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ABSTRACT

A quantitative assessment of rate-limiting steps in metastasis has al-
ways been challenging because of the difficulty of detecting small tumor
cell populations. We have developed a highly sensitive assay for monitor-
ing the metastatic dissemination of human tumor cellsin the chick embryo
and used this assay to investigate the relative efficacy of sequential stages
in the metastatic cascade for two malignant human tumor cells lines,
HEp3 and HT1080. Thisassay isbased on thereal-time PCR amplification
of human alu sequences and exhibits a high sensitivity (25 cellglung) with
a large linear range (50-100,000 cell/lung). The assay is optimized for a
high number of replicatein vivo assays (50—100 animals/assay) and can be
applied in both experimental and spontaneous metastasis models. Using
quantitative alu PCR, we determined that HEp3 spontaneously metasta-
sizesvery efficiently and rapidly, generating secondary growth in thelung
exceeding 1-2 x 10* cellg/lung in 7 days. I n contrast, spontaneous HT 1080
metastasis is 50-100-fold less efficient, resulting in only 200—400 cells/
lungin 7 days. By taking advantage of the sensitivity and specificity of the
real-timealu PCR assay we wer e also ableto quantitatively assess multiple
steps in metastasis including intravasation, arrest of tumor cells in sec-
ondary organs of the embryo, and theinitial growth and expansion of the
arrested tumor cells. A comparative analysis of HEp3 and HT1080 me-
tastasis demonstrates that the relatively low-to-moderate metastatic rate
of HT1080 is caused by two distinct deficiencies, an 8—10-fold lower rate
of intravasation and a delayed onset of HT1080 growth expansion in the
secondary organ. Thus, avery facile metastasis model system coupled with
the sensitive, real-time PCR-based assay allows for the identification and
quantification of rate-limiting steps in the metastatic cascade for select
human tumor cell lines.

INTRODUCTION

Metastatic dissemination of a neoplasia to secondary sites is the
primary cause of death among cancer patients (1-3). Both experimen-
tal investigations and clinical observations have established that, in
order for a tumor cell to hematogenously disseminate, it must intra-
vasate into the circulation, arrest at a secondary site, and initiate
secondary growth (1, 2, 4—8). The sequential nature of this metastatic
cascade implies that failure to complete even one of these steps
eliminates the possible development of secondary colonization. This
theory is corroborated by both clinical and laboratory observations
that demonstrate that metastasis is inherently inefficient (9-13). An
understanding of the relative contribution of each progressive stagein
this metastatic cascade to the overall efficiency of metastatic dissem-
ination would provide critical insight into the rate-limiting steps of
metastasis.

Several anima models have been developed to investigate the
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metastatic properties of human tumor cells. The study of human tumor
cell metastasis requires the use of an immunodeficient anima model,
such as severe combined immunodeficient mice or avian embryos,
and an effective end point assay in which the secondary growth can be
assessed, such as morphometric quantitation of lung colonies. Previ-
ous quantitative observations, in separate investigations with distinct
models, have indicated that the effective success of each step in the
metastatic cascade can vary depending on the tumor-cell gene expres-
sion profile (14—18) as well as the interactions of the host microen-
vironment with the tumor cells (7, 12, 19-21) However, to date, very
little is known about the relative contribution of individua stepsin the
cascade to the overall success of metastasis. This is in great part
because of the lack of a model that allows for the high throughput of
samples required for quantitative studies, as well as the absence of an
assay that can quantitatively assess subtle changes in the tumor-cell
population within secondary organs.

The chick embryo model haslong been used for the investigation of
angiogenesis and oncogenesis (22-25). However, the many innova-
tive studies of L. Ossowski [Kim et al. (4), Yu et al. (16), Ossowski
and Reich (26)], and also A. Chambers [Koop et al. (15), Chambers
et al. (27), McDonald et al. (28)] have established the chick embryo
as a useful model for the investigation of tumor cell metastasis. This
model offers many advantages including: (a) a naturally immuno-
deficient host that accepts transplantation from various tissues and
species and is amenable to both experimental as well as spontaneous
metastasis; (b) extra-embryonic membranes that are connected to the
embryo through a continuous circulatory system and that are readily
accessible for experimental manipulation and observations; and (c) a
comprehensive in vivo experimental system that recapitulates al of
the steps in the metastatic cascade and is neither expensive nor time-
or labor-intensive. Several methods for semiquantitative analysis of
metastasis in the chick embryo have been developed including mor-
phometric assessment of individual metastasized cells (26, 29), selec-
tive outgrowth of metastasized cells (27), detection of microscopic
tumor colonies (28), and the detection of human uPA* activity (26,
30). Because the duration of the assay is limited to a 7-9- day window
available before the chick hatches, most tumor cells cannot produce
macroscopically visible colonies in secondary organs before the ter-
mination of the assay. As a result, the more difficult detection of
micrometastases becomes an inherent part of the chick model system.

The analysis of individual tumor cells in tissue extracts by phase-
contrast microscopy and the detection of fluorescently labeled tumor
cellsin intact tissues by video-microscopy has made possible a direct
morphometric quantitation of individual cells and micrometastases
(28). Although the use of the latter methodology has extended semi-
quantitative analysis of metastasis to a broader spectrum of tumor
cells, this process remains labor-intensive and is restricted to analysis
of the organ surface using specialized video microscopic equipment.
The quantitative detection of human uPA activity within secondary
organs of the embryo (26, 30) is a convenient method but is limited to

4 The abbreviations used are: UPA, urokinase-type plasminogen activator; GFP, green
fluorescent protein; CAM, chorioallantoic membrane; GAPDH, glyceraldehyde-3-phos-
phate dehydrogenase; chGAPDH, chicken GAPDH.
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metastasizing cells that express moderate to high levels of uPA.
Although each of these methods allow the investigator to determine
whether metastasis has occurred, their limited sensitivity restricts
studies to the analysis of highly metastatic tumor cells and limits the
quantitation of multiple metastatic events.

Recently, PCR-mediated amplification of human specific-alu se-
quences was used for semiquantitative detection of intravasated tu-
mors cells in the lower CAM of the chick embryo (4). We have
adopted and modified this approach to develop a highly sensitive,
real-time PCR based system that allows for the quantitative detection
of human cellsin al of the chick organs. With real-time alu PCR, the
detection of metastasized cells over a linear range of 5 X 10" —
1 X 10° cellglung is made possible for the analysis of experimental
as well as spontaneous metastasis. Furthermore, the sensitivity and
range of alu PCR dlows for the analysis of individua steps in the
metastatic cascade, including the early events in metastasis (intrava-
sation and arrest) as well as the subsequent growth of secondary
colonies. The present study characterizes the quantitative alu PCR
assay and implements this methodology for the end point analysis of
metastasis by several human tumor cell lines. More importantly,
however, the relative contribution of intravasation, arrest, and growth
to the total metastatic dissemination of human tumor cells is assessed,
and the identity of multiple rate-limiting steps in metastasis is pre-
sented.

