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PL-1 Imaging Cell Migration and Membrane Dynamics

Fredenick R. Maxfield
Weill Medical College of Comell University, New York, NY USA 10021

We are interested in how cells move and also how they organize and move their membranes. The
development of cell polarity in response to chemoattractant stimulation in human polymorphonudear neutrophils
(PMNs) is characerized by the rapid conversion from round to polarized morphology with a leading lamellipod at
the front and a uropod at the rear.  During PMIN polarization, the micretubule (MT) aray undergoes a dramatic
reorientation toward the uropod that is maintained during metility.  MTs were excluded from the leading lamella
during polarization and motility, but treatment with a myocsin light chain kinase inhibitor (ML-7) or the
adtin-disrapting drug, cytochalasin D, caused an expansion of the MT array and penetration of MTs into the
lamelliped. These results indicate that F-actin and myosin I-dependent forces lead tothe development and
maintenance of MT asymmetry which may act to reinforoe cell polarity through the diredted recycling of
integrin-containing vesides to the ERC during PMN migration.

We have ako examined the effects of perturbing lipid arganization by depleting plasma membrane
cholesterol levels.  Several receptor-mediated responses, such as integrin upregulation and calcum mobilization,
were largely unaffected by cholesterol depletion, indicating that this treatment did not inhibit many aspects of
receptor-mediated signal transduction.  Interestingly, cholesterol depletion did not prevent tnitial activation of the
GTPase Rac nor an initial burst of actin polymenzation, but rather it inhbited profonged adtivation of Rac and
sustained actin polymerization. These findings support a model in which the plasma membrane is organized into
domains that aid in amplifying the chemoattractant gradient and mwaintaining cell pofarizaion.

Since cholesterol is such an important molecule for proper functioning of cells a nd organisns, we have
developed took to examine the intracellular movement of sterols, using a natural flucrescent cholesterol analog,
dehydroergosterot (DHE), which has been shown to mimic many of the properties of cholesterol.  Using DHE
loaded on methyl-B-cyclodextrin, we followed this cholesterol analog in pulse-chase studies. At steady state,
DHE co-localizes extensively with transfemin (Tf), a marker for the endocytic recycling compartment (ERC), and
redistributes with Tf in cells with altered ERC morphology. Expression of a dominant-negative mutation of an
ERGassociated protein, mRme -1 (G429R), results in the slowing of both DHE and Tf receptor return to the cell
surface. [‘H]cholesterol is found in the same fraction as B1Tf on sucrase density gradients, and this fraction can
be specifically shifted to a higher density based on the presence of horseradish peroxidase -conjugated Tf in the
same organclle.  While vesicular transport of Tf and efflux of DHE from the ERC are entirely blocked in enexgy
depleted cells, delivery of DHE to the ERC from the plasma membrane is only slightly affected. Biochemical
studies performed using [*H]cholesterol show that the energy dependence of cholesterol transport to and from the
ERC is similar to DHE transport. Wk propese that a large portion of intracellular cholesterol s localized in the
ERG, and this poo! might be important in maintaining cellular cholesterol homecstasis.

References

10

- 117 =



Pierini, L. and Maxfield, FR. (2001} Flotillas of Rafts, Fore and Aft. Proc Natl, Acad, Sci, USA. 98,9471 9473,

Seveau, S., Pierini, LM, Eddy, RJ, and Maxfield, FR (2001) Cytoskeleton -dependent membrane domain
segregation during neutrophil polarization. Mol. Biol. Cell 12: 3550-3562.

Lin, §.X,, Grant, B, Hish, D., and Maxfield, ER (2001} Rme-1 Regulates the Distribution and Function of the
Endocytic Recycling Compariment in Mammalian Cells, Nature Cell Biology 3: S67.572.

Hao, M, Lin, SX,, Karylowski, 0J, Wustner , D, McGraw, TE,, and Maxfield, FR. (2002) Vesicular and
non-vesicular sterol transport in living eclls: the endocytic recycling compartment is a major sterol storage

organelle. J. Biol. Chem. 277: 609617,

Eddy RJ, Pierini LM, Maxfield FR. (2002) Microtubule Asymmetry during Neutrophil Polarization and
Migration. Mol Biol. Cell.  13:4470-83,

Maxfield, ER., and Wiistner, D. (2002) Intracellutar cholesterol transport, J Qin. Invest 110:891-898,

Pierini, L. M., Fuortes, M. Casulo, C, and Maxfield, F. R. (2003) Membrane cholesterol is aritical for asymmetric
Ractargeting during  human neutrophil migration.  J. Biol. Chem., in press.

11

- 118 —



PL-2 Imaging Analysis of Angiogenesis and Metastasis of Cancer

Robert M. Hoffinan
UGSD, AntiCancer, Inc., USA

Whole-body optical imaging f green fluorescent protein-expressing tumors and metastases.

