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Abstract:

We have previously shown that post-transcriptional mechanisms involving the 26S proteasome
regulate the cyclin-dependent kinase inhibitors (CKIs), p21(Cipl) and p27(Kipl) during
preadipocyte proliferation. Earlier studies further demonstrated that the anti-inflammatory, anti-
carcinogenic phytochemical, helenalin is a potent inhibitor of periodic Skp2 accumulation, an F-
box protein mediating SCF E3 ligase ubiquitylation and degradation of both CKIls during S phase
progression. Data presented here demonstrate that helenalin dose-dependently induced G1 arrest
of synchronously replicating 3T3-L1 preadipocytes. This effect occurred in the absence of
discernable indices of cell toxicity or apoptosis under the conditions used in this study. Our
results demonstrate that helenalin markedly increased p21 protein accumulation in both density-
arrested and proliferating preadipocytes in a dose-dependent manner. This increase in p21
protein abundance occurred without change in mRNA transcript demonstrating that post-
transcriptional mechanisms were involved. This notion was further supported by the modest
accumulation of polyubiquitylated p21 following treatment with helenalin suggesting that
suppression of targeted p21 proteolysis by the 26S proteasome contributed to helenalin-mediated
p21 accumulation. The increase in p21 protein was compartmentalized to the nucleus where p21
is known to inhibit cell cycle progression. Finally, helenalin increased protein-protein
interactions between p21 and cyclin-dependent kinase 2 (Cdk2) which may account in part for
the anti-proliferative effect in 3T3-L1 preadipocytes.

Article:

INTRODUCTION

Helenalin is a naturally occurring phytochemical extracted from the aerial portion of the
flowering plant, arnica montana L. Alcohol extracts containing this sesquiterpene lactone and its
derivatives have been used in herbal medicine for many years to treat haematomas, sprains,
rheumatic diseases, and superficial skin inflammation. Recently, helenalin has found principal
use in cellular studies as a commercially available, potent inhibitor of IkB degradation and NF-
kB transcriptional activity (Lyss et al., 1997). Apart from anti-inflammatory effects, helenalin is
also known to suppress proliferation of cancer cells through multiple mechanisms including
suppression of telomerase activity (Huang et al., 2005), elevation of intracellular free calcium
(Powis et al., 1994), inhibition of protein and DNA synthesis (Hall et al., 1978;Hall et al., 1977),
and promotion of apoptosis (Dirsch et al., 2001a). These and other studies suggest that helenalin
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has multiple modes of action within the cell aside from its ability to inhibit NF-kB DNA binding.
Albeit shown to have anti-proliferative properties, mechanisms underlying helenalin’s ability to
regulate cell cycle progression are largely unknown.

Cellular proliferation is driven by sequential expression of cyclin proteins that activate a series of
Cdks that initiate timely events necessary for orderly cell cycle progression. Transition through
the restriction point near the G1/S phase boundary represents a critical step of autonomous
control where continued progression beyond this point becomes independent of mitogenic
stimuli (Sherr and Roberts, 1999; Sherr and Roberts, 2004). Cell cycle progression through the
restriction point is highly dependent on Cdk?2 activity which is governed by cyclins E/A for
activation and potently suppressed by the CKIls, p21 and p27. While the cyclins are sequentially
expressed in response to mitogenic stimulation, p21 and p27 are highly regulated by various
antimitotic stimuli such as nutrient deprivation, density arrest, differentiation, apoptosis, and
tumor suppression. In addition to their well established role as inhibitors of Cdk2 activity, both
CKIs can facilitate early cell cycle progression by serving as scaffolding proteins that facilitate
the formation (Cheng et al., 1999;Zhang et al., 1994) and nuclear localization (LaBaer et al.,
1997) of active Cyclin D1/Cdk4 complexes during mid-G1 progression. Mechanisms that
balance and maintain optimal levels of p21 and p27 during preadipocyte replication are critical to
understanding the etiology of obesity and various lipodystrophies as gene ablation has been
shown to markedly increase fat mass due to adipocyte hyperplasia (Naaz et al., 2004).