MATERIALS AND METHODS
Cell Culture

HT1080, (fibrosarcoma), A549 (lung carcinoma), HelLa (cervica carcino-
ma), WI38 (human embryo lung fibroblasts), and Hs746t (gastric carcinoma)
were obtained from the American Type Culture Collection (Manassas, VA).
HEp3 (epidermoid carcinoma) cells including the M+ and M — variants were
obtained as described previously (26, 30-32). MDA MB 435-4A4 (breast
carcinoma) cells were akind gift from Dr. D. Tarin (University of California-
San Diego Cancer Center, La Jolla, CA). Cells were cultured in DMEM (Life
Technologies, Inc., Gaithersburg, MD) supplemented with 10% FCS (Hy-
Clone, Logan, UT). Cell cultures were maintained at 37°C in 5% CO,/95% air
and passaged at confluence. GFP-expressing cell lines were generated by
transducing cultured cells with the retroviral vector plEGFP from Clontech
(Palo Alto, CA) according to the company’s instructions.

Chick Embryo Metastasis Assay

Spontaneous Metastasis. Fertilized White Leghorn eggs (SPAFAS,
Storrs, CT) wereincubated in arotary incubator at 38°C with 60% humidity for
10 days. At this time, the CAM was dropped by drilling a small hole through
the eggshell into the air sac and a second hole near the allantoic vein that
penetrates the eggshell membrane but not the CAM. The CAM is dropped by
applying a mild vacuum to the hole over the air sac. Subsequently, a cutoff
wheel (Dremel, Racine, WI) was used to cut a square 1-cm? window encom-
passing the second hole near the allantoic vein to expose the underlying CAM.
Cultured human cells were detached by trypsinization, washed with complete
medium and resuspended in serum free DMEM. Before a 25-ul inoculum of
0.25-1 X 10° tumor cells was added, the CAM was gently abraded with a
sterile cotton swab to provide access to the mesenchyme. The windows were
subsequently, sealed and the eggs were returned to a stationary incubator. The
eggs remained in the incubator for 1-7 days, after which the extra-embryonic
tumor and CAM, as well as the embryonic lung, were harvested and analyzed
for the presence of tumor cells by quantitative alu PCR as described below. In
some experiments, a 50-mg wet weight of other intra-embryonic organs was
harvested and analyzed in parallel with the lung. A schematized version of the
spontaneous metastasis assay is illustrated in Fig. 1.

Experimental Metastasis and Analysis of Secondary Growth. Fertilized
White Leghorn eggs were incubated as described above for 12 days. Before the
injection of cultured cells, the alantoic vein was exposed by removing the
overlaying eggshell and by rendering the eggshell membrane transparent with

a drop of minera oil. Cultured cells were detached using nonenzymatic
cell-dissociation solution, washed, and resuspended in serum-free DMEM at
40 X 10° cellgml. After delivering 0.5-5 X 10° cells in 100 ul into the
alantoic vein of each embryo, the eggs were returned to a stationary incubator
and remained there for an additional 1-7 days. At distinct time points, the lung
or lower CAM was harvested from each embryo, as described below, and was
processed for the detection of tumor cells.

Intravasation. The ability of tumor cells to intravasate from the primary
tumor into the circulation was assessed by the detection of human tumor cells
in the lower CAM as described previously (4). In brief, suspensions of tumor
cells were applied to the CAM through a 1-cm? window cut in the eggshell, as
described above for spontaneous metastasis. At indicated time points, the
upper portion of the eggs, including the upper portion of the CAM, was
removed and the embryo and yolk were decanted so as to expose the lower
CAM. Using a 1-cm internal diameter brass cork borer, we collected two
separate portions of the CAM, which accounted for approximately 1/10 of the
lower CAM (1.6-cm?), from each embryo. The two sections of the lower CAM
were combined and genomic DNA that was extracted from these tissues was
analyzed for the presence of human tumor cells.

Quantitative Detection of Human Tumor Cell Metastasis

The detection of human tumor cells in chick lung was based on the
quantitative detection of human alu sequences present in chick lung DNA
extracts and is a modification of the method developed by Kim et al. (4).
Genomic DNA was extracted from harvested tissues using the Puregene DNA
purification system (Gentra Systems, Minneapolis, MN). To detect human
cellsin the chick tissues, primers specific for the human alu sequences (sense:
5" ACG CCT GTA ATC CCA GCA CTT 3’; and antisense: 5’ TCG CCC
AGG CTG GAG TGC A 3') were used to amplify the human alu repeats
present in genomic DNA that was extracted from chick tissues. The real-time
PCR used to amplify and detect alu sequences contained 30 ng of genomic
DNA, 2 mm MgCl,, 0.4 um each primer, 200 um DNTP, 0.4 units of Platinum
Tag polymerase (Invitrogen Corporation, Carlsbad, CA), and a 1:100,000
dilution of SYBR green dye (Molecular Probes, Eugene, OR). Each PCR was
performed in a final volume of 10 ul under 10 ul of minera oil with the
iCycler iQ (Bio-Rad laboratories, Hercules, CA) under the following condi-
tions: polymerase activation at 95°C for 2 min followed by 30 cycles at 95°C
for 30 s, 63°C for 30 s, and 72°C for 30 s. A quantitative measure of
amplifiable chick DNA was obtained through amplification of the chick
GAPDH genomic DNA sequence with chGAPDH primers (sense: 5° GAG
GAA AGG TCG CCT GGT GGA TCG; antisense: 5' GGT GAG GAC AAG
CAG TGA GGA ACG) using the same PCR conditions described for alu. The
fluorescence emitted by the reporter dye was detected online in real-time, and
the threshold cycle (Ct) of each sample was recorded as a quantitative measure
of the amount of PCR product in the sample. The Ct is the fractiona cycle
number at which the fluorescence generated by the reporter dye exceeds a
fixed level above baseline. When indicated, the alu signal was normalized
against the relative quantity of GAPDH and expressed as ACt =
(Ctgappn — Ctyw)- The changes in alu signal relative to the total amount of
genomic DNA (and, hence, changesin the quantity of human DNA in the chick
tissue) were expressed as AACt = ACt. o — ACt eament RElIVE changes
in metastasis were then calculated as 2*4°T. Each assay included a negative
control, a positive control, a no-template control, and the experimental samples
in duplicate.

