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Graphical Abstract

A system integrating multi-photon imaging with a microfluidic coculture assay was
developed to investigate the effects of the bone microenvironment on phenotypic

response and activation of ROS-producing enzymes in prostate cancer.
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Insight Statement

Using a system that integrates multi-photon imaging techniques with a microfluidic
coculture platform, we are able to couple mechanistic or enzymatic endpoints with
phenotypic or functional assays on the same cell population and enable insight into the
linked activity of enzymes and cellular response. Leveraging the unique capabilities
enabled by this system, we were able to investigate the influence of bone stromal cells
on the response of prostate cancer cells and suggest a possible mechanism for this
invasion through the ROS-producing enzyme, APAO through the measurement of total

and protein-bound FAD.
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Abstract

In prostate cancer, bone is a frequent site of metastasis; however, the molecular
mechanisms of this tumor tropism remain unclear. Here, we integrate a microfluidic
coculture platform with multi-photon imaging based techniques to assess both
phenotypic cell behavior and FAD fluorescence intensity and fluorescence lifetime in the
same cell. This platform combines two independent assays normally performed with two
different cell populations into a single device, allowing us to simultaneously assess both
phenotypic cell behavior and enzyme activity. We observed that the osteotropic prostate
cancer cell line (C4-2B), when in coculture with bone marrow stromal cells (MC3T3-E1)
have increased protrusive phenotype and increased total and protein-bound FAD as
compared to their parent cell line (LNCaP). We hypothesized that an increase in ROS-
generating APAQO activity may be responsible for these effects, and found that the
effects were decreased in the presence of the antioxidant N-Acetyl Cysteine (NAC).
This suggests that an ROS-related signaling mechanism at the bone metastatic site
may be correlated with and play a role in increased invasion of metastasizing prostate
cancer cells. The studies enabled with this combined platform will lead to new insight

into the mechanisms that drive prostate cancer metastasis.
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Introduction

In prostate cancer (PCa), bone is a frequent site of metastasis, with 90% of
patients with metastatic prostate cancer displaying lesions in the bone upon autopsy [1].
While there has been much investigation into the role of biologic, genetic, epigenetic,
and tissue microenvironmental changes, the molecular mechanism(s) of this tropism
remains unknown [2]. Accumulated evidence has shown that excess reactive oxygen
species (ROS) often observed in human and animal PCa cells and tissues play a key
role in PCa recurrence and progression to castrate-resistant PCa (CRPC). ROS-
induced hydroxylation and nitrosylation of DNA and proteins in normal prostatic epithelia
and PCa tissues have been shown in various studies [3, 4, 5, 6]. Pairs of cancer and
normal tissues from the same PCa patient [7] or from the same transgenic animal
developing spontaneous PCa [8] were analyzed and showed that ROS-induced
macromolecular modifications are significantly higher in the PCa cells as compared to
their normal epithelial counterparts both in mice and men. ROS levels are higher in
invading adenocarcinomas as compared to the normal prostatic epithelia [4, 5], with
hydroxyl and nitric oxide radicals related to cellular oxidative stress as a putative
compound responsible for PCa cell invasion and migration [9, 10]. ROS may activate
more than one mechanism to help androgen-dependent PCa (ADPC) cell survival and
proliferation in the absence of androgen as well as its metastasis to distant organs
leading to PCa progression to CRPC.

The JunD-androgen receptor (AR) complex initiates a metabolic pathway in PCa,
which is a likely mechanism for ROS production [11, 12, 13, 14, 15]. Within this

pathway, acetyl derivatives of spermidine and spermine are oxidized by flavin adenine
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dinucleotide (FAD)H,-bound enzyme acetyl polyamine oxidase (APAO), which releases
FAD along with the production of excess ROS H,0O; in highly polyamine enriched PCa
cells [16, 17, 18]. Increased APAO activity in cancer cells will result in an increase in
the FAD concentration within the cell due to enhanced FADH; to FAD interconversion
[14, 15, 19, 20]. Recently, the incorporation of multiphoton excitation [21] and photon-
counting techniques [22] have made it possible to estimate FAD in cancer cells and
tissues through intrinsic fluorescence of the molecule. This method can be used to
estimate total FAD as well as bound/free FAD related to increased APAQO activity on a
single cell-level.