We have previously reported that p27 is regulated during S phase progression of replicating 3T3-
L1 preadipocytes by post-transcriptional mechanisms involving ubiquitylation and targeted
protein degradation by the 26S proteasome (Auld et al., 2007). Furthermore, we have shown that
Akt signaling and the periodic accumulation of Skp2, an F-box protein that links p27 to the SCF
E3 ligase for ubiquitylation as well as p27 degradation during G1/S transition are suppressed in
the presence of helenalin preventing the accumulation of Cyclin A and S phase progression
(Auld et al., 2006). In the study reported here, we demonstrate that helenalin arrests proliferating
preadipocytes in late-G1 phase and dramatically promotes p21 protein accumulation during
density arrest and mid-G1 by post-transcriptional mechanisms. Furthermore, helenalin increases
p21 accumulation in the nucleus where protein-protein interactions between p21 and Cdk2 may
contribute to the anti-proliferative effect of helenalin on preadipocyte replication. These data
represent the first study of the effect of helenalin on p21 accumulation in any cell type and
provide a link between cell cycle progression, early signaling events, and adipocyte hyperplasia.

MATERIALS AND METHODS

Materials

Dulbecco’s Modified Eagle’s Medium (DMEM), calf bovine serum (CS), fetal bovine serum
(FBS) and Trypsin-EDTA were purchased from Invitrogen. Antibodies used for immunoblotting
were purchased as follows: p21 (Oncogene), Cyclin D1, a-tubulin, cleaved caspase-3, cleaved
PARP, ubiquitin (Cell Signaling), GAPDH, Cyclin A (Santa Cruz), Nucleoporin p62, Cdk2, and
Cdk4 (BD Biosciences). Polyclonal p21 antibody for immunoprecipitation was purchased from
Santa Cruz Biotechnology. Helenalin was purchased from Biomol. Recombinant Protein-G
beads for immunoprecipitation were from Pierce. Propidium lodide and RNase A were
purchased from Sigma. Polyvinylidene fluoride (PVDF) membrane was purchased from



Millipore. Enhanced chemiluminescence (ECL) reagents, secondary antibodies and N-
ethylmaleimide (NEM) were from Pierce.

Cell Culture and Induction of Differentiation

Murine 3T3-L1 preadipocytes were propagated in DMEM supplemented with 10% CS until
reaching density arrest at 2 days post-confluence. Cells were subsequently induced to
differentiate with DMEM containing 10% FBS supplemented with 0.5mM 3-isobutyl-1-
methyxanthine, 1uM dexamethasone, and 1.7uM insulin (MDI). Throughout the study, the term
“post-MDI” refers to the time elapsed since the addition of the differentiation cocktail to the
culture medium. Additionally, the term “time 0 refers to density-arrested, 2 days post-confluent
cells immediately before the addition of MDI to the culture medium. All experiments were
repeated 3-5 times to validate results and ensure reliability.

Protein isolation

Cells were washed with phosphate-buffered saline (PBS) and harvested in ice cold lysis buffer
containing 0.1M Tris (pH 7.4), 150mM NacCl, 10% sodium dodecyl sulfate (SDS), 1% Triton X,
0.5% NP40, ImM EDTA, 1mM EGTA, and 10mM NEM. Phosphatase inhibitors (20mM (-
glycerophosphate, 10mM sodium fluoride and 2puM sodium orthovanadate) and protease
inhibitors (0.3uM aprotinin, 21uM leupeptin, 1uM pepstatin, SOuM phenanthroline, 0.5uM
phenylmethylsulfonyl fluoride) were freshly added to the lysis buffer immediately before use.
Lysates were sonicated and centrifuged at 13,000 x g for 10 min at 4°C. Protein content was
determined by bicinchoninic acid (BCA) procedures according to manufacturer’s (Pierce)
instructions.

Immunoblotting

Equal amounts of whole cell lysate protein were separated by SDS-PAGE electrophoresis.
Protein samples were mixed with loading buffer containing 0.25M Tris, (pH 6.8), 4% SDS, 10%
glycerol, 0.01% bromophenol blue, and 10% dithiothreitol, then heated at 80°C for 5 min prior to
electrophoresis. Proteins were transferred to PVDF (Millipore), blocked in 4% milk and probed
overnight at 4°C with specified primary antibodies. Membranes were subsequently probed for 1
hr at room temperature with secondary antibodies conjugated with horseradish peroxidase and
results visualized with ECL using CL-XPosure film (Pierce).