To approximate the actual number of tumor cells present in each tissue
sample, a standard curve was generated through quantitative amplification of
genomic DNA extracted from a seria dilution of HEp3 cells mixed with
individual chick lung homogenates. By interpolating the alu signal from
experimental samples with the standard curve, the actual number of tumor
cells/lung could be determined over a range of 50—100,000 cells/lung. Data
processing and statistical analysis were performed using GraphPad Prism
(GraphPad Software Inc., San Diego, CA) and Microsoft Excel (Microsoft
Corporation, Redmond, WA).

Immunohistochemical and Fluorescent Detection of Metastatic Cells

GFP-expressing tumor cells were visualized in situ using whole mounts of
tissue harvested from tumor-bearing animals. Whole mounts were prepared by
placing the tissue on a glass slide and surrounding it with a bead of vacuum
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grease before applying the glass coverslip. Fluorescent tumor cells were
observed using standard fluorescent microscopy (Olympus BX60; Olympus,
Melville, NY). For IHC staining, each tissue was frozen in Tissue-Tec mount-
ing media (Sakura Finetek, Torrance, CA) and sectioned at 6 um using a
cryostat. Frozen sections were fixed in zinc-formalin for 15 min, rinsed briefly
with PBS, and subsequently incubated with blocking buffer (3% BSA in PBS
for 2 h) before the addition of primary antibody (2 wg/ml in blocking buffer for
24 h). Specific binding of the primary antibody was detected by the addition
of biotin-conjugated goat antimouse antibodies (1 wg/ml for 2 h) followed by
peroxidase-conjugated neutravidin (1:500; Pierce, Rockford, IL), which was
visualized using 3,3'-Diaminobenzidine (DAB) reagent (Sigma, . Louis, MO).
Each sample was counterstained using Gills hematoxilin (Sigma). Samples were
analyzed using transmitted light microscopy (Olympus BX60; Olympus). Digital
images were acquired using the C-view imaging software (DVC, Austin, TX) and
further processed using Photoshop (Adobe, San Jose, CA).

RESULTS

Quantitative Detection of Human Tumor Cellsin Chick Tissue.
Chick embryos, when inoculated with 1-5 X 10° HEp3 cells onto
their CAM, developed large primary tumors (200500 mg) within 7
days (Fig. 1). Although the lungs from these tumor-bearing chick
embryos did not display any visible metastatic colonies at 7 days (Fig.
2A), immunohistochemical analysis of lung tissue with anti-HEp3
antibodies indicated the presence of numerous metastatic foci
throughout the tissue (Fig. 2B). The rapid spontaneous metastasis of
these human tumor cells was confirmed through fluorescent imaging
of GFP-producing HEp3 cells, which readily disseminated from the
growing primary tumor to form, by day 7, a scattering of metastatic
colonies throughout the lung (Fig. 2C). Such microscopic analysis of
lung metastasis, however, is laborious, often difficult to quantitate,
and does not subscribe easily to large numbers of replicate samples.
Nonmicroscopic analysis of spontaneous, metastatic dissemination of
HEp3 cells in the chick embryo had previously been achieved indi-
rectly through biochemical measurements of in vivo passaged second-
ary organs (26, 30). However, a direct quantitative measurement of
metastasis is required for the in-depth analysis of early events in
metastasis as well as for observing changes during the temporal
progression of metastasis.

Alu repeat DNA sequences are specific to all human cells and are
completely absent from chick tissue (33). Kim et al. (4) took advan-
tage of this and used alu repeat-sequence PCR to monitor the intrav-
asation of human tumor cells into the chick embryo vasculature. We
used this feature and designed a real-time PCR-based method for the
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Fig. 1. The chick embryo metastasis model. In the spontaneous metastasis model,
human tumor cells are inoculated onto the CAM at embryonic day 10 and allowed to form
atumor by incubating the inoculated eggs for 7 days. At embryonic day 17, the primary
tumor and secondary organs such as lung are harvested. Genomic DNA is extracted from
the secondary organs and analyzed by conventional or quantitative real-time PCR for the
presence of human alu repeat sequences and chGAPDH.

quantitation of disseminated metastatic human tumor cells based on
the real-time amplification of alu repeat sequences present within
embryonic tissues from tumor-bearing chick embryos. To determine
the range and sensitivity of this method, increasing numbers of HEp3
cells (25 to 400,000) were added into a homogenate of single, indi-
vidual chick embryo lungs. The total genomic DNA was extracted
from each of the homogenates, and 30 ng of DNA was subjected to
quantitative real-time alu PCR. The alu threshold cycle (Ct,,), the
cycle at which the alu PCR product becomes detectable above back-
ground signal, was determined at each cell concentration (Fig. 2D, top
panel). alu sequences were readily detected from 25 cellg/lung up to
400,000 cells/lung and could be quantified over a range extending
from 50 to 100,000 cells/lung. Extracted DNA also was subjected to
conventional alu PCR and agarose gel electrophoresis. This method
yielded an increasing amount of a single 224-bp product (alu) that was
detectable from 400 cellg/lung to 100,000 cellg/lung but the signal was
not linear over thisrange (Fig. 2D, bottom panel). Using the real-time
assay and plotting Ct,,,, as a function of the number of cellglung, a
standard curve could be generated with alinear range over 4 log units
and a sensitivity of 50 cells/lung, readily alowing for the quantitation
of HEp3 cells in chick tissues (Fig. 2E). When another human tumor
cell (HT1080) was added in increasing numbers to individual chick
embryo lungs and the total extracted DNA subjected to real-time alu
PCR, a similar standard curve was obtained (Fig. 2E). The total DNA
content of HEp3 and HT1080 differed, possibly because of differing
chromosomal content, and, athough this could result in a dlightly
differing magnitude for the two standard curves, the slope and range
of the curves for the two cell lines were nearly identical.