The ability to couple mechanistic or enzymatic endpoints such as western blots,
mRNA analysis, ELISA, etc. with phenotypic or functional assays (typically the gold
standard Transwell platform [23]) have enabled researchers to discern which of many
mechanisms of action may be responsible for the general invasive phenotype observed
in cancer cells. However, the integration of multiphoton microscopy with traditional
invasion assays can be limited by the need for high-resolution microscopy compatible
glass-bottom trays with analytes in close proximity to the bottom surface. There has
been increasing development of microfluidic platforms to look at cellular invasion [24,
25, 26] and the invasion of cancer cells in the bone microenvironment [27], but their
adaptation for use with multiphoton imaging technology is limited.

Here, we assessed prostate cancer cell behavior and FAD fluorescence as a
marker for ROS-producing APAO activity in response to bone marrow stromal cells.
This was enabled by integrating multi-photon imaging techniques with a microscopy

compatible and novel microfluidic coculture platform to provide a multiplexed functional
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and enzymatic activity assay (Figure 1). This platform is simple to set up and operate,
as all steps during set up and use require only a pipette to operate compared to many
closed microfluidic systems. Additionally, this platform offers several advantages over
traditional assays. First, the integration of two independent assays normally performed
with two different cell populations into a single device and assay. Second, the need for
limited cell numbers and reagents enables one to screen more conditions than would be
possible using traditional assays. Third, the matrix used can be customized, in a way
that is easier and most cost-effective than traditional platforms. These advantages
enable the potential for new mechanistic insight into the role of ROS in prostate cancer
metastasis to bone.

Results and Discussion

Characterization of prostate cancer cell line behavior in response to MC3T3-E1s
using a microfluidic coculture assay

To investigate mechanisms by which the bone specific microenvironment
influences prostate cancer cells, we developed a microfluidic coculture assay and
characterized the assay using two prostate cancer cell lines, LNCaP, a prostate cancer
cell line isolated from a patient’'s lymph node and C4-2B a variant of LNCaP cells
isolated from animal bone-metastatic lesion [28]. We used the assay to examine the
effects of MC3T3-E1 cells, a cell line that can be differentiated toward an osteoblast-like
cell type that is representative of the bone microenvironment.

In initial experiments, MC3T3-E1 cells were differentiated toward an osteoblast
lineage and seeded on the sidewall of a microchannel. A collagen | hydrogel coating

was then added and LNCaPs or C4-2Bs were seeded into the channels (Figure 1B).



Integrative Biology

The hydrogel coating method, viscous finger patterning, has been previously
characterized and it was found that the hydrogel layer has a thickness of approximately
87+/-8um [29]. After a period of 24 hours, the percentage of protrusive versus rounded
cells in each channel were counted and compared to control channels in which MC3T3-
E1s were not added prior to collagen coating (Figure 2). We observed that C4-2Bs
show a statistically significant increase in percentage of cells with protrusions, when in
coculture with MC3T3-E1s as compared to monoculture. This difference was not seen
for LNCaP monoculture and coculture with MC3T3-E1s.  Each channel had
approximately 30 cells within the imaging region (i.e. excluding ports). A minimum of
three channels were used for each experiment, with three independent experiments
analyzed for each data set.

Using the number of cells with protrusive phenotypes as the assay readout
enables researchers to quickly perform and analyze experiments as a clear cellular
response is usually observed in as little as 24 hours (using our chosen model), and
does not require advanced imaging techniques. However, as we have shown below,
more advanced imaging and analysis techniques can be easily integrated with the
platform for more in-depth mechanistic studies. While a protrusive phenotype alone
does not prove invasion, the formation of cellular protrusions is often a first
phenotypically observed step in cellular invasion and can indicate an invasive capacity
[30, 31, 32].