RNA Isolation and Analysis

Total RNA was extracted from 3T3-L1 preadipocytes using the RNeasy Mini Kit according to
manufacturer’s (QIAGEN) instructions. Briefly, cells were lysed and homogenized using the
provided QIAshredders. Column-bound RNA was DNase-treated and eluted with RNase-free
water. Total RNA (1ug) from the cells was subjected to Reverse-Transcriptase Polymerase Chain
Reaction (RT-PCR) using One-Step RT-PCR kit (QIAGEN).Reactions were carried out in the
presence of buffer containing ANTP’s (400uM), reverse transcriptase and DNA polymerase
enzyme mix, and RNase inhibitor (10U). Gene specific primers designed for p21 (forward: 5’-
GTCTGAGCGGCCTGAAGATT’3’ and reverse: 5’-TCCTGACCCACAGCAGAAGA-3’) were
used at a final concentration of 0.6uM. Quantam RNA Classic II 18S primer/ competimer was
used according to manufacturer’s (Ambion) instruction as an internal standard in the RT-PCR
reactions at a concentration of 0.6uM. RT-PCR products were electrophoresed in 1.5% agarose
in the presence of ethidium bromide and analyzed on a Kodak Digital Imager.



Flow Cytometry

Cell cycle progression was assessed by flow cytometry as described previously (Auld,
Fernandes, and Morrison, 2007). Briefly, cells were washed with PBS, trypsinized, resuspended
in ice cold PBS and washed twice by centrifugation at 300 x g for 5 min at 4°C. Pelleted cells
were gently permeabilized and fixed with ice cold ethanol (70%), washed with PBS and
incubated in the dark with propidium iodide stain (50pg/ml propidium iodide (PI) and 100pg/ml
RNase A in PBS) for 30 min. DNA fluorescence was measured using flow cytometry (Becton
Dickinson FACS Calibur). DNA histograms were extracted from width (FL2W) and area
(FL2A) plots of PI fluorescence recorded for 10,000 events per data point.

Nuclear/Cytosolic Fractionation

Cells were washed with PBS and incubated with ice cold isotonic buffer containing 20mM Tris,
pH7.4, 125mM NaCl, 1ImM EGTA, 1mM EDTA and 1mM MgCl; for 6 min on ice. The buffer
was supplemented with fleshly prepared 0.1% NP40, and phosphatase/protease inhibitors as
described above. Following detergent solubilization, cytosolic fractions were collected from the
cell monolayers and clarified by centrifugation (13,000 x g for 5 min at 4°C). Intact nuclei were
subsequently collected in PBS and gently pelleted by centrifugation at 300 x g for 3 min at 4°C.
Nuclear proteins were extracted in ice cold buffer containing 20mM Tris (pH 7.4), 1% Triton X,
150mM NaCl, 1ImM EDTA, 1mM EGTA supplemented with protease/phosphatase inhibitors
and frozen at -80°C. Nuclear fraction were subsequently thawed on ice, sonicated, passed
through a 21 gauge needle to shear DNA, and clarified by centrifugation at 13,000 x g for 10 min
at 4°C.

Immunoflourescence

Cells, cultured on glass coverslips in 35mm plates, were washed with PBS, fixed with methanol
free 3% Formaldehyde (Polysicences) for 20 min, permeabilized with 0.2% Triton X for 5 min,
blocked for one hr with 3% BSA, and incubated overnight with primary antibody at 4°C.
Coverslips were subsequently incubated with fluorescently-labeled secondary antibody, Alexa
Fluor 488 anti-mouse (Molecular Probes) for 1 hr at room temperature, washed with PBS,
mounted on glass slides using Antifade mounting solution (Molecular Probes) and visualized by
confocal microscopy.

Immunoprecipitation/Co-immunoprecipitation

Cells were lysed with ice cold immunoprecipitation buffer containing 10mM Tris, 150mM NacCl,
1% TritonX, 0.5% NP-40, 1ImM EDTA, 1mM EGTA and 10mM NEM as well as protease and
phosphatase inhibitors as described above. Immunoprecipitations were performed using
recombinant Protein G beads per manufacturer’s (Pierce) instructions. Briefly, lysate (1000pg)
was incubated with the appropriate antibody for 2 hrs at 4°C, mixed with beads, and incubated
for an additional 2 hrs at 4°C. Immune complexes were collected by centrifugation at 2500 x g
for 3 min at 4°C, washed 6 times with PBS, resuspended in loading buffer, and heated at 70°C
for 3 min. Samples were centrifuged at 2500 x g for 3 min and supernatants resolved with SDS-
PAGE, transferred to PVDF membranes and immunoblotted. Recombinant beads were also
incubated with whole cell lysates in the absence of antibody to rule out non-specific binding of
proteins to the beads.