To correlate the amount of the alu PCR signal (and thereby the
amount of human tumor cell metastasis) to the amount of amplified
genomic DNA (and thereby the amount of chick tissue), we used the
chGAPDH gene as an interna control against which the alu signal
was normalized (Ctygappr — Ctau = ACH). The relative amount of
metastasis within an experiment is expressed as 24, where
AACt = ACtgniror — ACleament (SE€ “Materials and Methods’). A
value above 1.0 indicates metastasis above the level of the control,
and values below 1.0 indicate a proportional decrease in metastasis.
We can, thus, express the level of metastasis both as the number of
human cellg/lung or as an integral value of metastasis relative to the
control. Both measurements are useful because the former provides
insight into the actual number of tumor cells found within given
tissues, and the latter provides a means by which to project relative
changes in metastasis and facilitates the comparison of separate,
independent experiments.

Spontaneous Metastasis of Human Tumor Cells Analyzed by
Quantitativealu PCR. Totest the sensitivity and applicability of this
assay, we compared the spontaneous dissemination and lung coloni-
zation of highly metastatic HEp3 (M +) cells and the low metastatic
variant, HEp3 (M —), the malignancy of which islost on long-term in
vitro culture (32, 34, 35). In previous investigations, it was not
possible to detect tumor cells directly in the lungs of HEp3 (M —)
tumor-bearing animals using standard morphometric or enzymatic
measurements (29, 31, 32). We used the above-described real-time alu
PCR to determine directly the number of tumor cells/lung in HEp3
M+ and M — tumor-bearing animals (Fig. 3A). Quantitative rea-time
PCR of chGAPDH was used to verify the presence of equivalent
amounts of amplified genomic DNA (Fig. 3A, bottom panel). These
data demonstrated that in excess of 11,000 cells were detected in the
lungs of HEp3 M+ tumor-bearing animals, whereas only 1000 cells
were detected in the lungs of HEp3 M —- tumor-bearing animals (Fig.
3B). Significantly, the 1000 cells in the lungs of the HEp3 M—
tumor-bearing animals were easily detected, yielding a Ct,, of 17-19
(Fig. 3A), which demonstrated that, even though HEp3 M — cells had
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Fig. 2. Detection and quantitation of HEp3 spontaneous metastasis in the chick embryo model. Seven days after 5 x 10° HEp3 cells were placed on the CAM, the newly formed
tumor and the embryonic lung were harvested (A). Immunohistochemical staining of lung sections with HEp3 specific antibodies (B, < 400) or fluorescent microscopic analysis of lung
whole mounts containing GFP-expressing HEp3 cells (C, X400) were used to illustrate the metastatic dissemination of HEp3 to the lung. Alu PCR was used to amplify alu repeat
sequences in human (HEp3) DNA. Quantitative real-time alu PCR was performed on genomic DNA extracted from the indicated number of HEp3 cells seridly diluted into individual
chick embryo lung homogenates (D, top panel). These samples also were analyzed by conventional alu and chGAPDH PCR, followed by agarose gel electrophoresis (D, bottom panel).
Real-time quantitative alu PCR was used to generate a standard curve from 2.5 X 10" to 4 X 10° HEp3 or HT1080 cells/lung by plotting the Ct against the number of cells per lung
(E). The data are representative of three separate experiments performed in quadruplicate.

significantly reduced metastatic capabilities, a direct measure of their
lung metastasis was readily accomplished using quantitative alu PCR.

HT1080 fibrosarcoma cells are considered highly malignant cells
and are used in many investigations of human tumor-cell invasion and
metastasis. HEp3 cells are used by far fewer laboratories but, never-
theless, appear to be distinctly highly malignant both in immunocom-
promised mice and chick embryos (29, 30, 36). A direct comparison
of the malignant, metastatic behavior of HT1080 and HEp3 cells has
never been reported. Quantitative alu PCR was used to analyze and
compare the time- and dose-dependent nature of the spontaneous
metastasis of these tumor cells. Both HEp3 and HT1080 are tumor cell
lines that readily form well-vascularized primary tumors on the chick
embryo CAM and appear to be capable of intravasating into the chick
circulation (4). HEp3 M+ was able to spontaneously disseminate
from the primary tumor and colonize the lung in a reproducible,
dose-dependent manner with asfew as 5 X 10* implanted HEp3 cells
yielding detectable metastasis (Fig. 4). In contrast, the largest HT1080
tumor cell inoculum onto the CAM (1 X 10° cells) resulted in
relatively low levels of spontaneous metastasis, 400 cellg/lung. Even
though the primary HT1080 CAM tumor size frequently exceeded

500 mg, HT1080 lung metastasis from a 1 x 10° cell inoculum was
less than that of the low metastatic HEp3 M — cells arising from only
a5 X 10°-cel inoculum (Fig. 4). When equivalent cell inocula
(5 X 10°%) were compared, the extent of HEp3 M+ metastasis was
70-fold higher than HT 1080 metastasis for the same period of time (7
days) and from approximately the same primary tumor burden. Al-
though the actual extent and magnitude of HT1080 dissemination to
the lung were limited, the observed quantitation of 200—400 cells/
lung/7 days was a clear demonstration of the sensitivity of the assay.
Furthermore, it also manifested the true spontaneous metastatic ability
of the HT1080 because severa other human tumor cell lines, includ-
ing Hs746T and A549 (Fig. 4), were not detected in the lungs of
tumor-bearing animals after 7 days of primary tumor growth.
Experimental Metastasis of Human Tumor Cells. There are
important aspects of metastasis, such as survival in the vasculature,
arrest in the secondary organ, and subsequent secondary growth, that
can be directly addressed using the more frequently used experimental
metastasis approach (i.e., i.v. delivered tumor cells). The model of
experimental metastasis for human tumor cellsismainly carried out in
immunodeficient mice. We used alu RT-PCR to expand the use of
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Fig. 3. A comparative analysis of spontaneous metastasis by M+ and M — HEp3 cells.
Seven days after placing 5 X 10° M+ and M— HEp3 cells on the CAM of day-10
embryos, the lungs from tumor-bearing animals were harvested and subjected to quanti-
tative rea-time alu PCR (A, top panel). Quantitative real-time PCR of chGAPDH was
used to confirm the presence of equivaent quantities of host genomic DNA (A, bottom
panel). Human alu and chGAPDH real-time amplification were compared with conven-
tional PCR in four replicate lung samples (A, agarose gel insets). In B, quantitative
detection of HEp3 cells in the embryonic lungs was analyzed, both as the relative amount
of metastasis normalized against the amount of host DNA and as the actual number of
cells detected per lung (numbers above the error bars) calculated from the standard curve
in Fig. 2E. The data are representative of two consecutive experiments. For each data
point, n = 9.

