Baker A, Tate WR,
Wipf P, Abraham RT, Kirkpatrick DL, Powis G (2005) The
phosphatidylinositol-3-kinase inhibitor PX-866 overcomes
resistance to the epidermal growth factor receptor inhibitor
gefitinib in A-549 human non-small cell lung cancer xenografts.
Mol Cancer Ther 4:1349-1357

20.
21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

. Jost M., Kari C, Rodeck U (2000) The EGF receptor: an

essential regulator of multiple epidermal functions. Eur J
Dermatol 10:505-510

. Laffargue M, Calvez R, Finan P, Trifilieff A, Barbier M,

Altruda F, Hirsch E et al (2002) Phosphoinositide-3-kinase
gamma is an essential amplifier of mast cell function. Immunity
16:441-451

. Lee M, Seo C, Kim S, Yang H, Lee H, Choi J, Moon K, Koh J

(2004) Cutaneous side effects in non-small cell lung cancer
patients treated with Iressa (ZD 1839), an inhibitor of epider-
mal growth factor. Acta Derm Venereol 84:23-26

. Malik S, Siu L, Rowinsky E, DeGraffenried L, Hammond L,

Rizzo J, Bacus S, Brattain M, Kreisberg J, Hidalgo M (2003)
Pharmacodynamic evaluation of the epidermal growth factor
receptor inhibitor OSI-774 in human epidermis of cancer pa-
tients. Clin Cancer Res 9:2478-2486

. Meier R, Alessi Dr, Cron P, Andjelkovic M, Hemmings BA

(1997) Mitogenic activation, phosphorylation, and nuclear
translocation of protein kinase B. J Biol Chem 272:30491—
30497

. Meuillet EJ, Mahadevan D, Vankayalapati H, Berggren M,

Williams R, Coon A, Kozikowski AP, Powis G (2003) Specific
inhibition of the Aktl pleckstrin homology domain by D-3-
deoxy-phosphatidyl-myo-inositol analogues. Mol Cancer Ther
2:389-399

. Meuillet E, Thle N, Baker A, Gard J, Stamper C, Williams R,

Coon A, Mahadevan D, George B, Kirkpatrick D, Powis G
(2004) In vivo molecular pharmacology and antitumor activity
of the targeted Akt inhibitor PX-316. Oncol Res 14:513-527
Nicholson KM, Anderson NG (2002) The protein kinase B/Akt
Signaling pathway in human malignancy. Cell Signal 14:381-395
Peng X-D, Xu P-Z, Chen M-L, Hahn-Windgassen A, Skeen J,
Jacobs J, Sundararajan D, Chen W, Crawford S, Coleman K,
Hay N (2003) Dwarfism, impaired skin development, skeletal
muscle atrophy, delayed bone development, and impeded adi-
pogenesis in mice lacking Aktl and Akt2. Genes Develop
17:1352-1365

Simon R, Maitournam A (2004) Evaluating the efficiency of
targeted designs for randomized clinical trials. Clin Cancer Res
10:6759-6763

Sjolander A, Yamamoto K, Huber BE, Lapetina EG (1991)
Association of p21ras with phosphatidylinositol 3-kinase. Proc
Natl Acad Sci USA 88:7908-7947

Stein RC (2001) Prospects for phosphoinositide 3-kinase inhi-
bition as a cancer treatment. Endocr Relat Cancer 8:237-248
Tan AR, Yang X, Hewitt SM, Berman A, Lepper ER, Spar-
reboom A, Parr AL, Figg WD, Chow C, Steinberg SM,
Bacharach SL, Whatley M, Carrasquillo JA, Brahim JS,
Ettenberg SA, Lipkowitz S, Swain SM (2004) Evaluation of
biologic end points and pharmacokinetics in patients with
metastatic breast cancer after treatment with erlotinib, an epi
dermal growth factor receptor tyrosine kinase inhibitor. J Clin
Oncol 22:3080-3090

Taylor G, Lehrer M., Jensen P (2000) Involvement of follicular
stem cells in forming not only the follicle but also the epidermis.
Cell 102:451-461

Traicoff JL, Baibakov G, Biesecker G, Richardson F, Ramesh
A, Galperin MM, Iwata KK, Knezevic V (2005) Novel appli-
cation of layered expression scanning for proteomic profiling of
plucked hair follicles. Dermatology 210(4):275-278

Van Haesebroeck B, Waterfield MD (1999) Signaling by dis-
tinct classes of phosphoinositide3-kinases. Exp Cell Res
253:239-254

Wipf P, Minion DJ, Halter RJ, Berggren MI, Ho CB, Chiang
GG, Kirkpatrick L, Abraham R, Powis G (2004) Synthesis and
biological evaluation of synthetic viridins derived from C(20)-
heteroalkylation of the steroidal PI-3-kinase inhibitor wort-
mannin. Org Biomol Chem 2:1911-1920

Wymann MP, Zvelebil M, Laffargue M (2003) Phosphoinosi-
tide 3-kinase signaling-which way to target? Trends Pharmacol
Seci 24:366-369



	Sec1
	Sec2
	Sec3
	Sec4
	Sec5
	Sec6
	Sec7
	Sec8
	Sec9
	Sec10
	Sec11
	Fig1
	Fig2
	Fig3
	Fig4
	Fig5
	Ack
	Bib
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