The cells used for this investigative study were LNCaPs, an androgen-dependent
invasive cell line isolated from a patient's lymph node, and the bone-metastatic,

androgen-independent invasive C4-2B cell line derived from LNCaP cells injected into
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animals along with a bone marrow cell line. As medium containing 2% FBS was used in
experiments limited androgen was added to the system. Thus, the androgen-
dependent LNCaPs were not expected to have invasive characteristics towards the
bone stromal cell model [11, 33, 34]. Due to the specific ability of the C4-2Bs to be
androgen-independent and invasive to bone, the effect of the bone stromal cells was of
interest. Even though, MC3T3-E1 cells are heterologous, these cells have been used to
mimic human pre-osteoblastic cell lines due to similarities in secretions [35, 36]. The
increased percentage of C4-2Bs with cellular protrusions, when placed in coculture with
MC3T3-E1s demonstrates the influence of this cell line on the behavior of the C4-2B
cell line.
C4-2B response to an added matrix factor

As a proof-of-principle experiment, we investigated the effects of incorporating a
matrix protein (osteopontin) into the collagen | hydrogel coating. Osteopontin is a matrix
protein that is secreted by osteoblasts and osteoblast-like cells such as MC3T3-E1s
[37]. As shown in Figure 3, when osteopontin was added to the matrix, the percentage
of C4-2B cells with protrusions in monoculture was increased to similar levels as seen in
coculture with MC3T3-E1s. Adding osteopontin to the matrix in coculture experiments
did not significantly affect the percentage of protrusive C4-2Bs. The ability to easily
customize the matrix by incorporating other factors into a collagen | gel is a significant
advantage of this assay. In comparison, traditional coculture assays such as Transwell
assays usually use a standardized hydrogel coating that is not user-defined and would
be more expensive to modify due to the amount of reagents needed.

Interactions between C4-2B and MC3T3-E1 influence behavior of C4-2Bs
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Media containing 2% FBS was conditioned by and collected from cultures of C4-
2Bs, MC3T3-E1s, or a mixture of the two cell types after 48 hours. Using the
microfluidic coculture assay, C4-2Bs in monoculture were treated for 24 hours with the
different conditioned media and the percentage of protrusive cells was assessed (Figure
4). While no significant difference was observed in negative control channels (regular
culture media) and C4-2Bs treated with C4-2B conditioned media (C4-2B CM) , the
percentage of protrusive C4-2Bs was significantly increased, when C4-2Bs were treated
with MC3T3-E1 conditioned media (MC3T3-E1 CM). It was increased further when C4-
2Bs were treated with conditioned media from a mixed culture of C4-2Bs and MC3T3-
E1s (C4-2B/MC3T3-E1 Mix CM). A positive control with C4-2Bs and MC3T3s
cocultured within the device (denoted C4-2B/MC3T3-E1 Coculture) is included for
comparison. These results indicate that secreted factors from the MC3T3-E1s affect
the behavior of C4-2B cells, and that cross-talk interactions between C4-2Bs and
MC3T3-E1s provide the maximum effect. Further screening experiments may elucidate
the specific secreted factors and cross-talk interactions responsible for the observed
increase of protrusive C4-2Bs in coculture with MC3T3-E1s.

FAD intensity and percentage of bound FAD detected in C4-2Bs is increased in
coculture with MC3T3-E1s

To investigate a potential mechanism for the observed response of C4-2Bs to
coculture with MC3T3-e1s, we used multi-photon imaging to detect the levels of the
intrinsic fluorescent metabolites FAD and nicotinamind adenine dinuclotide (NAD)H (or
NAD(P)H) in C4-2Bs or LNCaPs in coculture with MC3T3-E1s. The results are shown

in Figure 5. Using an excitation source tuned to 890 nm with a 562/40 filter for FAD
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intensity imaging or 780 nm with a 457/50 filter for NADH intensity imaging we are able
to specifically distinguish autofluorescence due to these two molecules. We observed a
statistically significant increase in the level of total FAD intensity per cell in C4-2Bs
cocultured with MC3T3-E1s compared to monoculture (Figure 5A). Using Fluorescence
Lifetime Imaging Microscopy (FLIM) we were able to detect the percentage of bound or
free FAD or NADH (NAD(P)H) in LNCaPs or C42-2Bs under different conditions. We
observed that the percentage of bound FAD in C4-2Bs was significantly increased in
coculture. This effect was not observed when comparing LNCaP cells in monoculture
and coculture with MC3T3-E1s. No differences were observed in NADH (NAD(P)H)
intensity or the percentage of bound NADH (NAD(P)H) between these conditions.

