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Ornithine decarboxylase (ODC), the first enzyme in polyamine biosynthesis, is highly regulated by
many trophic stimuli, and changes in its levels and organization correlate with cytoskeletal changes in
normal human epidermal keratinocytes (NHEK). NHEK ODC exhibits a filamentous perinuclear/
nuclear localization that becomes more diffuse under conditions that alter actin architecture. We have
thus asked whether ODC colocalizes with a component of the NHEK cytoskeleton. Confocal immu-
nofluorescence showed that ODC distribution in NHEK was primarily perinuclear; upon disruption
of the actin cytoskeleton with cytochalasin D, ODC distribution was diffuse. The ODC distribution in
untreated NHEK overlapped with that of keratin in the perinuclear but not cytoplasmic area; after
treatment with cytochalasin D, overlap between staining for ODC and for keratin was extensive. No
significant overlap with actin and minimal overlap with tubulin filament systems were observed.
Subcellular fractionation by sequential homogenizations and centrifugations of NHEK lysates or
detergent and salt extractions of NHEK in situ revealed that ODC protein and activity were detectable
in both soluble and insoluble fractions, with mechanical disruption causing additional solubilization
of ODC activity (three- to sevenfold above controls). Fractionation and ODC immunoprecipitation
from [*?PJorthophosphate-labeled NHEK lysates showed that a phosphorylated form of ODC was
present in the insoluble fractions. Taken together, these data suggest that two pools of ODC exist in
NHEK. The first is the previously described soluble pool, and the second is enriched in phospho-ODC
and associated with insoluble cellular material that by immunohistochemistry appears to be organized

in conjunction with the keratin cytoskeleton.

INTRODUCTION

Altered cell proliferation results from a complex series of
events that include altered transcription of genes involved in
cell cycle transit, e.g., proto-oncogenes c-myc, c-fos, and
ornithine decarboxylase (ODC)!, posttranscriptional events
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Abbreviations used: «-DFMO, a-difluoromethylornithine;
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(Pawson, 1991), and altered cell shape because of a remod-
eled cytoskeleton (Li and Deshaies, 1993). We reported pre-

dithiothreitol; FITC, fluorescein isothiocyanate; KGM, keratino-
cyte growth medium; LDH, lactate dehydrogenase; NHEK, nor-
mal human epidermal keratinocytes; ODC, ornithine decarbox-
ylase; Py, initial pellet after lysis and ultracentrifugation; P,
pellet resulting from homogenization of the P, pellet followed
by ultracentrifugation; Sy, initial supernatant after lysis and
ultracentrifugation; S, supernatant resulting from rehomogeni-
zation of the P, pellet and ultracentrifugation; TPA, 12-O-tetra-
decanoylphorbol-13-acetate; TRITC, tetramethylrhodamine iso-
thiocyanate.
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viously that agents that altered proliferation of normal hu-
man epidermal keratinocytes (NHEK) also caused
reorganization of the actin cytoskeleton and of localization
of ODC, an enzyme important for cell proliferation, suggest-
ing that cellular architecture might influence ODC activity
(Pomidor et al., 1995).

ODC is the first enzyme in the biosynthesis of polyamines,
cations important for many cellular processes, including
chromatin condensation, and protein synthesis (Marton and
Morris, 1987). Polyamines alter actin polymerization rates in
vitro (Oriol-Audit et al., 1985), and polyamine starvation
results in gross cytoskeletal alterations in yeast and Chinese
hamster ovary polyamine auxotrophs (Pohjanpelto ef al.,
1981; Balasundaram et al., 1991). Furthermore, cytoskeletal
disrupters modulate ODC regulation by 12-O-tetradecanoyl-
phorbol-13-acetate (TPA) and nerve growth factor (O’'Brien
et al., 1976; Lakshmanan, 1979).

ODC overexpression has been shown to cause cellular
transformation (Auvinen et al., 1992; Moshier ef al., 1993) and
hyperphosphorylation of p130<AS, which is involved in cell
transformation (Holttd et al., 1993; Auvinen et al., 1995).
Recently, rapid activation of ODC in transformed rat fibro-
blastic cells has been shown to be associated with phosphor-
ylation of ODC accompanied by membrane localization
(Heiskala et al., 1999).

Together, these observations suggest that cell shape
changes transduced via the cytoskeleton could regulate
ODC and that altered ODC activity could influence actin
organization and cell shape. We reported recently that cy-
toskeletal remodeling changed ODC localization and that
suppression of ODC activity led to altered cytoskeletal ar-
chitecture (Pomidor et al., 1995). This regulated ODC distri-
bution was especially intriguing with respect to ODC’s role
in cell transformation, because c-myc (Alexandrova et al.,
1995) and p53 (Maxwell et al., 1991) can localize to the
tubulin network.

We therefore have asked whether changes in ODC local-
ization and cellular architecture occur concomitantly be-
cause ODC associates with a cytoskeletal protein complex. If
this were the case, upon subcellular fractionation, ODC dis-
tribution would correlate with that of the cytoskeletal com-
ponent(s). In this report, we present evidence by both dou-
ble immunofluorescence and subcellular fractionation that
there are two pools of ODC protein in NHEK. One of these
is extracted with the soluble cellular material; the other
fractionates with the insoluble material and, by immunoflu-
orescence, appears to associate with keratin. Furthermore,
the insoluble ODC appears to be enriched in the phosphor-
ylated form of ODC and rendered inactive while insoluble.
These data suggest how a cell could quickly activate ODC
upon mitogenic stimulation.