experimental metastasis in the chick embryo by anayzing the ability
of several human tumor cell linesto colonize the embryonic lung after
i.v. injection (Fig. 5A). The results indicated that 5 X 10* HEp3 cells
are much more aggressive in experimental metastasis than other
human tumor cell types inoculated at 2 X 10° cells. HT1080 cells,
although less experimentally metastatic then HEp3, were substantially
more metastatic then some breast carcinoma cell lines (e.g.,, MDA-
MB-435) and lung carcinoma cell lines (e.g., A549). The chick
embryo model coupled with the alu PCR-based assay was able to
clearly distinguish nonmetastatic human tumor cell lines such as
Hel a, from the relatively low metastatic cell types such as A549 and
MDA-MB-435 (Fig. 5A). To confirm that the observed differences
between the various numbers of detectable human tumor cells in the
lungs (Figs. 4 and 5A) were not caused by the widely varying levels
of total DNA or alu repeats in the different cell types, the following

experiment was carried out: Chick embryo lungs were spiked with
1000 cells of each cell type, and total DNA was extracted from the
lung/cell mixtures and analyzed by alu PCR (Fig. 5A, inset). The
results demonstrated that each cell type yields comparable alu signal
when extracted from lung tissue.

By taking advantage of the broad quantitative range of alu PCR, we
also were able to analyze and compare the dose-dependent experimental
lung colonization of HEp3 and HT1080. Although experimental lung
metastasis was dose dependent for both HEp3 and HT 1080, the extent of
metastasiswas significantly lessfor HT1080 than for HEp3 (Fig. 5B). For
equivaent cel injections (2 X 10° cells), experimental metastasis of
HT1080 was 8-10 times lower than that of HEp3.

Quantitative Analysis of the Metastatic Cascade. Although it
was apparent that HT1080 cells overall were metastatically less effi-
cient than HEp3 cells, from strict end point determinations carried out
for the metastasis assays described in Figs. 4 and 5, it was difficult to
ascertain what step(s) in the metastatic cascade was (were) rate
limiting. To explore possible rate-limiting steps that might differ
between the two cell types, we used quantitative alu PCR to carry out
atemporal analysis of the cascade.

To analyze the progression of tumor cell arrest and lung coloniza-
tion during experimental metastasis, a time course was performed in
which the number of HEp3 and HT1080 cells in the lung was
determined a 2 h and at 1, 3, 5, and 7 days after the injection of
1.5 X 10° cells (Fig. 6A). This temporal analysis, involving detection
of arelatively small number of arrested tumor cells (<1,000) at very
early times after injection, and a large number (>50,000) after 5-7
days of growth, was made possible by the sensitivity and quantitative
range of real-time alu PCR. From the analysis, it was clear that a small
number of HEp3 cells, initialy arrested in the lung (~600 cells),
begin to proliferate amost immediately, doubling in cell number each
day and rapidly expanding over the 7 days to form metastatic colonies
approaching 100,000 total cells (Fig. 6A). These quantitative meas-
urements were affirmed by microscopic analysis using GFP-express-
ing HEp3 cells, which were observed to arrest as single cellsat 2 h
postinjection but subsequently grew to form multicellular colonies
(>50 cells/colony) at 7 days postinjection (Fig. 6B). The temporal
progression of HT1080 cells in experimental lung metastasis was
quite different: From the time course (Fig. 6A), it is clear that,
although an almost equal number of HT1080 and HEp3 cells initialy
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Fig. 4. A quantitative analysis of spontaneous metastasis in the chick embryo using
different human tumor cells. Real-time alu PCR was used to compare dose-dependent
spontaneous metastasis of HEp3 (M+) with the metastasis of HEp3 (M—), HT1080,
Hs746T, and A549 cells. Each indicated tumor cell inoculum was applied topically to the
CAM on embryonic day 10, and lungs from tumor-bearing animals were harvested on day
17. Metastasis is presented both as the relative amount of metastasis normalized against
chGAPDH and as the actual number of human cells per lung (numbers above the error
bars). The data are representative of three consecutive experiments. For each data point,
n=>5,
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Fig. 5. A quantitative analysis of experimental metastasis in the chick embryo. In A,
tumor cells were introduced into the chick embryo by injection of the indicated number
of cellsinto the alantoic vein on embryonic day 12. The lungs were harvested on day 19.
Total DNA extracted from the harvested lungs was analyzed by real-time alu PCR. The
number of cells per lung was calculated from the standard curve in Fig. 2E. To confirm
that each cell type would give comparable detection in chick tissue, lung homogenates,
spiked with 1000 cells from each cell type, were processed and analyzed by alu PCR to
obtain a Ct alu value (A, inset). B, a dose-dependent colonization of chick lung by HEp3
and HT1080 was analyzed by real-time alu PCR to compare the experimental metastatic
capabilities of the two cell types. N/A*, embryonic death occurred when 5 X 10° HEp3
cellswereinjected. The data are representative of three consecutive experiments. For each
data point, n = 5.

arrested in the lung (~500—600), the HT1080 cells did not appear to
proliferate and expand until much later, because ~1000 HT1080 cells
were still present in the lung after 3 days, and ~8000 HEp3 cells were
detected at this same point in the time course. This delay in the onset
of HT1080 growth resulted after 7 days in a 6-fold reduction overall
in HT1080 lung metastasis compared with HEp3 (82,500 HEp3 versus
14,800 HT1080). Microscopic observation of GFP-expressing
HT1080 cells confirmed that single-cell density for HT1080 cells at
2 h was similar to that of HEpS3, and that, after 7 days, the HT1080
multicellular metastatic colonies appeared smaller (Fig. 6B). Addi-
tional experiments using various numbers of inoculated HT1080 cells
confirmed that lung-arrested HT1080 cells clearly manifested a dis-
tinct lag in growth initiation, very similar to that shown in Fig. 6A,
whereas HEp3 cells exhibited no such lag. This resulted in an ex-
panded number of metastatic HEp3 cells that at the 7-day end point is
7-12-fold higher than that of HT1080.

Intravasation during Spontaneous Metastasis. Although de-
layed initiation of HT1080 growth in the lung accounted for the
approximately 10-fold difference in experimental metastasis between
the two human malignant cell types, it could not account entirely for
the dramatic (60—100-fold) difference between spontaneous metasta-
sis of HEp3 and HT1080 cells (Fig. 4). This discrepancy suggested
that, during spontaneous metastasis, HT 1080 cellswere deficient in an
additiona rate-limiting step(s) of the metastatic cascade. To further

explore other possible rate limiting steps, we used quantitative alu
PCR to investigate the rate of tumor-cell (HT1080 and HEp3) intrav-
asation.