The analysis of FAD involves two values, the total FAD fluorescence intensity,
and the ratio of protein-bound FAD to free FAD. Importantly, the concentration of FAD
and, therefore, its fluorescence intensity will increase with the activation of APAO. While
mitochondrial energy metabolism also produces free FAD, the amount of protein-bound
FAD increases with APAO and other cytoplasmic FADH,-linked enzyme activity
specifically [15]. Polyamines are produced in millimolar concentrations in the prostate
cells and thus, FAD produced due to activation of a FAD-linked enzyme involved in
polyamine oxidation pathway is likely to predominate the cellular FAD autofluorescence
over all other enzymes producing FAD. The data presented here show an increase in
both the FAD fluorescence intensity and the protein-bound/free FAD ratio. This
suggests that the increase in FAD intensity is likely not due to an increase in the
mitochondrial metabolism, but instead due cytoplasmic enzyme activity such as APAO,

which is particularly active in aggressive PCa cells [14].
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Similarly to FAD, NAD(P)H intensity and the ratio of protein-bound/free NAD(P)H
was analyzed using FLIM. NAD(P)-mediated signaling plays an important role in many
biological processes such as metabolism and has been suggested as a potential
therapeutic target for cancer treatment [38]. In the present study no significant
differences between in the fluorescence intensity of NAD(P)H or the percentage of
protein-bound NAD(P)H was observed between the LNCaPs or C4-2Bs in monoculture
or coculture with MC3T3-E1s. These observations further support the possibility that
changes in mitochondrial function between the different conditions in this particular
study are not involved in the changes in FAD previously discussed. This observation is
from a cell-based assay using a heterogeneous system and further investigation into
these findings is needed.

Although not exclusive to APAO, the increased FAD intensity suggests one
potential mechanism of ROS production. The hypothesis that the changes in FAD
intensity are not due to mitochondrial effects, is further supported by recent data
showing ROS by LNCaP and C4-2 cells are coming from cytoplasmic and extracellular
H,O, and not from mitochondrial superoxide (Basu et al, unpublished data).
Importantly, this effect was seen in the cocultured conditions, suggesting a correlation
and potential role for ROS involvement in the progression of metastatic disease and the
initiation of metastases at secondary sites, such as bone.

Protrusive response of C4-2Bs in coculture with MC3T3-E1s decreased in
presence of antioxidant N-Acetyl Cysteine
To test whether ROS were playing a role in the protrusive phenotype

observed when C4-2Bs are in coculture with MC3T3-E1s, we included an antioxidant,
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N-Acetyl Cysteine (NAC) into the culture medium (Figure 6). It was found that levels of
protrusive C4-2Bs in coculture with at least 0.5mM NAC were decreased to levels
similar to monoculture. The effect of ROS on the progression of prostate metastatic
disease has been postulated as one of the mechanisms for PCa invasion [4, 5]. In
prostate cancer patient tissues, increased protein-bound FAD to free FAD ratios have
been observed in metastases, however this pathway has not been explored on the
single-cell level [39].

Conclusions

Using a microfluidic coculture assay, we assessed the influence of bone stromal
cells on prostate cancer cells. Together our results demonstrate that cross-talk
between a bone metastatic prostate cancer cell line, C4-2B, and bone stromal cells,
MC3T3-E1, increases the protrusive phenotype, and possibly invasive capacity, of the
C4-2Bs and that effect may be mediated through an increase in ROS-producing APAO
activity as assessed by an increase in total and protein-bound FAD. While further
investigation is required, this suggests a potential link between an ROS-related
signaling mechanism and increased invasion in prostate cancer cells specifically at the
secondary metastatic site of the bone.

These studies were enabled by the integration of a novel microfluidic coculture
assay with multiphoton imaging. Importantly, the platform offers several key
advantages that have the potential to enable insight into a variety of biological studies
involving interactions between multiple cell types. This platform combines two
independent assays normally performed with two different cell populations into a single

device, allowing us to simultaneously assess both cellular behavior and enzyme activity.
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These integrated experiments require only small numbers of cells, which is a key
advantage over traditional well-plate assays and is a necessary step towards translating
this technology for analysis of human tissues. As demonstrated with the doped
osteopontin assay, various matrix factors or other microenvironmental factors can be
added and as enabled by microfluidics, can be done in a highly arrayable technique.
These techniques could be integrated with other methods of analysis or cancer models
to provide insight to other mechanisms of action for various cancers and disease sites.