RESULTS

Helenalin dose-dependently arrest preadipocytes during G1-phase of cell cycle progression
independent of apoptosis

Previous reports from our laboratory and others have demonstrated that density-arrested 3T3-L1
preadipocytes synchronously re-enter the cell cycle for a limited period of proliferation that
precedes and is obligatory for adipocyte development (Morrison and Farmer, 1999; Auld,
Fernandes, and Morrison, 2007;Tang et al., 2003b; Tang et al., 2003a). We have further shown
that quiescent preadipocytes (GO phase) transition G1/S and S/G2 phase boundaries at
approximately 15 hrs and 19 hrs, respectively, following stimulation with a differentiation
cocktail containing MDI (Auld, Fernandes, and Morrison, 2007). Using this model, we
investigated the effects of helenalin on preadipocyte replication by stimulating density-arrested
cells with MDI and increasing doses of helenalin. Cells were harvested 20 hr post-MDI and cell
cycle progression was assessed by flow cytometry. As illustrated in Fig.1A, MDI-stimulated
cells not treated with helenalin (OuM) displayed DNA histograms demonstrating decreased G1
phase content and increased S and G2/M phase content indicative of early-G2 phase progression
as previously reported (Auld, Fernandes, and Morrison, 2007). Conversely, concomitant
treatment with helenalin dramatically shifted the DNA profile toward an increase in G1 content
in a dose-dependent manner clearly demonstrating cell cycle arrest prior to the G1/S phase
transition. Moreover, DNA histograms presented no sub-2n cell populations at 20 hr post-
treatment suggesting that helenalin impeded cell cycle progression independent of apoptosis. To
confirm these observations, cells were stimulated with MDI in the absence and presence of
increasing concentrations of helenalin and total cell lysates harvested at times indicated for
immunoblotting (Fig.1B). Consistent with G1 arrest, helenalin suppressed the accumulation of
Cyclin A which has been shown to occur during S phase in this cell model (Auld, Fernandes, and
Morrison, 2007). To further confirm growth arrest in the absence of apoptosis, cell lysates were
immunoblotted for cleavage of Caspase 3 and PARP; well established indices of apoptosis. As a
positive control, lysates were collected from preadipocytes at 12 hr following transient exposure
to UV radiation (100J/m2). As shown in Fig.1B, helenalin treatment did not lead to Caspase 3 or
PARP cleavage under these conditions further supporting the premise of G1 growth arrest
independent of apoptosis.

Helenalin dose-dependently enhances p21 protein accumulation

It is well established that cell cycle progression through the G1/S transition requires the timely
decay of both p21 and p27. We have previously reported that helenalin inhibits p27 degradation
through suppression of SCF E3 ligase activity responsible for polyubiquitylation targeting p27
for proteasomal degradation (Auld, Hopkins, Fernandes, and Morrison, 2006). To assess
helenalin’s effect on p21, protein accumulation profiles were initially assessed during cell cycle
progression in the absence of helenalin. Cells were harvested over time following MDI
stimulation and analyzed by immunoblotting for p21 and Cyclin A as shown in Fig.2A. During
density arrest (0 hr), p21 protein abundance was maintained at low levels. Upon stimulation with
MDI, p21 transiently accumulated, peaked during mid-G1 (12 hrs), decreased during G1/S
transition and S phase progression, and returned to basal levels by G2/M (24 hrs). The decrease
of p21 during G1/S transition was confirmed by the onset of Cyclin A accumulation indicative of
S and G2 phase progression. Since p21 is known to prohibit G1/S transition via potent inhibition
of Cdk2 activity (Sherr and Roberts, 1999;Planas-Silva and Weinberg, 1997), the decrease in p21
protein levels beginning ~15 hrs post-MDI and preceding the accumulation of Cyclin A was



consistent as an obligatory event for S phase progression. When cells were stimulated with MDI
in the presence of helenalin, p21 accumulation was greatly induced over that observed during
mid-G1 (12 hr) and early-G2 (20 hr) in a dose-dependent manner (Fig.2B). Increasing
concentrations of helenalin did not affect total caspase-3 protein accumulation which served as a
loading control in the experiment. As p21 is a well established, potent inhibitor of Cdk2 activity
which is essential for G1/S transition, the excess accumulation of p21 during mid-G1 (12 hr) as
well as during S/G2 phase transition (20 hr) supports the hypothesis that aberrant regulation of
p21 mechanistically links helenalin with G1 growth arrest.