We have imaged, in real time, fluorescent tumors growing and metastasizing in live mice. The
whole-body optical imaging system is external and noninvasive. It affords unprecedented
continuous visual monitoring of malignant growth and spread within intact animals. We have
established new human and rodent tumors that stably expréss very high levels of the Asquorea
victoria green fluorescent protein (GFP) and transplanted these to appropriate animals.
BI6F0-GFP mouse melanoma cells wers injected into the tail vein or portal vein of 6-week-old
C57BLA and nude mice. Whole-body optical images showed metastatic lesions in the brain, liver,
and bone of B16F0-GFP that were used for real time, quantitative measurement of tumor growth
in each of these organs. The AC3488-GFP human colon cancer was surgically implantad
orthotopically into nude mice. Whole-body optical images showed, in real time, growth of the
primary colon tumor and its metastatic Jesions in the liver and skeleton. Imaging was with either
a transilluminated epiflucrescence microscope or a fluorescence light box and thermoelectrically
cooled color charge-coupled devies camera, The depth to which metastasis and micrometastasis
could be imaged depended on their size. AB80-microm diameter tumor was detectable at a depth of
0.5 mm whereas a 1, 800-microm tumor could be visualized at 2.2-mm depth. The simple,
neninvasive, and highly selective imaging of growing tumors, made possible by strong GFP
flucrescence, enables the detailed imaging of tumor growth and metastasis formation. This
should facilitate studies of modulators of cancer growth including inhibition by potential
chemotherapeutic agents (Yang, M., et al. PNAS 97, 1206-1211, 2000).

Direct external imaging of nascent cancer, turnor progression, angiogenesis, and metastasis on
internal organs in the flucrescent orthotopic model.

Mouse tumor models have undergone profound improvernents in the fidelity of emulating human
disease. Replacing ectopic sc. implantation with organ-specific orthotopic implantation
reproduces human tumor growth and metastasis. Strong flucrescent labeling with green
fluorescent protein along with inexpensive video detectors, positioned externally to the mouse,
allows the monitoring of details of tumor growth, angiogenesis, and metastatic spread. However,
the sensitivity of external imaging is limited by light scattering in intervening tissue, most
especially in skin. Opening a reversible skin-flap in the light path markedly reduces signal
attenuation, increasing detection sensitivity many-fold. The observable depth of tissue is thereby
greatly increased and many tumeors that were previously hidden are now clearly observable. This
report presents tumor images and related quantitative growth data previously impossible to
obtain. Single tumor cells, expressing green flucrescent protein, were seeded on the brain image
through a scalp skin-flap. Lung tumor microfoci representing a few cells are viewed through a
skin-flap over the chest wall, while contralateral micrometastases were imaged through the
corresponding skin-flap. Pancreatic tumors and their angiogenic microvessels were imaged by
means of a peritoneal wall skin-flap. A skin-flap over the liver allowed imaging of physiclogically
relevant micrometastases originating in an erthotopically implanted tumor. Single tumor cells on
the liver arising from intrapertal injection also were detectable. Possible future technical
developments are suggested by the image, through a lower-abdominal skin-flap, of an invasive
prostate tumor expressing both red and green fluorescent proteins in separate colonies (Yang, M.,
et al. PNAS 99, 3824-3829, 2002).

A senescence program controlled by pS3 and pl6INKd4a contributes to the outcome of
cancer therapy.

p53 and INK4a/ARF mutations promote tumorigenesis and drug resistance, in part, by disabling
apoptosis. We show that primary murine lymphomas also respend to chemotherapy by engaging
a senescence program controlled by p53 and p16(JNK4a). Hence, tumors with p53 or INK4a/ARF
mutations-but not those lacking ARF alone-respond poorly to cyclophosphamide therapy in vivo.
Moreover, tumors harboring a Bcl2-mediated apoptotic block undergo a drug-induced cytostasis
involving the accumulation of p53, p16(INK4a), and senescence markers, and typically acquire
p53 or INK4a mutations upon progression to a terminal stage. Finally, mice bearing tumors
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capable of drug-induced senescence have a much better prognosis following chemotherapy than
those harboring tumors with senescence defects. Therefore, cellular senescence contributes to
treatment outcome in vivo (Schmitt, CA., et al. Cell 109, 335-3486, 2002).

Dissecting p53 tumor suppressor functions in vivo.

Although the p53 tumor suppressor acts in a plethora of processes that influence cellular
proliferation and survival, it remains unclear which p53 functions are essential for tumor
suppression and, as a consequence, are selected against during tumor development. Using a
mouse model harboring primary, genetically modified myc-driven lymphomas, we show that
disruption of apoptosis downstream of p53 by Bel? or a dominant-negative caspase 9 confers-like
p53 loss'a selective advantage, and completely alleviates pressure to inactivate p53 during
lymphomagenests. Despite their p53mull'like aggressive phenotype, apoptosis-defective
lymphomas that retain intact p53 genes do not display the checkpoint defects and gross
aneuploidy that are characteristic of p53 mutant tumors. Therefore, apoptosis is the only p53
function selected against during lymphoma development, whereas defective cell-cycle checkpoints
and aneuploidy are mere byproducts of p53 loss (Cancer Cell 1, 289-298, 2002},

Color coding Jung metastasis.