MATERIALS AND METHODS

Materials

L-[1-**C]Ornithine (40—60 mCi/mmol), [**S]methionine (1000 mCi/
mmol), and [**PJorthophosphate (1-60 mCi/mmol) were from Du-
Pont-New England Nuclear (Boston, MA) or Amersham (Arlington
Heights, IL) with equivalent results. TPA, cytochalasin D, fluores-
cein isothiocyanate (FITC)- or tetramethylrhodamine isothiocyanate
(TRITC)-conjugated secondary antibodies, rabbit anti-actin, mouse
anti-monomeric and polymerized tubulin, and a monoclonal anti-
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body panel to bovine hoof keratin were from Sigma (St. Louis, MO).
Rhodamine-phalloidin was from Molecular Probes (Eugene, OR).
Polyclonal rabbit antiserum to mouse ODC (cross-immunoreactive
with human ODC [Leinonen et al., 1987]) has been characterized
previously (Isomaa et al., 1983). Furthermore, we have published
previously the equivalence of staining for ODC using this poly-
clonal antibody with a commercially available monoclonal antibody
to murine ODC (Pomidor et al., 1995). The mouse monoclonal
antibody to human keratin 14 has also been described previously
(LLOO1 [Sexton et al., 1993]).

Cell Culture

NHEK and human dermal fibroblasts were established from neo-
natal foreskins as described previously and cultured in keratinocyte
growth medium (KGM; BioWhittaker/Clonetics, Walkersville, MD)
supplemented with 50 pg/ml bovine pituitary extract or DMEM
supplemented with 10% newborn calf serum, respectively (Pomidor
et al., 1995). Treatments were initiated in fresh medium containing
the agent or vehicle alone (100 ng/ml TPA, ethanol; 5 mM a-difluo-
romethylornithine [a-DFMO], PBS; 1 ug/ml cytochalasin D, di-
methylsulfoxide [DMSQO]; vehicle concentration = 0.1% [vol/vol]).
All procedures using human “surgical waste” were approved by the
Institutional Review Board of Thomas Jefferson University.

In metabolic-labeling experiments, for [**S]methionine labeling,
NHEK were incubated in methionine-free KGM for 30 min and then
methionine-free KGM containing 100 uCi/ml [**S]methionine for
18 h at 37°C; for [*?*PJorthophosphate incubations, NHEK were
incubated in phosphate-free KGM for 30 min and then phosphate-
free KGM containing 100 pCi/ml [**Plorthophosphate for 3 h at
37°C. Incorporated counts in all labeling experiments were deter-
mined by trichloroacetic acid precipitation.

PO HeLa cells (Staugaitis ef al., 1990) (kind gift of David Colman,
Mt. Sinai School of Medicine, New York, NY) were cultured in
DMEM containing 10% newborn calf serum. Expression of PO, a
neural adhesion molecule, causes keratin filament organization and
was induced by incubation with 0.5 mg/ml sodium butyrate for
24 h.

Immunofluorescent Localization

Fixed and permeabilized NHEK (Pomidor et al., 1995) were incu-
bated with ODC antibody (1:1000), human tubulin antibody (1:
1000), or mouse monoclonal keratin-14 antibody LL001 (no dilution)
in PBS containing 1% BSA for 30 min at 25°C, incubated with FITC-
or TRITC-labeled secondary antibody, mounted using Fluoro-
mount-G (Molecular Probes), and observed with epifluorescence
using an Olympus BH-2 microscope or by laser confocal microscopy
using the Odyssey Intervision System (Noran Instruments, Middle-
ton, WI).

Labeling of Actin with Rhodamine—Phalloidin

Polymerized actin was stained by incubation with 2 pug/ml rhoda-
mine-phalloidin for 30 min at 37°C (Dejana et al., 1987). When cells
were double-stained, they were first incubated with ODC antibody,
followed by rhodamine—phalloidin.

Cell Fractionation I

NHEK at ~60% confluence were lysed by incubation with 10 mM
Tris-HCl, pH 7.4, 10 mM NaCl, 1.5 mM MgCl,, 0.3 M sucrose, and
0.5% Triton X-100 (vol/vol), at 4°C for 2 min (Soluble, Triton X-100
fraction), and residual soluble material was removed by rinsing
with 10 mM Tris-HCl, pH 7.4, 10 mM NaCl, and 1.5 mM MgCl,, at
4°C for 30 s (Wash) (Lenk et al., 1977). The remaining cellular
material was scraped into 10 mM Tris-HCI, pH 7.4, 10 mM NaCl, 1.5
mM MgCl,, 1.0% Tween 20 (vol/vol), and 0.5% sodium deoxy-
cholate (wt/vol; DOC), vortexed 30 s, and microcentrifuged 2 min
(supernatant = DOC/Tween 20 fraction). The pellet was resus-
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pended by pipetting in 10 mM Tris-HCl, pH 7.4, 500 mM NaCl, and
50 mM MgCl,, incubated 2 min at 25°C, and microcentrifuged 2 min
at room temperature (supernatant = High-Salt fraction). The pellet,
containing insoluble material, was resuspended by pipetting in
Triton X-100 buffer (Insoluble Pellet). The DOC/Tween 20 and
high-salt fractions were diluted approximately eightfold and con-
centrated in Centricon-30 columns, 5000 X g, at 4°C for 60 min
(Amicon, Beverly, MA). Before ODC activity assays, dithiothreitol
(DTT) was added to a final concentration of 5 mM. In
[*?PJorthophosphate-labeled cells, 1 mM sodium orthovanadate was
included in buffers to inhibit phosphatases; all fractions were also
treated with 1 U RNase and 1 U DNase for 30 min at room temper-
ature to remove *?P-labeled nucleic acids.

Cell Fractionation II1

NHEK cultured to ~60% confluence were trypsinized, lysed by
three freeze-thaw cycles in 25 mM Tris-HCl, pH 74, 0.1 mM
Na,EDTA, and 5 mM DTT (ODC buffer), and centrifuged at
150,000 X g at 4°C for 33 min (supernatant = soluble fraction S).
The pellet (P;) was homogenized by 40 strokes of a Dounce homog-
enizer (pestle B) in 25 mM Tris-HCl, pH 7.4, 0.1 mM Na,EDTA, and
50 uM DTT with or without 2 mM sodium vanadate, incubated 1 h
at4°C, and centrifuged at 150,000 X g at 4°C for 33 min (supernatant
from rehomogenization = S,). The pellet (P;) was resuspended by
40 strokes of a Dounce homogenizer in ODC buffer. Before activity
assays, DTT was added to S, to a final concentration of 5 mM.

