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Abstract
Metastatic dissemination of malignant cells requires degradation of basement membrane, attachment of tumor cells to vascular endothelium,
retraction of endothelial junctions and finally invasion and migration of tumor cells through the endothelial layer to enter the bloodstream as a
1-3
means of transport to distant sites in the host . Once in the circulatory system, cancer cells adhere to capillary walls and extravasate to the
4,5
surrounding tissue to form metastatic tumors . The various components of tumor cell-endothelial cell interaction can be replicated in vitro by
challenging a monolayer of human umbilical vein endothelial cells (HUVEC) with cancer cells. Studies performed with electron and phase6
contrast microscopy suggest that the in vitro sequence of events fairly represent the in vivo metastatic process . Here, we describe an electricalimpedance based technique that monitors and quantifies in real-time the invasion of endothelial cells by malignant tumor cells.
Giaever and Keese first described a technique for measuring fluctuations in impedance when a population of cells grow on the surface of
7,8
electrodes . The xCELLigence instrument, manufactured by Roche, utilizes a similar technique to measure changes in electrical impedance as
cells attach and spread in a culture dish covered with a gold microelectrode array that covers approximately 80% of the area on the bottom of
9-12
a well. As cells attach and spread on the electrode surface, it leads to an increase in electrical impedance . The impedance is displayed as a
dimensionless parameter termed cell-index, which is directly proportional to the total area of tissue-culture well that is covered by cells. Hence,
the cell-index can be used to monitor cell adhesion, spreading, morphology and cell density.
The invasion assay described in this article is based on changes in electrical impedance at the electrode/cell interphase, as a population of
malignant cells invade through a HUVEC monolayer (Figure 1). The disruption of endothelial junctions, retraction of endothelial monolayer and
replacement by tumor cells lead to large changes in impedance. These changes directly correlate with the invasive capacity of tumor cells, i.e.,
invasion by highly aggressive cells lead to large changes in cell impedance and vice versa. This technique provides a two-fold advantage over
existing methods of measuring invasion, such as boyden chamber and matrigel assays: 1) the endothelial cell-tumor cell interaction more closely
mimics the in vivo process, and 2) the data is obtained in real-time and is more easily quantifiable, as opposed to end-point analysis for other
methods.

Video Link
The video component of this article can be found at https://www.jove.com/video/2792/

Protocol

1. Preparation
1. All steps should be performed under sterile conditions in a tissue culture hood.
2. The xCELLigence station is placed in a 37°C incubator in the presence of 5% CO2.
3. Use low passage HUVEC cells, preferably no more than passage 6. Also, make sure that the cells are no more than 75% confluent at time of
harvest.
4. HUVEC cells are grown in EGM-2 media reconstituted with EGM-2 bullet kit (Lonza Biosciences) containing growth factors, supplements and
5% fetal bovine serum.
5. All traces of trypsin should be removed from cell suspensions by spinning cells at 200xg, washing once with PBS, and resuspending them to
indicated cell densities.
6. Coat xCELLigence E-plate 16 with 0.1% gelatin for 1 hour at 37°C or overnight at 4°C. Wash plate with PBS and add 100μL reconstituted
EGM-2 media. Perform a blank reading on the xCELLigence system to measure background impedance in the absence of cells.
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2. Generating HUVEC monolayer
5

1. Harvest a sub-confluent flask of HUVEC cells by trypsinization. Resuspend cells in reconstituted EGM-2 media to a final density of 2.5 x 10
cells/ml.
4
2. To each well of a background calibrated E-plate containing 100μL EGM-2 media, add 100μL of the HUVEC cell suspension (2.5 x 10
HUVEC cells).
3. Immediately install E-Plate in the xCELLigence instrument.
4. Program xCELLigence software to perform impedance readings at 10 minute intervals.
5. Let the endothelial cells grow for 18-21 hours until they form a monolayer, as evidenced by a flattening of cell index (Figure 2).

3. Addition of invading cells and data normalization.
5

1. Once a stable HUVEC monolayer has formed, harvest tumor cells by trypsinization and resuspend to a final density of 1 x 10 cells/ml in
media used to grow tumor cells (such as RPMI or DMEM media containing 10% FBS)
2. Pause impedance readings on the xCELLigence software and remove E-Plate from the station.
4
3. Remove EGM-2 media by aspiration. Add 100μL of tumor cell suspension containing 1 x 10 cells. Generally, a 1:2.5 ratio of tumor cells :
endothelial cells seeded, works best for the assay. However, the ratio can be optimized for individual cell lines.
4. Place the E-plate on the xCELLigence system in the incubator and continue impedance readings at 10 minute intervals.
5. Invasion can be monitored in real-time over the next 6-12 hours as a drop in cell index due to the retraction of endothelial junctions and
penetration by invading tumor cells.
6. Normalize results to the time of addition of invading tumor cells. The xCELLigence software permits normalization to any time point and
results can be directly viewed in the software window.