The appearance of human tumor cells in the tissue and vasculature
of thelower CAM was used as a measure of intravasation (4). Primary
tumor growth was initiated by inoculating 5 X 10° tumor cells (HEp3
or HT1080) onto the CAMs of 70 embryos. After 3, 5, or 7 days of
primary tumor growth, the lower CAMs of 20—30 embryos were
excised and analyzed for the presence of intravasated tumor cells (Fig.
7A). It would appear that primary tumor growth must reach a critical
level before any escaping tumor cells can enter the circulation, be-
cause no cells, or few cells (<50), intravasated by day 3 (Fig. 7).
However, by day 5, intravasated HEp3 (5,800 cells) and HT1080 (600
cells) were readily detectable in the lower CAM. The 10-fold differ-
ence in intravasation between the two malignant cell lines continued
into day 7 when 34,700 HEp3 cells and 2,700 HT1080 cells were
detected in the lower CAM. These results indicated that under spon-
taneous metastasis assay conditions, HEp3 cells were escaping from
the primary tumor and entering the embryonic circulation (appearing
in the lower CAM) at a 10-fold higher rate than HT1080 cells.

It is possible that the observed difference in cell numbers in the
lower CAM between HEp3 and HT1080 was not attributable specif-
icaly to an intravasation rate but to a differential in arrest or deposi-
tion of the two cell types in the lower CAM. It aso is possible that
similar to the situation in the lung (Fig. 6), there may have been a
substantial difference between the two cell types in their growth rate
or initiation of growth in the lower CAM that could have contributed
partially to the difference in the final number of (growing) cellsin the
lower CAM that we measured at day 5 and day 7 (Fig. 7A). These
possibilities could be addressed by carrying out a direct i.v. inocula-
tion of the two cell types and following with time the number of cells
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Fig. 6. Growth of arrested cellsin the lung during experimental metastasis. An analysis
of metastatic growth in the lung during experimental colonization was performed using
real-time alu PCR of genomic DNA extracted at 2 h and at 1, 3, 5, and 7 days after i.v.
injection of 1 X 10° or 2 X 10° HEp3 and HT1080 cells, respectively (A). Initial arrest
and growth of the tumor cells was confirmed by fluorescent microscopy of GFP-
expressing tumor cells during experimental colonization of the chick lung at 2 h and 7
days postinjection (B, X200). For each data point, n = 5.
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Fig. 7. A quantitative comparative analysis of tumor cell intravasation in the chick
embryo. During spontaneous metastasis, the appearance of intravasated tumor cellsin the
lower CAM was analyzed at 3, 5, and 7 days after the topical inoculation of 5 X 10° tumor
cells (A). The appearance of tumor cells in the lower CAM was anadyzed during
experimental metastasis to confirm that HEp3 and HT1080 have equivalent ability to
arrest and grow in the lower CAM (B). The arrest and growth in the lower CAM was
analyzed using quantitative alu PCR of genomic DNA extracted at 2 hand at 1, 3, 5, and
7 days after i.v. injection of 1.5 X 10° HEp3 and HT1080 cells. The data presented is a
summation of two separate experiments, in which, for each data point, n = 6 (intravasa-
tion) or n = 10 (growth). *, in B at day 7 in the lower CAM, the amount of human alu
detected exceeds the linear range of the standard curve.

present in the lower CAM. This approach, bypassing the intravasation
step, and through the use of the alu real-time PCR assay, alows for
the accurate measurement in the lower CAM of initidly arrested cells
and the subsequent growth of those arrested cells. The results of the
time course measurements are presented in Fig. 7B. At 2 h postin-
oculation the number of lower CAM-arrested HEp3 cells (3600) was
nearly equal to the number of HT1080 arrested cells (3850). At day 1,
before any significant cell growth expansion could occur, the number
of lower CAM cells for HEp3 and HT1080 remained approximately
the same (4500 and 4050, respectively). These results indicated that
no new tumor cells had arrived in the lower CAM after 2 h, and, thus,
the 2-h value of ~4000 cells each was indeed a true measurement of
initial cell arrest. After day 1, both cell types initiated vigorous cell
growth because two or three cell divisions appeared to have occurred
by day 3 (Fig. 7B). In the ensuing 4 days, the HEp3 cells and the
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HT1080 cells grew and expanded in the lower CAM at approximately
equal rates (Fig. 7B). Thus, there was no significant difference be-
tween HEp3 and HT1080 in the initial tumor cell arrest, in the
initiation of cell growth within the lower CAM, or in the overal in
vivo growth rate of the two cell types. These results ruled out differ-
ential arrest and/or differential growth in the lower CAM, and sub-
stantiated that there was a 10-fold difference in the spontaneous
intravasation rate of HEp3 over HT1080 (Fig. 7A).

Rate-limiting Stepsin the M etastatic Cascade. Spontaneous me-
tastasis of HT1080 cells was 60—100-fold lower than that of HEp3
cells (Fig. 4) and are likely attributable to a significant deficiency in
one or more rate-limiting steps of the metastatic cascade. To deter-
mine whether our analysis of the metastatic cascade could account for
multiple deficiencies, we expressed all of the acquired quantitative
results on HT1080 intravasation, arrest, and growth in secondary
tissue asrelative values compared with HEp3 cells. In this comparison
(Fig. 8), an indication of the identity and relative contribution of those
rate-limiting steps became apparent. The 8—10-fold reduction in the
intravasation rate of HT1080 was clearly a mgjor contributor to the
diminished metastasis of HT1080. In contrast, the strikingly similar
efficiency of tumor cell arrest for HT1080 and HEp3, both in the lung
and lower CAM, suggested that arrest in the secondary tissue was not
rate limiting for HT1080. However, the significant lag in HT1080
growth in the lung accounted for an additional 8—10-fold reduction in
the final number of metastatic cells in the lung (Fig. 8). The combi-
nation of an 8—10-fold reduction in intravasation with an 8—10-fold
reduction in lung secondary growth, predicted a 64—100-fold overall
reduction in spontaneous metastasis, very close to the actual observed
value (Figs. 8 and 4). Thus, the rea-time alu PCR method can
quantitate individual steps in metastasis and accurately relate their
specific contribution to the overall process of spontaneous metastasis.