Lactate Dehydrogenase (LDH) Activity

LDH activity, a marker of soluble proteins, was measured in all
fractions (LDL10 kit; Sigma). Those fractions containing LDH activ-
ity were considered to contain soluble proteins.

Protein Concentrations

Protein concentrations were determined for all fractions using the
Bio-Rad protein assay kit (Richmond, CA).

Western Blotting

Equal volumes of fractions were boiled 3 min in SDS-sample buffer
(66 mM Tris-HCl, 30% glycerol, 1% SDS, 5% B-mercaptoethanol, pH
6.8) and fractionated on a 10% SDS-polyacrylamide/4% stacking
gel. Proteins were electrophoretically transferred to nitrocellulose
(Schleicher & Schuell, Keene, NH), blocked for 2 h with 5% milk
(wt/vol, Carnation, Nestlé USA, Solon, OH) in 10 mM Tris-HCI, pH
8.0, 150 mM NaCl, and 0.05% Tween 20 (vol/vol), and incubated
with specific antiserum. After washing in 10 mM Tris-HCI, pH 8.0,
150 mM NaCl, and 0.05% Tween 20 (vol/vol), signal was visualized
using alkaline phosphatase activity with 5-bromo-4-chloro-3-indolyl
phosphate/nitroblue tetrazolium as substrate (ProtoBlot AP kit;
Promega, Madison, WI). Western blotting to detect keratin used the
monoclonal antibody panel to bovine hoof keratin.

ODC Activity

ODC activity was measured by the 1*CO,-release assay, using a final
ornithine concentration of 0.5 mM (Seely and Pegg, 1983). Back-
ground *CO, release was determined in the presence of the ODC
inhibitor a-DFMO (a kind gift of Marion-Merrell Dow Research
Institute, Cincinnati, OH) and subtracted from the activity. ODC
activity was calculated as nanomoles of CO, per hour per milligram
of protein and expressed as a percentage of control values on the
basis of this calculation. The significance of differences between
means was determined using the Student’s t test for unpaired data.
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ODC Immunoprecipitation and Protein
Fractionation

Nonspecific immune complexes were removed by incubation of
metabolically labeled NHEK fractions with 4 ul of rabbit preim-
mune serum in 150 mM NaCl, 5.0 mM EDTA, and 50 mM Tris-HClI,
pH 7.4 (immunoprecipitation buffer; volume = 450 ul) for 24 h at
4°C, followed by pelleting with formaldehyde-fixed Staphylococcus
aureus cells (0.7% final concentration; Calbiochem, Cambridge, MA).
The cleared supernatant was immunoprecipitated with 3 ul of rab-
bit anti-mouse ODC (Isomaa et al., 1983) for 12 h at 4°C, pelleted
with S. aureus cells, and washed three times in immunoprecipitation
buffer containing 0.5% NP-40 (vol/vol), 0.1% SDS (wt/vol), and
0.5% DOC (wt/vol). Dried pellets were resuspended in SDS sample
buffer and fractionated on a 10% SDS-PAGE gel, and labeled pro-
teins were visualized by autoradiography or a Phosphorlmager
(Molecular Dynamics, Sunnyvale, CA); band intensities were deter-
mined by the ImageQuant program (Molecular Dynamics).

Software for Image Reproduction

All blots and micrographs were reproduced and/or assembled us-
ing the Adobe Photoshop and Adobe Illustrator packages (Adobe
Systems, San Jose, CA).

RESULTS

To investigate the basis for subcellular ODC distribution in
NHEK, a two-pronged approach was chosen: 1) immuno-
fluorescence microscopy to investigate whether ODC colo-
calized to a cytoskeletal filament system and 2) subcellular
fractionation to determine the distribution of ODC protein
in NHEK.

Immunofluorescent Localization of ODC

Because ODC localization appeared to change in concert
with changes in cytoskeletal architecture (Pomidor ef al.,
1995), we first asked whether ODC as visualized by immu-
nohistochemistry colocalized with immunofluorescently la-
beled NHEK actin, tubulin, or keratin filament systems.
NHEK double-immunostained for cytoskeletal components
and ODC were optically sectioned by laser confocal micros-
copy on the fluorescein (ODC) and rhodamine (cytoskeletal
component) channels, and images from the same section
were superimposed (Figure 1). In all fields, ODC had a
nuclear/perinuclear localization with faint, filamentous cy-
toplasmic staining (Figure 1, B, E, and H), except in one cell
undergoing mitosis (Figure 1E) that had diffuse staining.

Actin staining was comprised of a thick semicircular band
of filaments with radial microspikes, suggesting cell spread-
ing (Figure 1). Superposition of the actin and ODC fields
(Figure 1C) showed few areas of overlap (green over red =
yellow), suggesting that ODC did not colocalize with the
actin microfilament system.

The microtubule network (Figure 1D) consisted of fine
filaments radiating throughout the cell as well as a perinu-
clear band; the mitotic cell had short microtubules. Super-
position of the ODC and tubulin images (Figure 1, E and D,
respectively) showed minimal overlap in the perinuclear
region (Figure 1F, yellow), suggesting that they did not
significantly colocalize.