Figure 1: Helenalin mediates G1-arrest in a dose-dependent manner
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(A) Density-arrested 3T3-L1 preadipocytes were harvested 20 hr following exposure to MDI in presence of increasing concentration of helenalin
as indicated and stained with propidium iodide for DNA histograms generated with flow cytometric analysis. (B) Total cell lysates were collected
at 0, 12 and 20 hr from preadipocytes stimulated with MDI in the absence and presence of 3uM helenalin (HLN). Preadipocytes exposed to
ultraviolet radiation (UV; 100 J/m?) were harvested as a positive control for apoptosis. Relative protein abundance of cleaved PARP, cleaved
caspase 3 and Cyclin A were assessed by immunoblotting as shown. Abundance of GAPDH served as a loading control.




Figure 2: Helenalin enhances protein abundance of p21 at mid-G1 in a dose-dependent manner
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(A) Total cell lysates were harvested from 3T3-L1 preadipocytes over time following exposure to MDI and immunoblotted to assess relative
protein accumulation of p21 and Cyclin A. (B) Total cell lysates, harvested from density-arrested preadipocytes at 0, 12 and 20 hr post-MDI
supplemented without and with increasing doses of helenalin (HLN) as indicated, were separated by SDS-PAGE electrophoresis and
immunoblotted for p21 as illustrated. Abundance of total caspase 3 served as a loading control.

Helenalin induces p21 protein accumulation post-transcriptionally during density arrest and
mid-G1 phase progression

To determine the global mechanism linking helenalin and p21 regulation, total cell lysates and
RNA were collected for comparative immunoblotting (Fig.3A) and RT-PCR (Fig.3B),
respectively. Samples were harvested from untreated, density-arrested cells (lane 1) as well as
cells treated for 12 hr with helenalin (lane 2), MDI (lane 3) or both (lane 4). As illustrated in
Fig.3A, helenalin treatment dramatically increased p21 protein accumulation during density
arrest (compare lanes 1 and 2) and at mid-G1 (compare lanes 3 and 4). Conversely, neither
helenalin, MDI, nor the combination of the two increased p21 mRNA to any measurable extent



over that observed in untreated, density-arrested cells (Fig.3B). 18S ribosomal RNA was
determined simultaneously in the same PCR reaction using competimer technology (Ambion) to
confirm equal loading. Primer specificity was also confirmed using p21 knockout mouse embryo
fibroblasts (not shown). These data clearly demonstrate that the dramatic increase in p21 protein
accumulation following MDI stimulation or helenalin treatment was independent of any
detectable change in mRNA transcript. Collectively, these data strongly support a regulatory role
for post-transcriptional mechanisms mediating p21 protein accumulation during mid-G1 of MDI-
induced cell cycle progression as well as during growth arrest following helenalin treatment. As
helenalin was shown above (Fig.2B) to have near maximal effects on p21 accumulation at 3 uM,
the additive effect observed with MDI and helenalin (Fig.3A) presents the possibility that
independent mechanisms regulate p21 protein abundance under each condition.

Figure 3: Helenalin promotes p21 protein accumulation by post-transcriptional mechanisms
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Preadipocytes were stimulated with MDI concomitantly with 3uM helenalin (HLN) for 12 hrs. Relative (A) protein and (B) mRNA accumulation
was assessed through immunoblotting and RT-PCR, respectively. Abundance of GAPDH and 18S served as controls for equal loading.

Helenalin modestly promotes the accumulation of ubiquitylated p21
To determine if helenalin increased p21 protein accumulation through posttranscriptional
mechanisms involving ubiquitylation and targeted proteasomal degradation, density-arrested



were treated with and without helenalin in the presence and absence of MDI for 12 hr. Cell
lysates were harvested under non-denaturing conditions, immunoprecipitated with a polyclonal
p21 antibody, and immunoblotted with both ubiquitin and p21 (monoclonal) antibodies. For
comparative purposes, lysates were also analyzed from density-arrested cells following 6 hr
exposure to the potent, specific 26S proteasome inhibitor, epoxomicin. To enhance accumulation
of ubiquitin-conjugated substrates, these studies were conducted in the presence of NEM to
suppress deubiquitylating enzyme activity. As illustrated in Fig.4, helenalin treatment during
density arrest (Ohr) or during mid-G1 (12 hr) resulted in modest accumulation of
polyubiquitylated p21 in comparison to the marked increase in ubiquitin-conjugated p21
observed in the presence of epoxomicin. Moreover, the apparent helenalin-mediated p21-
ubiquitin conjugates were not elevated in the presence of MDI further suggesting that
accumulation of p21 protein during mid-G1 and following helenalin treatment occurred through
independent post-transcriptional mechanisms. While further experimentation will be required to
determine if helenalin is a generic inhibitor of the 26S proteasome, the modest effects shown
here are not likely to account in toto for the post-transcriptional mechanisms responsible for the
dramatic increase in p21 protein accumulation.