4. Representative Results:
An example of HUVEC monolayer invasion by metastatic and non-metastatic cells is shown in Figure 3. K7M2 is a metastatic osteosarcoma cell
13,14
line. These cells express high levels of the cytoskeletal linker protein ezrin, which accounts for the invasive properties of this cell line
. When
HUVEC cells are challenged with K7M2 cells, there is a drop in electrical resistance within 6 hours. This drop in electrical resistance represents
the invasion of HUVEC monolayer by the invading tumor cells. The K12 cell-line, on the other hand, expresses much lower levels of ezrin and
13
is consequently less metastatic . Challenging the HUVEC monolayer with K12 cells results in a less steep drop in resistance as the cells are
unable to adhere to or invade through the HUVEC monolayer (Figure 3).

Figure 1. Schematic diagram of work flow process for invasion of endothelial cells by tumor cells. HUVEC cells are plated on gelatin
coated E-plates and allowed to form a confluent monolayer. Malignant cells are added once a monolayer has formed and invasion is monitored
in real-time as the cell index changes due to invasion of the endothelial monolayer.
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Figure 2. HUVEC monolayer formation. Changes in cell index as HUVEC cells attach to and spread on gelatin-coated gold electrodes. The
formation of a confluent monolayer is represented by a stabilization of cell index after 18 hours.

Figure 3. Invasion of HUVEC cells by K7M2 and K12 osteosarcoma cells. A steep decrease in cell-index occurs within a few hours of
the introduction of highly metastatic K7M2 cells. K12 cells, on the other hand, are less metastatic and are unable to penetrate the endothelial
monolayer as efficiently as K7M2 cells. This is represented by a less steep decrease in cell index when the HUVEC monolayer is challenged with
K12 cells. Control represents impedance of HUVEC monolayer in the absence of cancer cells. Experiments were performed in triplicate.

Discussion
The real-time HUVEC invasion assay is a simple, yet powerful method for monitoring invasion. It provides results in real-time, which is a
significant advantage over other traditional techniques that rely on end-point analysis. The assay can be modified to test drugs, antibodies,
ligands and proteins as inhibitors or stimulators of metastasis. The effect of different agents on endothelial/cancer cell cross-talk can be
assessed as well. When introducing exogenous agents, such as growth factors and drugs in the culture media, it is important to ensure that they
do not affect the integrity of the HUVEC monolayer. Disruption of the HUVEC monolayer can be tested by introducing the exogenous agent in
the absence of invading cells, and ensuring that there is no change in cell index. Thus, appropriate controls should be included as part of the
experimental design.
Different cell-lines demonstrate different cell-index curves as they form a confluent monolayer. The shape of the curve, as well as the maximum
cell-index attained, is cell-type specific. HUVEC cells show a characteristic transient flattening of cell index 4-6 hours after seeding, followed by
another stabilization at a higher cell index after 16-18 hours. Hence, it is important to let the cells form a confluent monolayer for at least 18 hours
before the addition of tumor cells.
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Since the cell index is dependent on the ionic environment at the electrode/cell interphase, various factors such as cell-morphology and quality
of cell-cell adhesions influence the cell-index, in addition to the area of well bottom covered. Thus, the decrease in cell index, which occurs upon
tumor cell invasion, is a function of several factors, which include the retraction of endothelial junctions and subsequent tumor cell invasion.
The xCELLigence instrument is manufactured in three different configurations: real time cell analyzer (RTCA) SP, RTCA MP and RTCA DP. The
RTCA SP instrument holds one 96-well E-plate whereas the RTCA MP instrument can hold up to six 96-well E-plates simultaneously. This allows
for high-throughput screening of drugs and compounds. The experiments in this article are performed using the RTCA DP instrument, which
can hold three 16-well E-plates. Each E-plate holding station can be independently operated, which allows multiple users to run experiments
simultaneously. The RTCA DP instrument can also be used to study migration using CIM-plates. These are 16-well plates with upper and lower
chambers separated by a polyethylene terephtalate (PET) membrane with a median pore size of 8um. The electronic sensors are located on the
underside of the porous membrane of the upper chamber. The lower chamber serves as a reservoir for chemoattractant for cells in the upper
chamber. However, a major advantage of the HUVEC invasion assay over the CIM-plates is that the tumor cell invasion in the former is not
restricted by the pore size, as endothelial cell invasion depends on cross-talk between the tumor and endothelial cells.
The HUVEC invasion assay can also be performed on ECIS Z instrument, manufactured by Applied Biophysics (Troy, NY). The ECIS Z
instrument utilizes a technology similar to the xCELLigence instrument, with differences in the array and electrode configurations. We have
successfully performed HUVEC invasion assays using the 8-well ECIS arrays. It is important to note that the well-bottom surface area is larger in
5
5
the ECIS arrays, which requires a larger number of endothelial and tumor cells to be plated: 2.5 x 10 and 1 x 10 cells respectively.
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