The keratin intermediate filament network (Figure 1G)
appeared perinuclear with filaments radiating outward to
form a fine meshwork. Superposition of the keratin and
ODC images (Figure 1I) showed overlap in the NHEK pe-
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Figure 1. ODC and cytoskeletal organization in normal human
epidermal keratinocytes. To assess potential colocalization of ODC
with a cytoskeletal component, NHEK were stained for ODC (B, E,
or H) and actin (A), tubulin (D), or keratin (G) and optically sec-
tioned using confocal laser-scanning microscopy, and correspond-
ing images were superimposed to determine the degrees of overlap
(C, F, or I; orange-yellow—yellow). Superposition of actin (A) with
ODC (B) showed little overlap (C) of the two staining patterns.
Tubulin (D) and ODC (E) staining showed little overlap (F) except
in a cell undergoing mitosis in which staining was apparent
throughout. Keratin (G) and ODC (H) exhibited overlap (I) in the
perinuclear region of the cell with little overlap outside of that
region. Digital micrographs were collected using the Noran Intervi-
sion software (Noran Instruments). Bars: A-C, D-F, and G-I, 10 um.

rinuclear region (bright yellow), with some overlap with the
cytoplasmic keratin meshwork (orange-yellow). We also ex-
amined the localization of ODC in NHEK that had been
grown in 2.2 mM Ca?*, one of the signals that induces
NHEK differentiation. In NHEK that expressed K10, a su-
prabasal keratin, ODC distribution was diffuse (our unpub-
lished results). Thus, it seemed that the best candidate for
colocalization of ODC would be the NHEK keratin, specifi-
cally K14, network. No significant colocalization with micro-
tubule or actin systems was observed.

We reported previously that the actin polymerization in-
hibitor cytochalasin D caused a more diffuse ODC distribu-
tion (Pomidor et al., 1995). We reasoned that this changed-
ODC localization could be caused by a specific cytoskeletal
association that reflected the remodeling cytoskeleton. ODC
staining in NHEK treated with 1 pg/ml cytochalasin D for
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Figure 2. ODC and cytoskeletal organization in cytochalasin
D-treated NHEK. To determine the effects of remodeling the cy-
toskeleton on ODC organization, NHEK were treated with 1 ug/ml
cytochalasin D for 6 h, stained for ODC (B, E, or H) and actin (A),
tubulin (D), or keratin (G), and optically sectioned by confocal
laser-scanning microscopy, and corresponding images were super-
imposed to determine the degrees of overlap (C, F, or I; orange-
yellow). Superposition of actin (A) with ODC (B) showed only
minimal areas of overlap (C). Tubulin (D) and ODC (E) staining
showed nonspecific areas of overlap (F). Keratin (G) and ODC (H)
exhibited extensive overlap throughout the cells (I). Bars: A-C, D-F,
and G-I, 10 uwm.

6 h was diffuse and comprised of fine filaments throughout
the cell excluding the nucleoli (Figure 2, B, E, and H); the
majority of stained actin was in microspikes, cell-cell con-
tacts, or actin bundles (Figure 2A). Superposition (Figure
2C) of actin and ODC fields showed some intense yellow
areas caused by superposition of ODC with short actin
bundles. Little superposition of ODC was observed with
actin filaments or microspikes, consistent with our conclu-
sion that colocalization of ODC with the actin microfilament
system is unlikely.

After cytochalasin D treatment, tubulin staining (Figure
2D) consisted of fine intersecting filaments. Superposition
(Figure 2F) of tubulin and ODC fields showed some overlap
in the nucleus (yellow), with green ODC staining through-
out the cell. Thus, overlap between tubulin and ODC is most
probably attributable to the diffuse ODC signal.

In cytochalasin D-treated NHEK, the keratin network
(Figure 2G) appeared as dense, fine, interwoven filaments.
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Figure 3. ODC localization in NHEK and in human dermal fibro-
blasts. To determine the effects of different cytoskeletal systems on
ODC organization, NHEK (A) that contain a keratin intermediate
filament system and fibroblasts (B) that contain a vimentin interme-
diate filament network were compared. The NHEK showed a pre-
dominately nuclear/perinuclear localization for ODC; the fibro-
blasts showed ODC staining throughout the cell. Digital
micrographs were collected on a Bio-Rad confocal microscope. Bar,
10 pum.

Superposition (Figure 2I) of the ODC and keratin fields
showed yellow areas throughout the NHEK; some areas
with more intense keratin staining (orange—red) were ob-
served in the cortical regions.

In summary, ODC appeared to colocalize significantly
with the cytochalasin D-treated NHEK keratin intermediate
filament system. Taken together with the data in Figure 1,
these stainings suggested that a subset of ODC colocalized
with the keratin intermediate filament system.

ODC Localization in Cells Not Containing Keratin

If the subcellular distribution of ODC not only correlated
with but was dependent on a keratin intermediate filament
network, then a cell that lacked keratin, such as the fibro-
blast, would show a markedly different ODC organization.
We therefore compared ODC staining in human dermal
fibroblasts and in NHEK. In contrast to the nuclear/perinu-
clear staining seen in NHEK (Figure 3A), ODC staining was
diffuse throughout the human dermal fibroblasts, excluding
the nucleoli (Figure 3B). Therefore, the presence of the ker-
atin filament system correlated with a nuclear/perinuclear
localization for ODC.

ODC Localization in PO HeLa Cells

Finally, we reasoned that if we could induce the keratin
filament system to remodel, then ODC should concomi-
tantly relocalize. We therefore examined a stably transfected
line of HeLa cells that can be induced by butyrate to express
the neural adhesion molecule PO (Staugaitis et al., 1990); PO
expression causes keratin filament organization. Double im-
munolabeling showed that untreated PO cells that express
little PO are small with little apparent keratin organization
(Figure 4A) and have diffuse ODC staining (Figure 4B). After
butyrate treatment, PO expression is increased (Staugaitis et
al., 1990); the cells become larger and display a keratin
filament network with strong perinuclear staining (Figure
4C), while ODC staining (Figure 4D) is filamentous with
some distinct perinuclear localization. These observations
further support a dependence of ODC localization on kera-
tin intermediate filament organization.
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Figure 4. Keratin (A and C) and ODC (B and D) organization in PO
HeLa cells. Cells from a clone of HeLa cells that can be induced to
express the neural adhesion molecule PO were small and round,
with short, disorganized keratin filaments (A) and little apparent
organization to the ODC staining (B). After treatment with sodium
butyrate, the cells became larger and more spread out, with a fine
meshwork of keratin filaments (C); ODC staining had changed in
parallel with keratin (D). Bar, 25 um.