DISCUSSION

Investigating the metastatic dissemination of human tumor cells
requires the use of immunodeficient host animals that can accept
xenogeneic transplants. The subsequent detection of a relatively few
disseminated human cells in a background of large numbers of xeno-
geneic host cells, furthermore, requires a sensitive, human-specific
monitoring assay. We have combined the accuracy, range, and sen-
sitivity of real-time PCR with the previously demonstrated specificity
of alu sequences (4) to generate a method that alows for direct
guantitative detection of metastatic human cells. Using rea-time alu
PCR, human tumor cells can be detected in the chick embryo lung
with as few as 25 cells/lung and can be quantified in alinear range of
50-100,000 cells/lung. The method lends itself easily to both exper-
imental and spontaneous metastasis approaches and is readily applied
to most organs and tissues. Furthermore, because it simply uses total
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Fig. 8. Relative efficacy of the individual metastatic processes for HT1080 and HEp3. The efficacy by which each cell type intravasates, arrests, and grows within a secondary organ
was analyzed, calculated, and presented with the mean value of HEp3 normalized to 1.00. Spontaneous metastasis was quantified by subjecting lung genomic DNA from tumor-bearing
animals to alu PCR as described in Fig. 4. Genomic DNA extracted from the lower CAMs from the same animals was used to analyze the level of intravasation (as described in Fig.
7A). To quantify tumor cell arrest in the lung or the lower CAM (L. CAM), each organ was harvested 2 h after i.v. injection of 1.5 X 10° HEp3 or HT1080 cells and subjected to alu
PCR. Overall growth during experimental colonization by HEp3 and HT 1080 cells was assessed by harvesting lungs and L. CAM from animals 7 days after they were given injections
of 1.5 X 10° HEp3 or HT1080 cells and subjecting the genomic DNA to alu PCR.
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DNA extracted from host tissue and requires no additional processing
beyond the PCR, a relatively large number of replicate samples
(50—-100 animals) can be anayzed in a single experiment. In both
spontaneous and experimental metastasis assays, alu PCR demon-
strated that some nonmetastatic and nontransformed human cell lines
were incapable of metastasizing to the lung, whereas metastatic cell
populations grew exponentially during the duration of the assay.
These observations indicate that the detection of alu sequencesin the
lung is a representation of active dissemination of cells and not a
passive accumulation of cellular debris. The method, because it mon-
itors alu amplification in real-time, is not only sensitive but also
extends over a very wide range in cell numbers. This feature allows
direct examination of whole organs, assuring the monitoring of an
entire metastatic cell population.

Quantitative analysis of metastasis and metastatic processes has
been addressed previously by Chambers et al. (37) using in vivo video
microscopy. Such analyses provide the advantage of monitoring in-
dividual metastatic cells in tissues for their proliferative or apoptotic
state as well as their invasive and migratory behavior (38). In recent
years, microscopic approaches using cells expressing GFP have, in-
deed, provided valuable information on individua steps in the meta-
static cascade (5, 39). In some instances video-microscopy can match
the quantitation of the PCR-based approaches. However, the alu
PCR-based method described herein does not require specialized
microscopic equipment, is not as labor-intensive as real-time micro-
scopic imaging, and is not limited to those secondary organs and
tissues that can accommodate microscopic infiltration. More impor-
tantly, the real-time alu PCR-based method can very simply provide
quantitative information on selective steps in metastasis as they di-
rectly relate in the same animal model to the overall efficiency of
spontaneous metastasis.

We have taken advantage of the above-described attributes of
real-time alu PCR to analyze, quantitate, and compare the ability of
two human tumor cell types to complete the individual steps in the
metastatic cascade. Experimental metastasis, as well as the more
challenging process, spontaneous metastasis, have been examined.
The two cell types compared were HEp3, a unique, highly metastatic
cell that is studied by only a few laboratories, and HT1080, a very
well-studied but only alow-to-moderately metastatic human cell type.
Both HEp3 and HT1080 form highly vascularized, 200-500 milli-
gram primary tumors on the CAM of the developing chick embryo.
However, these two human cell types have never been directly com-
pared in the same metastasis model system. We reasoned that a
quantitative study of the two tumor cell types might alow for iden-
tification of those cellular properties that convey high metastatic
potential, or conversely might allow for elucidation of those distinct
characteristics of the low-metastatic cell that negatively regulate ag-
gressive, malignant behavior.

Our initial analysis of spontaneous metastasis demonstrates that
HEp3 primary tumor cells disseminate to the lung very efficiently
resulting in 1-2 X 10" cells/lung after 7 days. In contrast, the same
size primary cell inoculum of HT1080, results in the metastatic
dissemination of only 200—400 cells/lung after 7 days (Fig. 4).
Although there is as much as a 100-fold difference in spontaneous
metastasis between the two cell types, the sensitivity and extensive
range of the real-time alu PCR allowed for both of them to be
quantified. In contrast to spontaneous metastasis, there is only a
6-10-fold difference between the rate of experimental metastasis of
these two cell types (Figs. 5 and 6). This differential between spon-
taneous and experimental metastasis strongly indicated that, relative
to HEp3, HT1080 metastasis encompasses at least two rate-limiting
steps. One step appears to be restricted to spontaneous metastasis, and
an additional step(s) seems to be associated with postintravasation

events integral to experimental metastasis. Primary tumor growth,
neovascularization, and intravasation are unique to spontaneous me-
tastasis. However, primary tumor growth and neovascul arization were
similar for both cell types, and in, fact, HT1080 primary tumors
appeared larger and more vascularized than HEp3 tumors.® Therefore,
intravasation, a key process bypassed by experimental metastasis, was
the primary candidate for a rate-limiting step. Kim et al. (4) demon-
strated that analysis of the lower CAM provides a valid method for
monitoring intravasation. When we applied our real-time-based PCR
analysis to HEp3 and HT1080 intravasation (Fig. 7), it became quite
apparent that intravasation was a rate-limiting process for HT1080
tumor cells. It had long been suggested by Weiss et al. (11) that
intravasation is one of the critical steps in metastatic dissemination of
tumor cells. In fact, several cell lines selected for their metastatic
capacity under experimental metastasis conditions were thought to be
deficient in intravasation because their metastatic advantage is lost
during spontaneous metastasis (9, 40). Kim et al. (4) documented that
some tumor cells are clearly deficient in intravasation and indicated
that the specific proteolytic ability of tumor cells to breach the
vascular wall is the critica event in intravasation. More recently,
Wyckoff et al. (39) used video microscopy to demonstrate that distinct
differences in primary tumor cell intravasation can account partially
for the significant difference in spontaneous metastasis of two mam-
mary adenocarcinoma cell lines. It was suggested that a chemotactic-
like movement of highly metastatic cells toward blood vessels and
their ability to avoid fragmentation on intravasation, were critical
features.