Figure 4: Helenalin modestly promotes the accumulation of polyubiquitylated p21
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Helenalin increases p21 protein accumulation in the nucleus
Subcellular protein localization is an important aspect governing p21 protein accumulation and
function. To determine if helenalin leads to increased p21 compartmentalization, density-arrested



cells were treated with or without helenalin either in presence or absence of MDI. Nuclear and
cytosolic fractions were harvested 12 hr post-treatment and collected cell fractions were
immunoblotted for p21. To confirm efficiency of fractionation, lysates were also immunoblotted
for nucleoporin and a-tubulin as markers of nuclear and cytosolic fractions, respectively. As
illustrated in Fig.5A, helenalin treatment promoted nuclear accumulation of p21 during density
arrest and at mid-G1. The effect of helenalin on p21 compartmentalization was confirmed under
identical test conditions by immunocytochemistry where cells were treated without and without
MDI and helenalin for 12 hr, then fixed and stained for immunoflourescence visualization with
confocal microscopy. As illustrated in Fig.5B, helenalin dramatically induced nuclear
localization of p21 in density-arrested cells (0 hr) as well as during mid-G1 (12 hr). These data
are consistent with the premise that helenalin promotes the nuclear accumulation of p21 by
inhibiting proteasome-dependent degradation.

Figure 5: Helenalin increases p21 protein accumulation in the nucleus
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(A) Nuclear and cytosolic extracts were harvested from preadipocytes at indicated times after MDI stimulation in the absence and presence of
3uM helenalin (HLN) and immunoblotted as shown. (B) Subcellular p21 compartmentalization was confirmed by immunofluorescence where
density-arrested 3T3-L1 preadipocytes were stimulated with and without MDI for 12 hrs in the absence and presence of 3uM helenalin and
analyzed by confocal microscopy.



Helenalin enhances protein interactions between p21 and Cdk2

It is well established that nuclear accumulation of p21 inhibits cell cycle progression (Coqueret,
2003) through protein-protein interactions (Dotto, 2000). To elucidate the function of helenalin-
induced nuclear p21 accumulation, density-arrested cells were treated with or without helenalin
in presence or absence of MDI. Lysates were harvested 12 hr post-treatment under non-
denaturing conditions, immunoprecipitated with p21, and immunoblotted for cell cycle proteins
as indicated in Fig.6. Consistently, helenalin increased p21 protein accumulation to an extent
greater than that observed under basal conditions of density arrest (Ohr) as well as during MDI-
induced G1 phase progression (12 hr). The increase in p21 protein accumulation in both cases
was associated with increased protein-protein interaction between p21 and Cyclin D1 and Cdk?2
and and between p21 and Cdk4 during density arrest. As p21 has been shown to facilitate Cyclin
D1 and Cdk4 complex formation at specific stoichiometric ratios, further experimentation would
be needed to determine if these interactions were facilitatory or inhibitory for cell cycle
progression. The increased interaction with Cdk2, however, was less controversial as p21 is
known only as a potent inhibitor of Cdk2 kinase activity. Increased interaction between p21 and
Cdk2 was consistent with cell cycle arrest in G1 phase as Cdk?2 activity is known to govern G1/S
transition.

Figure 6: Increased interaction between p21 and Cyclin D1, Cdk2, and Cdk4 following
helenalin exposure
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(A) Density-arrested cells stimulated with and without MDI in the absence and presence of 3uM helenalin (HLN) for 12 hr were harvested,
immunoprecipitated for p21 and immunoblotted for Cyclin D1, Cdk4, Cdk2 and p21. 10% input protein was immunoblotted and designated by
asterisks.

Helenalin does not inhibit mid-G1 accumulation of Cyclin D1
As shown above, helenalin increased protein-protein interaction between p21 and Cdk2,
completely ablated the accumulation of Cyclin A known to occur during S phase progression,



and increased the proportion of cells in G1 phase of the cell cycle following MDI stimulation.
Each of these observations was consistent with the working model that p21 inhibition of Cdk2
activity suppressed G1/S phase transition. To further explore this premise, density-arrested cells
were stimulated with and without MDI in the presence and absence of helenalin. Lysates were
harvested at 12 hr post-treatment and cell cycle proteins immunoblotted as illustrated in Fig.7.
Comparing protein profiles between cells collected at density arrest versus 12 hr post-MDI in the
absence of helenalin demonstrated that mid-G1 phase progression was characterized by a
dramatic accumulation of p21 and Cyclin D1 as well as a modest increase in Cdk4 and Cdk?2
protein levels. Although concomitant treatment with helenalin suppressed the modest increase in
both Cdks, it had no discernable effect of the marked increase in Cyclin D1 accumulation
resulting from MDI stimulation. These data demonstrated that aspects of mid-G1 progression
remained intact with helenalin treatment further supporting the notion of G1 phase growth arrest
near the point of G1/S transition.