Subcellular Fractionation of NHEK by Detergent
and Salt Extractions

The apparent colocalization of ODC with the keratin fila-
ment network suggests that some ODC activity should be
associated with NHEK subcellular fractions containing in-
soluble proteins that include keratin. Previously, ODC ac-
tivity was found only with soluble proteins (Seely ef al.,
1982; Isomaa et al., 1983), and recently a small percentage has
been found to be localized to the plasma membrane after
treatment with TPA (Heiskala et al., 1999). Using a subcel-
lular fractionation procedure (Lenk et al., 1977) that solubi-
lizes cellular proteins by detergent and salt extractions, we
asked in what fractions ODC activity was measurable.
Briefly, soluble proteins were collected in 0.5% Triton X-100
and a wash, membrane proteins and protein—protein com-
plexes were solubilized in 1% Tween 20 and 0.5% DOC,
additional protein—protein complexes were disrupted with
500 mM NaCl, and the remaining material that was enriched
in keratin was considered insoluble (Lenk et al., 1977). Anal-
ysis of equal volumes of each fraction showed that LDH
activity, a soluble protein marker, was measurable solely in
the Triton X-100 (Soluble) and wash fractions (Figure 5);
therefore further detergent and salt treatments extracted
proteins considered insoluble. ODC activity was detected in
the soluble (Figure 5, histogram, Triton X-100 [Soluble] and
Wash) and insoluble (Figure 5, histogram, Doc/T-20 and Ins
Pellet) fractions. Therefore, soluble and insoluble pools of
ODC activity were detected by subcellular fractionation.
We next asked, using this fractionation scheme, with what
fractions did cytoskeletal components and a nuclear protein,
pur «a (Chang et al., 1996), elute. Pur « was measured because
we observed ODC in the nucleus in many micrographs;
therefore, “insoluble” ODC activity could be caused by de-
layed lysis of the keratinocyte nucleus. Western blots
showed that both actin and tubulin were extracted in the
soluble fractions; keratins were present both in the soluble
and insoluble pellet fractions (Figure 6). The nuclear protein
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Figure 5. Subcellular fractionation of ODC activity. By the use of
detergent and salt extractions, NHEK were fractionated (Lenk et al.,
1977), and fractions with high salt were dialyzed. LDH (open cir-
cles) activity was measured solely in the Soluble and Wash frac-
tions. ODC activity (vertical bars) was measured in the Soluble and
Wash fractions and also in the insoluble (Doc/T-20 and Ins Pellet)
fractions. Data represent the average of measurements from three
independent plates in one experiment. Similar results were obtained
in many independent experiments. Doc/T-20, DOC and Tween 20;
Ins, insoluble.

pur a was present solely in the soluble fraction (Figure 6); in
parallel, DNA was measured predominantly in the soluble
fractions with small amounts in the insoluble pellet (our
unpublished results). Taken together with the ODC activity
measurements, the fractionation profiles indicated that in
cellular fractions depleted of actin, tubulin, and nuclear
proteins, significant ODC activity was present, suggesting
that insoluble ODC activity was associated with insoluble
proteins.

Immunoprecipitation of ODC from Subcellular
Fractions

We and others have reported previously that TPA treatment
causes decreased ODC levels in proliferating NHEK (Fischer
et al., 1993; Ruhl et al., 1994). The subcellular distribution of
ODC protein was therefore also determined by immunopre-
cipitation from fractionated, [**S]methionine-labeled NHEK
lysate that had been treated with or without TPA (Figure
7A). The immunoprecipitate from equal volumes of each
fraction was fractionated by SDS-PAGE, and relative ODC
levels were determined by fluorography. A band at the size
of ODC was seen in all lanes at varying intensities (Figure
7A, arrow), and TPA treatment caused decreased ODC lev-
els in all bands examined. The identity of the band at 52 kDa
as ODC was confirmed by immunocompetition with bacte-
rially expressed mouse ODC (kind gift of T. G. O’Brien,
Lankenau Medical Center, Wynnewood, PA, or of L. Pers-
son, University of Lund, Lund, Sweden) (our unpublished
result).

Detection of Phospho-ODC

Ornithine decarboxylase has been reported to be phosphor-
ylated on multiple sites (Rosenberg-Hasson ef al., 1991;
Reddy et al., 1996; Heiskala et al., 1999). We therefore asked
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Figure 6. Western blots of lysates from subcellular fractions; de-
termination of fractions containing different cytoskeletal compo-
nents and nuclear proteins. By the use of detergent and salt solubi-
lization of proteins (Lenk et al., 1977), fractionated cell lysates were
probed by Western blotting for actin, tubulin, keratins (monoclonal
antibody to bovine hoof keratin), or pur a. Actin and tubulin were
extracted in the Soluble fractions, keratin was extracted in the
Soluble and Ins Pellet fractions, and pur a was extracted in the
Soluble fraction.

1) where phosphorylated ODC partitioned in this subcellu-
lar fractionation scheme and 2) whether our previous obser-
vations on the effects of TPA on ODC levels in NHEK were
reflected in changes in the levels of phosphorylated ODC
because TPA activates protein kinase C. NHEK were treated
with or without 100 ng/ml TPA for 6 h while being labeled
with [*?PJorthophosphate (Figure 7B). Cells were fraction-
ated; equal counts from each fraction were immunoprecipi-
tated with ODC antibody, fractionated by SDS-PAGE, and
visualized by autoradiography (Figure 7B). Three immuno-
precipitated phosphoproteins were observed only in the
Insoluble Pellet fraction, and all showed decreased phos-
phorylation after TPA treatment. The lowest protein band
was of the size for ODC (~52,000 daltons), and the larger
doublet was for phosphorylated keratin (confirmed by
Western blotting; our unpublished results).