Materials and Methods

Cell Lines and Maintenance

MC-3T3-E1 cells were obtained from Dr. S H Lin’s lab at MD Anderson and
maintained in MEM-alpha (no ascorbic acid, Invitrogen, Carlsbad, CA, USA) with 10%
fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA, USA) and 1%
penicillin/streptomycin (PS) (Invitrogen, Carlsbad, CA, USA). LNCaPs and C4-2Bs
were obtained from Dr. Bushman’s lab at the UW-Madison and maintained in MEM-
alpha (no ascorbic acid, Invitrogen, Carlsbad, CA, USA) with 10% FBS and 1% PS.
Cell Check services were performed at IDEXX RADIL (Columbia, MO, USA) and
showed that the LNCaP and C4-2B cell lines were confirmed to be of human origin and
no mammalian inter-species contamination was detected. The LNCaP cell line used had
an extra allele at markers THO1 and vVWA, but the genetic profile is otherwise consistent
with the genetic profile reported for this cell line. The C4-2B cell line contains an extra
allele at markers CSF1PO and D16S539 as well as a different allele at marker D13S317

and is missing the Y allele marker when compared to the LNCaP cell line genetic
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profile. The MC3T3-E1 cell line was confirmed to be of mouse origin and no mammalian
inter-species contamination was detected.
Device Fabrication

Polydimethylsiloxane (PDMS, Sylgard 184 Silicone Elastomer Kit, Dow Corning,
Midland, MI) elastomer base and curing agent were mixed at a 10:1 ratio and degassed
for 45 min under vacuum at room temperature. The degassed PDMS was then poured
over SU-8 master molds that were generated using standard soft lithography methods
[40]. PDMS was cured at 80°C for 4 h. Prior to use, devices were oxygen-plasma-
treated to bond the PDMS channels to a glass surface (the inside of a glass-bottom
Petri dish, MatTek, Ashland, ME, USA). All devices consisted of single straight
microchannels 5 cm in length 500 ym wide, 500 ym tall, with input and output port
diameters of 1mm and 1.5 mm respectively.
Assay Setup

Following device preparation, microchannels were coated with 100 pg/mL
fibronectin (FN) (Sigma-Aldrich, St. Louis, MO, USA) to facilitate adhesion of MC3T3-
E1s and collagen | coating to the channel walls. After at least 20 min incubation at room
temperature, the FN solution was aspirated from the channel. For coculture conditions
with osteoblasts on the side of the channels, 2x10° MC3T3-E1 cells/mL were seeded
into the channels in MEM-alpha (no ascorbic acid) medium with 2% FBS, 1% PS. The
channels were subsequently cultured at a 90 degree angle at 37°C overnight. This is to
enable a separation between cell types and clearer imaging as MC3T3-E1s are kept out
of the light path. Channels were then coated with a layer of 4.28 mg/mL type | collagen

(8.56 mg/ml, rat tail, BD Biosciences, Bedford, MA, USA). The collagen | hydrogel
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solution was prepared by neutralizing the collagen | stock solution in a 1:1 ratio with
HEPES buffer in 2x PBS. The collagen | solution was incubated on ice for 5-10 minutes
prior to use as an additional nucleation phase [41]. The hydrogel solution was then
loaded into the microchannels and subsequently rinsed with media via passive pumping
[42], leaving a thin coating of collagen | along the edges of the microchannel [29].
Following polymerization for 10 minutes at 37°C, LNCaPs or C4-2Bs cells were added
to the channels at a density of 1x10° cells/ml which resulted in ~30 cells per channel
(excluding ports). This process is outlined in Figure 5. Cells were cultured in Minimum
Essential Medium (MEM) a, without ascorbic acid containing 2% FBS and 1% PS.