Figure 7: Helenalin does not inhibit accumulation of Cyclin D1 at mid-G1
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Total cell lysates were harvested from density-arrested 3T3-L1 preadipocytes at 0 hr and 12 hr following exposure to MDI in the absence and
presence of 3uM helenalin (HLN) for 12 hr and immunoblotted as indicated.




DISCUSSION

Adipocyte hyperplasia, defined as the proliferation of preadipocytes and their subsequent
differentiation into mature adipocytes, contributes to the development of obesity, a chronic
disease that is reaching pandemic proportions in developed and developing nations (Hausman et
al., 2001;Prins and O’Rahilly, 1997). The CKIs, p21 and 27 are critical in regulating adipocyte
hyperplasia as gene ablation of p21 and/or p27 leads to a dramatic increase in adipocyte number
and fat mass accumulation in mice (Naaz, Holsberger, lwamoto, Nelson, Kiyokawa, and Cooke,
2004). Using 3T3-L1 as a cell model of adipocyte hyperplasia, we demonstrate that the
phytochemical helenalin dose-dependently inhibits preadipocyte replication by mediating G1
phase arrest. While a cytotoxic effect of helenalin has been well documented in tumor cells
(Dirsch et al., 2001b;Lee et al., 1977;Gertsch et al., 2003;Grippo et al., 1992), our data
demonstrate that under the conditions used in this study, helenalin-mediated G1 arrest did not
result in PARP and caspase-3 cleavage suggesting that growth arrest was not simply a result of
apoptosis. The absence of sub-2n cell populations and morphological indices of cell stress further
support the cytostatic, non-cytotoxic nature of helenalin at concentrations used in our study.
Moreover, the doses of helenalin that caused apoptosis in cancer cells (10-100uM) (Huang, Yeh,
and Wang, 2005;Powis, Gallegos, Abraham, Ashendel, Zalkow, Grindey, and Bonjouklian,
1994;Grippo, Hall, Kiyokawa, Muraoka, Shen, and Lee, 1992) and healthy PHA-stimulated
PBMC cells (50uM) (Dirsch, Stuppner, and Vollmar, 2001b) were significantly higher as
compared to the dose used in this study (3uM).

Although helenalin has been shown to have anti-tumorigenic effects in cancer cells, the
mechanisms by which helenalin controls cell proliferation are yet to be determined. Our study is
the first to demonstrate, in any cell type, that helenalin treatment can lead to a dramatic
accumulation of p21 protein. Furthermore, data presented here support a novel mechanism
whereby helenalin-induced accumulation of p21 occurs through post-transcriptional processes
independent of changes in mMRNA transcript categorically ruling out stress-induced p53
activation and consequential changes in p21 gene expression. Data presented here demonstrate
that helenalin promotes nuclear accumulation of p21 as well as modest of polyubiquitylated p21
in a manner similar to that observed following blockade of the 26S proteasome. While the
precise mechanisms remains to be determined, data presented here support the premise that
helenalin-mediated suppression of proteasomal activity, either direct or indirect, contributes to
the dramatic accumulation of p21 in preadipocytes.

We have previously reported that helenalin blocks mMRNA and protein accumulation of Skp2, an
F-box protein associated with the SCF E3 ligase that functions in p27 polyubiquitylation (Auld,
Hopkins, Fernandes, and Morrison, 2006). As we have determined that Skp2 also contributes to
proteasome-dependent degradation of p21 (unpublished data), inhibition of Skp2 expression
following helenalin treatment may contribute to p21 protein accumulation. However, our
observation that helenalin increased p21 ubiquitylation, in the face of helenalin-mediated Skp2
ablation, further suggests that helenalin blocks the degradation of ubiquitin conjugated p21 in
addition to blocking processes that lead to p21 ubiquitylation. In a general sense, these data
further demonstrate that Skp2-dependent E3 ligase activity is not obligatory for ubiquitylation of
p21. Other E3 ligases, yet to be identified, are likely as p21 polyubiquitylation was shown in this
report to occur during density arrest when Skp2 is not expressed. E3 ligases such as MDM2,
shown to mediate p21 degradation of p21 independent of ubiquitylation (Zhang et al., 2004;Jin et



al., 2003), are also potential candidates through which helenalin could increase p21 protein
accumulation.