We then asked whether the keratin bands in the ODC
immunoprecipitate resulted from a specific association of
ODC with a keratin-containing protein complex. Keratin
is primarily insoluble and can be pelleted by ultracentrif-
ugation (Franke et al., 1981). If association between ODC
and keratin was specific, then pelleting of keratin would
result in pelleting of ODC; if nonspecific, then the major-
ity of ODC should remain in the supernatant. Therefore,
lysates from each fraction were clarified by ultracentrifu-
gation at 150,000 X g for 33 min, and the resultant super-
natants were analyzed by ODC immunoprecipitation

Molecular Biology of the Cell
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Figure 7. Subcellular fractionation of radiolabeled ODC. (A)
[**S]methionine-labeled NHEK lysate that had been treated with
vehicle or 100 ng/ml TPA for 6 h was fractionated by detergent and
salt extractions. Immunoprecipitable ODC protein was detectable in
all fractions, with TPA treatment decreasing ODC levels, as we have
reported previously (Ruhl et al., 1994). (B) NHEK were then labeled
with [*?PJorthophosphate and fractionated, and ODC was immuno-
precipitated. Three bands were visible in the Ins Pellet fraction, one
at the appropriate molecular size for ODC and the other two for
keratins. (C) To determine whether the presence of the keratin
bands was caused by specific interactions with ODC, the insoluble
protein in the fractions was pelleted by ultracentrifugation, and
ODC was immunoprecipitated from the resulting supernatant. No
ODC was immunoprecipitated after this procedure. The lack of
signal was not caused by degradation of the extract, as is shown in
the Pellet column in which multiple phosphoproteins are apparent.
Sol, soluble.

(Figure 7C). No immunoprecipitated phosphoproteins
were visible by autoradiography in any lane (Figure 7C,
Clarified homogenate panel). The lysate still contained
32P-labeled proteins (Figure 7C, Pellet), indicating that
32P-labeling had not been compromised. This pelleting of
ODC was consistent with association of ODC with a ker-
atin protein complex as had been suggested by the coim-
munoprecipitation of ODC and keratin.

In summary, ODC protein could be detected in all
subcellular fractions, with phosphorylated ODC detected
only in the insoluble pellet. Therefore, it appeared that
ODC was present as both a soluble and an insoluble
protein, with the insoluble pool enriched in phospho-
ODC.
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Fractionation of NHEK Lysate by Sequential
Centrifugation

During purification of ODC, it was reported to be a soluble
protein (Seely et al., 1982; Isomaa et al., 1983), with the results
we obtained above both confirming and extending this ob-
servation. To determine how the pools of ODC activity that
we had described above compared with the results in the
literature, we next examined the distribution of ODC using
a procedure that mimics the first steps in the purification of
the enzyme (Isomaa et al., 1983). First, we examined the
distribution of ODC activity in the supernatant and pellet of
cells that had been lysed by three freeze-thaw cycles fol-
lowed by ultracentrifugation. This measurement was per-
formed to compare specifically the standard way of measur-
ing ODC activity with the results obtained in the
fractionation procedure described above. Furthermore, we
asked whether resuspension of the 100,000 X g pellet in 2
mM orthovanadate and ODC buffer would alter ODC activ-
ity (Figure 8A), because we had noted that inclusion of the
phosphatase inhibitor orthovanadate in the extraction buff-
ers sometimes resulted in increased ODC activities. The
ODC activity of the soluble fraction (S;) was many times
greater than that of the pellet (P,), consistent with results
reported by others for ODC purification (Isomaa et al., 1983).
LDH activity was measured and confirmed the assignment
of the soluble and insoluble fractions (our unpublished re-
sults).

During the first fractionation procedure, cellular proteins
that were not yet solubilized remained on the tissue culture
plate (our unpublished results) or were pelleted in the later
fractionation steps. Therefore, if a protein was interacting
with ODC and causing reduced ODC activity, on the basis of
the first subcellular fractionation scheme, we would expect
this protein to have a solubility different from that of ODC.
Therefore, cell lysates were separated (Figure 8, flow chart at
top) into a supernatant (S,) and pellet (P,). The P, pellet was
rehomogenized and centrifuged to yield an additional su-
pernatant (S,) and pellet (P,). ODC activity was measured in
all fractions and corrected for non-ODC decarboxylations by
incubation with a«-DFMO. Also, because activation of an
ODC isozyme by GTP was reported (Hietala ef al., 1988), we
asked whether insoluble ODC activity was sensitive to GTP.
Whereas the P, pellet showed little activity, the S, superna-
tant showed three- to sevenfold greater specific activity,
depending on the treatment, than did the S, supernatant
(Figure 8B). In addition, in untreated samples, the separation
into S, and P, resulted in significantly greater ODC activity
in P,, suggesting that additional ODC was released by re-
suspension of the P; pellet (Figure 8B). In parallel, LDH
activity measurements in select fractions confirmed that sol-
uble proteins were primarily concentrated in the S, super-
natant, with little LDH activity measured in P, S;, or P,
(Figure 8B). These experiments suggested that, in addition to
the ODC activity associated with soluble proteins, addi-
tional ODC was pelleted by centrifugation. The pool that
associated with the insoluble fraction could be solubilized
by homogenization, and treatments with neither vanadate
nor GTP enhanced this effect, suggesting it was solely de-
pendent on the repeated separations. Furthermore, because
we measured much lower levels of ODC activity in P, than
in S, and P, it suggested that the additional homogenization
was somehow activating ODC or that the separation of the
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Figure 8. Fractionation of ODC activity by sequential homogeniza-
tions and centrifugations. (A) NHEK were lysed, and soluble protein
was separated from insoluble protein by ultracentrifugation. The pellet
was homogenized, and ODC activity (vertical bars) was measured (*2
mM orthovanadate [Van or van], a phosphatase inhibitor) using the
14CO,release assay. ODC activity was significantly greater in the su-
pernatant (Sy) fractions than in the pellet (P,) fractions. (B) The insol-
uble materials were again separated from the soluble materials after
the P, homogenization (see flow chart at the top). From three to seven
times the activity of the S; supernatant was measured in the S; super-
natant; the P, pellet also showed considerable ODC activity. (C) In
fibroblasts, ODC activity was greatest in the S, fraction, with all other
manipulations resulting in activities approximately equivalent to that
of the fibroblast P, pellet. Filled circles in B and C indicate LDH activity
measured in parallel, indicating that soluble proteins were contained in
the S, fractions. Data in A and B represent independent measurements
of 3-10 individual plates from a single experiment; data in C represent
the average of 4 individual plates from each of two independent
experiments (n = 4-8). The results in A and B were reproduced in
greater than two repeats of the individual parts of the experiments; for
C, an additional experiment yielded similar results. *p < 0.05 (as
compared with S fractions).
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proteins into these fractions was necessary for the detection
of the additional activity.