To test the effects of secreted factors on the invasion of C4-2Bs, conditioned
media was collected from C4-2Bs, MC3T3-E1s, or a mixed culture of C4-2Bs and
MC3T3-E1s (in a ratio of 1:2 in order to more closely replicate ratio found in the device
coculture conditions). Cells were plated in regular tissue culture flasks at a
concentration of 250,000 cells/ml and incubated with MEM-a medium supplemented
with 2% FBS and 1% PS. Media was collected after 48 h. To test the effects of
incorporating other microenvironmental factors into the matrix, 0, 12.5, or 25 ng/mi
osteopontin (OPN) (Sigma-Aldrich, St. Louis, MO, USA) was added to the collagen
solution during preparation. To test the effects of reducing ROS, an antioxidant N-
Acetyl Cysteine (Sigma-Aldrich, St. Louis, MO, USA) was included in the culture media
at OmM, 0.5mM, 5mM, and 50mM. The pH of the media was adjusted as needed by
adding NaOH to the media until the appropriate pH was reached as detected by phenol
red in the media.

Phenotypic Invasion Imaging and Analysis

14
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Samples were imaged with an Olympus IX70 microscope (Center Valley, PA,
USA) and images were acquired using MetaMorph 7.5 (Molecular Devices, LLC,
Sunnyvale, CA, USA). The high-throughput data analysis platform, JeXperiment

(http://jexperiment.wikidot.com), was used to perform custom image processing and

analysis as previously described [43]. [31]Protrusive and rounded cells in each sample
channel were counted and JeXperimet was used to calculate the average increase in
the protrusive phenotype observed in each condition. Fold increase in protrusive cells
was calculated by normalizing this number to the experimental control (C4-2B cells in
monoculture). A student T-test was used to determine significant differences between
samples. P values less than 0.05 were considered to be significant.
Multiphoton Intensity and Fluorescence Lifetime Imaging and Analysis

Multiphoton laser-scanning microscopy (MPLSM) imaging was performed on an
Optical Workstation that was constructed around a Nikon Eclipse TE300 (Nikon,
Mehlville, NY). A MaiTai Deepsee Ti:sapphire laser (Spectra Physics, Mountain View,
CA) excitation source tuned to 890 nm with a 562/40 filter for FAD intensity imaging or
780 nm with a 457/50 filter for NAD(P)H intensity imaging. The beam was focused onto
the sample with a Nikon 20x Plan Apo VC air immersion lens (numerical aperture [NA]
= 0.75). Image acquisition was performed with WiscScan
(http://www.loci.wisc.edu/software/wiscscan), a laser-scanning software acquisition
package developed at LOCI (Laboratory for Optical and Computational Instrumentation,
University of Wisconsin, Madison, WI) described elsewhere [44, 45]. For volume-
rendered images, stacks were acquired and volume-rendered images were generated

using OsiriX imaging software. For three independent experiments FAD and NAD(P)H
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intensity images were collected from three samples each of LNCaPs and C4-2B in
monoculture or coculture with MC3T3-E1s in the microfluidic invasion assay. FAD and
NAD(P)H intensity images were imported into JeXperiment to enable the quantification
of the mean intensity of the images. This was divided by the number of cells in the
image to yield the average intensity per cell. A student T-test was used to determine
significant differences between samples. P values less than 0.05 were considered to be
significant.

Fluorescence Lifetime Imaging Microscopy (FLIM) was performed as described
in Skala et al [44] but using a newer electronic system for recording fast light signals by
time correlated single photon counting (SPC-830, Becker & Hickl). Single photon
counting for FLIM measurements was performed at a rate of =1 x 105 photons per s (by
adjusting the power incident on the sample). The integration time for the FLIM images
was 0 to 120 s. The instrument response function (IRF) measured with a second
harmonic signal from a urea crystal was used in the lifetime fit model. For three
independent experiments FLIM images were collected and analyzed from three
samples each of LNCaPs and C4-2B in monoculture or coculture with MC3T3-E1s in
the microfluidic invasion assay. SPClmage software (Becker and Hickl) was used to
analyze the fluorescence lifetime decay curves. The lifetime decay curve of each pixel
was fit to a double-exponential decay model, and the mean relative contributions of the
lifetime components were measured. A student T-test was used to determine
significant differences between samples. P values less than 0.05 were considered to be

significant.
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Figure 1. A) This platform enables integration of invasion and enzyme activity assays

to study the role of ROS in prostate cancer invasion. The osteoblasts interact with the

prostate cancer cells with an observed increase in protrusive cells. The increased

activity of ROS-producing APAO, as assessed by the detection of bound FAD via FLIM,

suggests one possible mechanism for this response due to ROS. B) Diagram of

microfluidic invasion assay set up. 1-The microfluidic device is seeded with MC3T3-E1s

and cultured at a 90 degree angle overnight to allow MC3T3-E1s to adhere to the side

of the device. 2-The channel is filled with a collagen | solution.