Helenalin is commercially available as a specific inhibitor of the NF-«B signaling pathway. NF-
kB is a well studied transcription factor that regulates responses to inflammatory cytokines and
its aberration leads to numerous chronic diseases. Helenalin inhibits the induction of NF-kB by
multiple mechanisms, including alkylation of the p65 subunit which subsequently prevents DNA
binding (Lyss et al., 1998) as well as modification of the NF-xB/IxB complex, thereby
preventing the release of NF-«xB form IkB and consequently inhibiting its nuclear localization
(Lyss, Schmidt, Merfort, and Pahl, 1997). Studies investigating the effect of NF-xB on p21
expression in a variety of cell-types, including epithelial cells (Seitz et al., 2000), human
Tleukemia cells (Chang and Miyamoto, 2006) and normal human keratinocytes (Basile et
al.,2003), have found NF-kB activity, and not its inhibition as would be expected with helenalin
treatment, to induce p21 mMRNA expression. As the data presented in our study clearly
demonstrate that helenalin dramatically modulates p21 accumulation independent of changes in
mRNA transcript, it is probable that helenalin functions through NF«xB independent mechanisms.
However, transcriptional mechanisms cannot be ruled out as NF«kB could regulate the expression
of a protein (e.g., an E3 ligase) that in turn regulates p21 protein levels through controlled
degradation.

Other potential mechanisms by which helenalin could induce post-transcriptional p21 protein
accumulation might involve protein-protein interactions that either restricts p21 from the nucleus
where it is degraded as well as interactions that restrict p21 from proteolytic machinery within
the nucleus. Selective compartmentalization is unlikely as we also demonstrate that helenalin
increased nuclear, as opposed to cytosolic, p21 accumulation. Within the nucleus, others have
demonstrated that p21 interaction with proliferating cell nuclear antigen (PCNA) protects p21
from proteasome-dependent degradation and promotes its protein levels (Cayrol and Ducommun,
1998). Along similar lines, the association between Cyclin D1 and p21 within the nucleus has
also been shown to increase the stability of p21 by preventing its 26S proteasome-dependent
degradation (Coleman et al., 2003). The C8a subunit of the proteasome interacts with a
degradation signal located at C-terminus of p21 and promotes its degradation (Touitou et al.,
2001), however, the association of p21 with Cyclin D1 masks this degradation signal and
prevents the proteasome-dependent turnover of p21 and increases its protein stability. As our
results demonstrate increased association between p21 and Cyclin D1 in density-arrested and
during mid-G1, this association may contribute to helenalin induced accumulation of p21 by
suppressing its proteasome-dependent degradation.

Regulation of p21 protein accumulation represents a possible mechanism linking helenalin with
G1 arrest. During mid-G1, p21 facilitates the assembly of Cyclin D1/Cdk4 complexes. However,
under conditions of increased nuclear p21 accumulation, D-type cyclins become saturated
(Coqueret, 2003) and p21 associates with Cyclin E/Cdk2 complexes, leading to conformational
changes that mask the ATP binding site of Cdk2 rendering the complex inactive (El Deiry,
2001). As Cdk2 activity is essential for S phase progression, the decrease in p21 preceding G1/S
phase transition is considered essential for cell cycle progression. Furthermore, numerous studies
have determined elevated nuclear p21 binds to and inhibits PCNA activity and subsequently
prevents DNA replication and suppresses cell cycle (Helt et al., 2004;Rousseau et al., 1999). As



helenalin promotes nuclear p21 protein accumulation during S phase progression and increased
p21-Cdk2 interactions, it is expected that elevated p21 functions to inhibit G1/S transition
contributing to G1 arrest.

In summary, this study provides novel data that demonstrate how a naturally occurring
phytochemical, helenalin, inhibits preadipocyte proliferation. Investigation of the mechanisms
responsible for G1 arrest in 3T3-L1 preadipocytes revealed that helenalin post-transcriptionally
induces p21 accumulation, at least in part, by suppressing its ubiquitin-dependent and
proteasome-dependent degradation. Moreover, the enhanced nuclear abundance of p21 and
increased associations between p21 and Cdk2 in response to helenalin are consistent with
mechanisms that suppress preadipocyte proliferation.
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