Finally, we tested the subcellular distribution of ODC in
fibroblasts that had showed no distinct subcellular localiza-
tion of ODC by immunohistochemistry. This experiment
was a means of testing the correlation between the organi-
zation of the ODC as observed by immunohistochemistry
and the distribution as tested biochemically. We fractionated
(see Figure 8, flow chart at top) fibroblasts and measured
ODC activities in S, Py, S, and P, (Figure 8C). The P, pellet
had ~25% of the activity of the S, supernatant; further
homogenization and separation into S; and P; did not result
in additional ODC activity above that in P,. Again, the
majority of LDH activity was found in the S, fractions, with
6-to 10-fold less activity in Py, S;, and P,, confirming that
soluble proteins were released into S,. Taken together, the
data presented in Figure 8 identify a pool of ODC that is
inactive in NHEK until further homogenization; this pool of
ODC is not measured in fibroblasts, consistent with a de-
pendence on proteins not shared between NHEK and fibro-
blasts, e.g., keratin.

Immunoprecipitation of ODC from Subcellular
Fractions Obtained by Sequential Homogenizations
and Centrifugations

The level of ODC activity measured in S; was high, suggest-
ing that significant ODC protein levels should be present in
S, and P,. This was tested by immunoprecipitating ODC
protein from the different fractions outlined in Figure 8.
Equal counts of metabolically labeled ODC from each frac-
tion were immunoprecipitated, fractionated by SDS-PAGE,
and visualized by fluorography, and in parallel, actin, tubu-
lin, and keratin were determined by Western blotting of
unlabeled fractions. Figure 9 shows that a radiolabeled pro-
tein of the appropriate size for ODC was immunoprecipi-
tated by the ODC antibody in all fractions. Actin was found
in all fractions, tubulin was only in S, and keratin was only
in P;. The presence of ODC protein in each fraction sup-
ported the interpretation of the ODC activity measurements
described in Figure 8.

DISCUSSION

Changes in cell shape are often causally linked to cell pro-
liferation or differentiation via signals transduced through
the cell surface (Schaller and Parsons, 1994). Many studies of
the molecular mechanisms of proliferation have focused on
the regulation of proteins necessary for cell cycle transit,
such as myc, fos, p53, and cdc kinases, and altered cytoskel-
etal architecture to integrate ultimately signal transduction
pathways with cytoskeletal changes (Pawson, 1991; Ingber et
al., 1995; Assoian and Zhu, 1997). In this article, we have
focused on the subcellular distribution of the growth-regu-
latory enzyme ODC as visualized by immunohistochemistry
and as measured in subcellular fractions. We have shown
that its subcellular localization appears to depend on the
NHEK keratin intermediate filament network and that the
pool of ODC that is extracted with the insoluble material is
more highly phosphorylated and shows attenuated activity
levels until further fractionated from this insoluble material.

Molecular Biology of the Cell
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Several of the characteristics of NHEK made them ideal
for this study. For example, NHEK proliferation and differ-
entiation are profoundly affected by changes in cell shape
(Watt et al., 1988; Adams and Watt, 1989), with signals that
cause cytoskeletal remodeling also influencing adherence
and migration, processes central to wound healing and skin
development (Kubler et al., 1991; Watt et al., 1993). We
showed previously that TPA treatment changes NHEK cy-
toskeletal organization and ODC subcellular localization.
Interestingly, ODC subcellular localization appeared to be
coordinately regulated with actin cytoskeletal organization
because cytochalasin D, an actin polymerization inhibitor,
and the ODC inhibitor a-DFMO caused a remodeling of the
actin cytoskeleton and a concomitant relocalization of ODC
(Pomidor et al., 1995). Also, cytochalasin D and the micro-
tubule depolymerizer colchicine abrogate induction of ODC
(O’Brien et al., 1976, Lakshmanan, 1979). Finally, a mem-
brane localization for a pool of ODC has been associated
with treatment of rat fibroblastic cells with TPA (Heiskala et
al., 1999). These studies taken together demonstrate that
agents that change ODC localization also regulate ODC
activity levels, suggesting a functional role for ODC local-
ization.

In this study, we asked whether the observed coregulation
of actin and ODC organization is caused by colocalization of
ODC with a cytoskeletal component and investigated the
biochemical basis for this phenomenon. We first examined
by double immunofluorescence whether ODC colocalized
with the actin, tubulin, or keratin filament networks in con-
trol and cytochalasin D-treated NHEK. Because cytochala-
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sin D causes all NHEK cytoskeletal systems to remodel, we
reasoned that if colocalization is specific, it should occur
with cytoskeletal networks in both control and cytochalasin
D-treated NHEK. We found that ODC appeared to colocal-
ize to a limited extent with the keratin network in control
NHEK and more extensively with this network in cytocha-
lasin D—-treated NHEK; colocalization with tubulin or actin
was not significant. Furthermore, fibroblasts, which do not
have a keratin intermediate filament system, did not appear
to organize ODC in the perinuclear/nuclear space. Finally,
HeLa cells, which are of epithelial origin, have been shown
to organize their keratin intermediate filament system in
response to PO expression (Staugaitis et al., 1990). If ODC
localization was dependent on an organized keratin inter-
mediate filament system, then induction of PO in HeLa cells
that are stable clones for this expression would cause ODC
to take on a perinuclear subcellular localization. This rela-
tionship between an organized keratin intermediate filament
system and ODC localization was observed using the PO
HelLa cells.