through the device via passive pumping (Walker2002) leaving behind a thin coating of
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collagen |. 4-The collagen solution is polymerized at 37 degrees C and prostate cancer
cells (LNCaPs or C4-2Bs) are seeded into the channel.  C) Schematic and volume-
rendered cross-sections of the device are shown at bottom right. Shown in the volume-
rendered cross section: 24 hours after loading LNCaPs into the channels, cells were
stained with calcein AM and imaged using multi-photon microscopy. The collagen
coating is shown in red and the cells (MC3T3-E1s on the side and LNCaPs in the center

channel) are shown in yellow. Scale bar represents 100um.
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Figure 2. A) The percentage of protrusive cells under different conditions was
determined by counting the number of LNCaP or C4-2Bs that showed protrusions into
the collagen | hydrogel after 24 hours. Scale bars represent 50um. B) C4-2Bs in
coculture with MC3T3-E1s showed a statistically significant increase in protrusive

response compared to C4-2Bs in monoculture. This effect was not observed in LNCaP
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cells. Data was collected from 3 independent experiments with 8 channels per

condition. Error bars represent standard deviation.
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Figure 3. By adding osteopontin into the collagen | hydrogel coating we were able to
demonstrate the ability to customize the invasion assay matrix. When osteopontin was
added the percentage of C4-2Bs in monoculture with protrusions increased to the level
typically observed by C4-2Bs in coculture with MC3T3-E1s. Data was collected from 3
independent experiments with 8 channels per condition. Errors bars represent standard

deviation.

23



Integrative Biology Page 26 of 28

-
N

abc

—_
(=]

Fold Increase in
Protrusive Cells

Figure 4. C4-2Bs in monoculture were cultured in conditioned media (CM) collected
from a number of different conditions: C4-2B alone (C4-2B CM), MC3T3-E1 alone
(MC3T3-E1 CM), and media from a mixed culture of C4-2Bs and MC3T3-E1s (C4-
2B/MC3T3-E1 Mix CM). The percentage of C4-2Bs with protrusions after culture under
these conditions was compared to C4-2Bs in monoculture (C4-2B Monoculture) as a
negative control and in coculture with MC3T3-E1s (C4-2B/MC3T3-E1 Coculture) as a
positive control. The letters above each bar indicate a p value less than 0.05 when
compared to the bar represented by each corresponding letter. Data were collected
from 3 independent experiments with 8 channels per condition. Error bars represent

standard deviation.
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Figure 5. A-B) Fluorescence lifetime imaging of C4-2Bs in monoculture (A) and
coculture with MC3T3-E1s (B) in the microfluidic coculture assay. Images show the
percentage of protein-bound FAD. Scale bar represents 50um. C-D) Quantification of
FAD (C) and NAD(P)H (D) fluorescence intensity in LNCaPs or C4-2Bs in monoculture
or coculture with MC3T3-E1s using multi-photon microscopy. Data was collected from
3 independent experiments with 3 channels per condition. Error bars represent
standard deviation. E-F) Quantification of the percentage of bound FAD (E) and
NAD(P)H (F) in LNCaPs or C4-2Bs in monoculture or coculture with MC3T3-E1s using
fluorescence lifetime imaging microscopy. Data were collected from 3 independent

experiments with 3 channels per condition. Error bars represent standard deviation.
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Figure 6. The antioxidant N Acetyl-Cysteine (NAC) was added to culture medium of
C4-2Bs in monoculture or in coculture with MC3T3-E1s. The percentage of C4-2Bs
showing a protrusive response to coculture with MC3T3-E1s was significantly reduced
in the presence of NAC. Data were collected from 3 independent experiments with 8

channels per condition. Error bars represent standard deviation.
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