Our observed 10-fold difference in intravasation rates between
HEp3 and HT1080 could indeed be caused by differences in the
proteolytic capacity of the two cell types. However, the key proteo-
lytic components for intravasation as indicated by Kim et al. (4),
MMP-9 and uPA/uPA receptor (UPAR), are expressed by both cell
types. Distinct differences in the migratory/invasive properties be-
tween HEp3 and HT 1080 also can be observed. In analyzing primary
tumors and metastatic colonies of GFP-expressing tumor cells, we
have observed that HEp3 cells are highly motile within the tissue. Not
only do HEp3 cells readily disseminate from the primary tumor into
the mesenchyme of the CAM, but they also form lung colonies which
are loosely dispersed with little contact between neighboring cells
(Figs. 2 and 6). Many single isolated HEp3 cells appear to be migrat-
ing away from the main colony. In contrast, most HT1080 colonies
are compact with defined borders, suggesting that these cells are less
motile and disperse slower within the tissue. Whether these pheno-
types are a result of quantitative differences in proteolytic capability
or caused by differences in adhesive interactions between the tumor
cells and the host tissue microenvironment is unknown but will be the
subject of future studies.

The 10-fold differentia in intravasation rate between HEp3 and
HT1080, although substantial, cannot fully account for the 50—100-
fold difference in spontaneous metastasis of the two cell types. It
would appear that other rate-limiting steps in the metastatic cascade
must be differentially manifested by HEp3 and HT1080. Previous
investigations have indicated that selective tumor cell arrest in the
microvasculature of the secondary organ is a critical event in metas-
tasis (7, 41, 42).The multiple selecting factors that appear to control
tumor cell arrest include platelets, coagulation components, mucins,
lectins, integrins, and other molecules on the surface of the arresting
tumor cell or the vascular endothelial cell. However, we found no
difference in the ability of HEp3 and HT1080 to arrest in either the
lung or the lower CAM. The consistent detection of similar quantities

5 Unpublished observations.
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of HEp3 and HT1080 cells during their initia arrival (1-2 h) and
during later periods (1-3 days) in the metastatic process, strongly
indicates that both cell types have similar rates of arrest. Other studies
in both the mouse and chick embryo aso indicated that initial tumor
cell arrest does not appear to differ significantly between poorly
metastatic and highly metastatic cells (15, 43).

In contrast to tumor cell arrest, a time course of tumor cell growth
and expansion in secondary tissue indicated that the initiation of
growth by arrested HT1080 cells was a critical element of metastatic
inefficiency. The actual number of HT1080 cellsthat arrest in the lung
in the first 2 h is maintained for 3 days, whereas HEp3 cells in an
identical environment progressively grow and expand (Fig. 6). It is
not possible to determine whether the constant number of HT1080
cells over time is a reflection of a balanced proliferation/apoptotic
rate, or a reflection of transient HT1080 dormancy. Nevertheless, a
clear delay in the expansion of the HT1080 population is observed.
This result corresponds with previous work which suggest that the
initiation of growth, or lack thereof, by arrested tumor cells is a rate
limiting step in metastasis (43). Furthermore, whereas growth initia-
tion is delayed in the lung, no such delay is observed in the lower
CAM. This tissue-selective initiation of growth suggests that the
microenvironment of the lung is less conducive to initiating HT1080
growth, possibly reflecting the existence of key elements of tissue-
specific growth. The long-term failure to initiate growth is known to
lead to dormancy of occult tumor cells (12, 44). The survival of
dormant tumor cellsis of major clinical importance because activation
of dormant cells is thought to be the primary cause for relapse of
neoplastic disease in treated cancer patients (45, 46). Further insight
into the delay of HT1080 growth initiation and its apparent resump-
tion may provide insight into the factors that regulate tissue-specific
dormancy of occult tumor cells.

Although metastasis, arrest, growth, and intravasation have been
studied in separate investigations and with different models (4, 19, 21,
39, 47-49), this is the first study to quantitatively analyze both
spontaneous and experimental metastasis coordinately, as well as to
provide a quantitative assessment of the individual steps in the met-
astatic cascade. The identification of two separate rate-limiting steps
in HT1080 metastasis and their relative contribution to spontaneous
lung metastasisillustrates that the acquisition of metastatic abilities by
a tumor cell is multifaceted and that each step in the metastatic
cascade that is “mastered” provides a quantitative contribution to the
overall progression of metastasis. Although we have delineated two
deficiencies in a low-to-moderately metastatic human tumor cell,
HT1080, the study underscores the uniquely and highly efficient
metastatic ability of HEp3 cells. This epidermoid carcinoma cell line
appears to have no limits to its aggressive behavior. It is rapidly
metastatic in chick embryos, in mice, and in the original patient from
which it was isolated (50). It intravasates at a high rate and rapidly
proliferates in secondary organs. The present investigation and several
studies of L. Ossowski [Kim et al. (4), Yu et al. (16), Ossowski and
Reich (34), Ossowski et al. (36), Aguirre-Ghiso et al. (44), and
Ossowski (51)] clearly indicate it to be one of the most highly
metastatic human tumor cells available for study. That it is 100-fold
more metastatic than the popular and well-studied HT1080 cell line,
indicates that HEp3 also is well worthy of further investigation.

Although the chick embryo model and the alu PCR detection
system lend themselves easily to metastatic HEp3 analysis and with
the enhanced sensitivity to HT1080 analysis, anumber of other human
tumor cell lines did not yield detectable lung metastasis within the
7-day primary tumor growth period. However, if one implants a
higher number of primary tumor cells (>1 X 10°) on the CAM and
extends the in vivo incubation out to 9 days (the last day before
embryo hatching), the detection and quantitation of other metastasiz-

ing human tumor cells is feasible. We have now detected in the chick
embryo, lung metastasis of the human neuroblastoma cell, SKNBE2,
the human colon carcinoma cell, DLD-1, and the human prostate
cancer cell, PC3 (data not shown).

The quantitative analysis of rate-limiting steps in metastasis as
presented in this study provides critical insight into the relative
contribution of individual stepsin the metastatic cascade to the overall
efficiency of metastasis. This method of investigation can lend itself
readily to the investigation and identification of molecular effectors
that might diminish the metastasis of highly metastatic cells, such as
HEp3, or conversely, facilitate the metastasis of relatively low meta-
static cells such as HT1080. Furthermore, when such specific effector
molecules are identified, it will be possible to quantitatively address
their therapeutic capabilities or targeting potential.
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