The apparent colocalization of ODC with the keratin fila-
ment network asks the question why epithelial cells have
two pools of ODC. Levels of active ODC in NHEK are
~10-100 times higher than that in fibroblasts (Ruhl et al.,
1994), and polyamine levels are similarly elevated (Hickok
and Uitto, 1992). In addition, in the ODC-rich, testosterone-
stimulated murine kidney, predominant expression of the
ODC gene is in the epithelial cells of the proximal tubule
(Janne et al., 1990). These observations suggest that epithelial
cells may normally maintain high ODC levels, presumably
to generate high polyamine levels. The latter may be impor-
tant for maintaining differentiated functions; e.g., in NHEK,
polyamines can be used in protein cross-linking to form the
keratinocyte cornified envelope (Piacentini et al., 1991). We
suggest that colocalization of ODC with the cytoskeleton
could serve to “buffer” the amounts of soluble ODC in the
cell.

If epithelial cells buffer levels of soluble ODC by revers-
ibly immobilizing a pool of ODC to cytoskeletal complexes,
we would expect to identify a pool of ODC in NHEK that
was extractable with the insoluble material. The distribution
of ODC in keratin-containing cells was consistent with this
model, with a pool of active ODC in soluble and insoluble
protein fractions, as determined by two fractionation proce-
dures. In addition, the amounts of active ODC that could be
measured in the insoluble fractions could be greatly in-
creased by mechanical disruption. Finally, fibroblasts that
showed no evidence of a distinct subcellular localization for
ODC also did not exhibit a similar partitioning of ODC
between soluble and insoluble fractions. These observations
are consistent with the idea that the pool of ODC that
fractionates with the insoluble materials is associated with
NHEK-specific proteins, e.g., keratin. It should be noted that
these findings are different from and we suspect comple-
mentary to those described by Heiskala et al. (1999). They
reported a membrane localization for ODC in fibroblasts
that had been treated with TPA, and we have observed a
similar localization for ODC in NHEK treated with TPA as
noted in Pomidor ef al. (1995). The possibility of membrane
localization was questioned early in our studies. However,
on the basis of results with Fractionation Procedure I (Lenk
et al., 1977) in which membrane proteins should be extracted
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in the Triton X-100 or in the Tween 20 and DOC fractions,
we thought it unlikely that a membrane localization could
explain the staining and the fractionation profiles that we
observed. On the basis of the data published by Heiskala et
al. (1999), the percentage of ODC localized to the membrane
in their system appears to be smaller than the pool cofrac-
tionating with the NHEK-insoluble cellular material. Fur-
thermore, Heiskala et al. (1999) have suggested that their
subset of membrane-associated ODC may in fact be on the
actin cytoskeleton. We cannot rule out that an additional
small pool of ODC was solubilized when actin was extracted
from the cells. However, our data strongly suggest that the
majority of the ODC that is measured in the insoluble frac-
tions copartitions with keratin and associated insoluble pro-
teins.

In rat fibroblastic cells, localization of ODC to the plasma
membrane after stimulation by TPA appeared to be medi-
ated by a “phox”-like phosphorylation site present in the
ODC protein; the presence of this sequence appears to be
necessary for cellular transformation (Heiskala et al., 1999).
ODC has many additional phosphorylation sites with
serine-303 the major site phosphorylated in vitro with casein
kinase II and in COS-1 cells transfected with ODC expres-
sion plasmids (Rosenberg-Hasson et al., 1991). Phospho-
ODC has been purified from RAW264-transformed macro-
phages using high-salt elution (200 mM NaCl) (Reddy et al.,
1996). Although the subset of ODC that was extracted from
the insoluble cellular material was enriched in the phosphor-
ylated form of ODC, no clear function for the phosphoryla-
tion could be assigned. In unpublished experiments, we
have attempted to dephosphorylate the insoluble material
by treatment with alkaline phosphatase to determine
whether ODC is readily extracted from this insoluble frac-
tion. Although some of the time additional ODC activity is
measured after dephosphorylation, the results are unpre-
dictable and suggest that regulation of localization is likely
to be complex and dependent on more than the phosphor-
ylation state of ODC (our unpublished results).

Finally, what is the physiological significance of localizing
a pool of ODC with the cytoskeleton, thus allowing ODC
protein levels to remain high? Data from transgenic mice
suggest that the effects of ODC overexpression are depen-
dent on the cell type. When the human ODC gene was
overexpressed in transgenic mice using an ubiquitous pro-
moter, the mice had notable abnormalities in reproduction
and brain function (Halmekyto et al., 1991; Halonen et al.,
1993). In contrast, when liver expression was targeted, no
significant phenotypic changes were observed, probably be-
cause of stringent control of liver polyamine levels (Alhonen
et al., 1996). Overexpression of the murine ODC gene under
control of the keratin 6 promoter in transgenic mice specif-
ically targeting ODC expression to hair follicle stem cells
resulted in an increased frequency of papilloma formation
(Megosh et al., 1995; O’Brien et al., 1997). In Balb/MK kera-
tinocytes, ODC overexpression also caused increased activa-
tion and nuclear translocation of protein kinase CK2, a
serine/threonine protein kinase that may be oncogenic
(Shore et al., 1997; Xu et al., 1999). Thus, maintaining ODC at
high levels in skin could have especially profound effects on
tumor formation.

It is intriguing that, in beginning to elucidate the pathway
through which ODC overexpression results in cellular trans-
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formation, Holttd, Andersson, and their groups have found
that hyperphosphorylation of p130<4S, a src substrate local-
ized to the focal adhesion complex, is a downstream conse-
quence of ODC overexpression (Auvinen et al., 1995) and
that transformation is dependent on an intact phox sequence
in the ODC (Heiskala et al., 1999). Because the focal adhesion
directly tethers actin stress filaments, regulates actin organi-
zation, and is an important step in signal transduction cas-
cades (Schaller and Parsons, 1994), it will be of special in-
terest to determine how the changes in cytoskeletal
organization that we have observed concomitant with reg-
ulation of ODC levels integrate with altered activity of the
focal adhesion complex to regulate cell growth and cell
adhesion.
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