We have established stable, high-level green fluorescent protein (GFP)- or red fluorescent protein
{RFP)-expressing HT*1080 human fibrosarcoma clones. These cell lines show similar cell
proliferation potential and high frequency lung metastasis potential. The HT-1080-RFP and
-GFP clones enable simultaneous real-time dual-color imaging in the live animal. HT'1080 cells
were transduced with retroviral vectors containing GFP or RFP and the neomycin resistant gene.
Stable transformants were selected stepwise with G418 up to 800 pl/ml. Subsequently, high
GFP- or RFP-expressing clones, HT*1080-GFP or HT'1080-RFT, respectively, were selected. 3x106
cells from each clone were mixed and injected into the tail vein of SCID mice. The cells seeded
the lung at very high frequency with subsequent formation of pure green and pure red colonies as
well as mixed yellow colonies as visualized directly on excised Iungs. The lung metastases were
also visualized by whole-body fluorescence imaging and direct-view imaging in live animals
through skin-flap windows. Lung metastases were observed on the lung surface of all mice.
SCID mice well tolerated multiple surgical procedures for direct-view imaging via skin-flap
windows. Real-time metastatic growth of the two different colored clones in the same lung was
externally imaged with resolution of green, red, or yellow colonies in live animals. The color coding
enabled determination of whether the colonies grew clonally or were seeded as a mixture with one
cell type eventually dominating, or whether the colonies grew bi-clonally.
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Background
The liver has a remarkable capacity to restare its ariginal mass following injury or loss of mass. The precise

mechanisms underlying the ability of the liver to regulate its growth is not full y elucidated but it has been shown to
involve celfular proliferation stimulated by a range of growth factars including hepatocyte growth factor (HGE),
transformation growth factor-alpha (TGF-o) and epidermal growth factor (EGF) (Fausto, 2001). The cytokine,
tumour necosis factor-alpha (TNF-0), is well known to promote hepatic injury, mediated by free radicals including
reactive axygen spedies (ROS), in response to a number of stimuli includirg chronic expesure to aloohol. Recently,
however, a role TNF-t in liver regeneration has been identified (Diehl, 2000). It would now appear that in healthy
hepatocytes, TNF-x increases production of ROS by the mitochondria which in turn cause upregulationof survival
genes that alter mitochondrial membrane permeability. Originally, free radicals were believed to be solely involved
in processes ceflular injury induding damage to DNA, lipids, proteins and other components of the cell. More
recently, however, many groups have shown that free radicals are also involved in the physiological control
mechanisms induding repulation of vasaular tone, sensing of axygen tension, enhancement of signal transduction
from various membrane receptors and axidative stress r esporses that ensure the maintenance of redax homecstasis
{see Drige (2001) for a review). A dear role for free radicals in liver regeneration is emerging: In the early stage
after partial hepatectomy (PHx) in the rat, free radical production, including nitric axide (NO) & increased
(Guerrieri et al, 1999 ; Carnovale et al, 2000) which is accompanied by an increase in hepatocyte
mitochondrial membrane potential (Nishihira et al., 1986). In addition, reduced production of the free
radical nitric oxide (NO) retards the regenerative process (Rai et al., 1998 ; Wang et al., 1998 ;
Schoen et al,, 2001). Little is known about the involvement of free radicals such as NO in the
revascularisation of the liver during the liver regeneration.

In the current study we investigated the impact PHx had on the hepatic microdreulation of the
rodent liver and the involvement of free radicals, including NO, had on the development of hepatic
sinusoids during regeneration following partial hepatectomy (PHx} using intravital fiuorescence
microscopy (IVEM) (Tawadrous et a., 2001; Sun et al., 2001; Zhang et al., 2002).

Methods

A 70% PHx was performed in Lewis rats under ether anaesthesia. On days 1, 7 and 14 after PHx,
the hepatic microcireulation was investigated by IVFM following injection of sodium fluorescein
(background stain) and FITC-labelled red blood cells (RBC) {RBC velocity) and Ho33342 (nuclear
stain). In a separate study, the effect of nitric oxide synthase (NOS) blockade (I-'NAME) on the
hepatic microcirculation of the rat was investigated. In C57BL wildtype and endothelial NOS
(eNOS) and inflammatory NOS (NOS) knockout mice, the hepatic microcirculation was
investigated under control condition. At the end of some experiments, tissue samples were taken for
histological examination.

Results

In the early stages after PHx, prominent changes to the hepatic microcirculation were found
including an increase in the diameter in the terminal hepatic venules (p<0.01) and many avascular
“hepatocyte clusters” in which hepatic sinusoids were absent, particularly on day 3 after PHx.
Sinusoidal length and the number of hepatocytes per sinusoid were significantly lower on day 3
{p<0.001) but had returned to normal by day 7 after PHx. Sinuscidal diameter was significantly
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