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Abstract

Background: Every biological experiment requires a choice of throughput balanced against physiological relevance.
Most primary drug screens neglect critical parameters such as microenvironmental conditions, cell-cell heterogeneity,
and specific readouts of cell fate for the sake of throughput.

Methods: Here we describe a methodology to quantify proliferation and viability of single cells in 3D culture
conditions by leveraging automated microscopy and image analysis to facilitate reliable and high-throughput
measurements. We detail experimental conditions that can be adjusted to increase either throughput or
robustness of the assay, and we provide a stand alone image analysis program for users who wish to implement this
3D drug screening assay in high throughput.

Results: \We demonstrate this approach by evaluating a combination of RAF and MEK inhibitors on melanoma cells,
showing that cells cultured in 3D collagen-based matrices are more sensitive than cells grown in 2D culture, and that
cell proliferation is much more sensitive than cell viability. We also find that cells grown in 3D cultured spheroids
exhibit equivalent sensitivity to single cells grown in 3D collagen, suggesting that for the case of melanoma, a 3D
single cell model may be equally effective for drug identification as 3D spheroids models. The single cell resolution of
this approach enables stratification of heterogeneous populations of cells into differentially responsive subtypes upon
drug treatment, which we demonstrate by determining the effect of RAK/MEK inhibition on melanoma cells
co-cultured with fibroblasts. Furthermore, we show that spheroids grown from single cells exhibit dramatic
heterogeneity to drug response, suggesting that heritable drug resistance can arise stochastically in single
cells but be retained by subsequent generations.

Conclusion: In summary, image-based analysis renders cell fate detection robust, sensitive, and high-throughput,
enabling cell fate evaluation of single cells in more complex microenvironmental conditions.

Keywords: Drug screen, High throughput, Image analysis, Spheroid, Organoid, Cell fate, Extracellular matrix, Melanoma,
RAF inhibitor, MAPK pathway

Background

A fundamental paradigm in cell biological studies in-
volves evaluation of cell responses to molecular pertur-
bations. These perturbations typically leverage gene
disruptions or pharmaceutical intervention to affect pro-
tein abundance or activity. Often, the responses to such
perturbations are measured on cells subjected to in vitro
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conditions under the assumption that the observed phe-
notypes would translate to similar phenotypes in vivo [1,
2]. However, emerging evidence suggests that the
three-dimensional characteristics of the cell microenvir-
onment, including matrix composition, dimensionality,
and stiffness affect cancer progression [3—6] and thus it
is unknown how the effects of drug perturbation on 2D
assays would translate to more complex assays that in
principle represent in vivo microenvironment more fully.
However, these complex assays are often considered too
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expensive or difficult to implement for pharmaceutical
candidate screening [7-9].

An additional concern during drug screening involves
differential responses to perturbation due to cell hetero-
geneity. Despite observations of drug resistance due to
inherent or acquired cell heterogeneity in drug responses
[10-12] many high-throughput assays do not measure
the single cell responses necessary to determine if a par-
tial response is due to cell heterogeneity. For example, a
compound could reduce proliferation in 100% of cells or
kill 50% of cells while leaving proliferation unaffected in
the remaining cells, but assays measure only cell number
would not detect these differences. In addition to the in-
ability to distinguish cytostatic from cytotoxic effects,
high throughput assays that employ measurements such
as cell luminescence or enzymatic conversion activity as
proxy measurements for cell number could be affected
by differences in cell state that are neither cytostatic or
cytotoxic but simply affect activity of the proxy measure
[9]. Thus, there is a need for an assay that is capable of
increasing microenvironmental complexity while retain-
ing the simplicity necessary for high throughput drug
screening studies.

Here, we demonstrate an approach for quantifying cell
fates in response to drug treatment that may be imple-
mented on common equipment in a reasonably high
throughput fashion without sacrificing cell fate informa-
tion or the ability to measure single cell responses. We
demonstrate such a microscopy-based approach using a
commonly available epifluorescence microscope and we
provide analytical software to facilitate widespread adop-
tion of this approach. Using this methodology, we evalu-
ate the effects of drug treatment on melanoma cells
cultured in 3D collagen-based matrices. Such 3D colla-
gen matrices represent a common 3D tissue culture plat-
form [13], which has been used to measure changes to
cell migration [14, 15], invasion [16], morphology [17],
and proliferation [18] as well as to determine the effects
of various drug treatments to cancer cells [19]. Cells
were treated with varying doses of the current standard
of care for mutant BRaf V600E melanoma patients [20],
a combination of Dabrafenib (Dab), a BRaf V600E in-
hibitor, and Trametinib (Tram), a pan MEK inhibitor, a
drug combination which we abbreviate as RMIC. Im-
aging was performed using a Nikon Ti epifluorescence
microscope with motorized stage and image analysis was
performed by a custom python program as well as the
open source Cell Profiler program. We use this assay to
show that cytostatic and cytotoxic effects occur at differ-
ent drug concentrations and that the cell’s microenvir-
onment influences drug effectiveness. We find that cells
grown in 3D spheroids exhibit very similar drug re-
sponses to single cells in a 3D microenvironment, in
contrast to cells grown on 2D plastic plates which are
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less sensitive than either single cells in 3D collagen or
cells in 3D spheroids. Finally, we implement this assay
on a system comprised of two different cell types in
co-culture to illustrate how different responses to drug
perturbations may be measured in heterogeneous cell
populations.

Methods

Cell lines

A375 melanoma cells harboring the BRaf V600E muta-
tion were purchased from ATCC (CRL-1619). Two PDX
cell models PDX1 and PDX2 were acquired from the
University of Michigan via Sean Morrison at UT South-
western Medical Center. PDX1, like A375, is a BRaf
V600E mutant melanoma cell line and PDX2 is a BRaf
WT melanoma cell line. HFF-1 was purchased from
ATCC (SCRC-1041). In order to discriminate cells in
co-culture, the HFF-1 cells were lentivirally transduced
with GFP-H2B nuclear marker using the PGK-H2BeGFP
system as described by Addgene and selected by flow
sorting for GFP positive cells.

Tissue culture materials

A375 cells were cultured in Dulbecco’s modified eagle
media (DMEM), with high glucose and L-glutamine was
purchased from Gibco (11965-167), supplemented with
10% fetal bovine serum (FBS), purchased from Thermo
Fisher Scientific (11965-167). HFF-1 cells were cultured
in DMEM supplemented with 15% FBS. Both PDX1 and
PDX2 primary cells were cultured in Dermal Basal
Medium purchased from ATCC (PCS-200-030), supple-
mented with adult melanocyte growth kit purchased
from ATCC (PCS-200-042), which includes rh insulin,
ascorbic acid, L-Glutamine, epinephrine, CaCl,, peptide
growth factor and M8 supplement. Phenol red free
DMEM with high glucose and L-glutamine for fluores-
cence imaging was purchased from Thermo Fisher Sci-
entific (21063-045). The phenol red free media was
supplemented with 10% FBS. Hanks balanced salt solu-
tion (HBSS), with no calcium or magnesium was pur-
chased from Gibco (14170112). PGK-H2BeGFP,
lentiviral vector to tag the nucleus of HFF1 cells was
purchased from Addgene (Plasmid #21210). Trypsin/
EDTA was purchased from Thermo Fisher Scientific
(R001100). Trypsin Neutralizer (TN) was purchased
from Thermo Fisher Scientific (R-002-100). For 3D cul-
ture, bovine collagen I with a molecular weight of ~ 300
kDa was purchased from Advanced Biomatrix (5005—
100). Collagenase Type I powder to breakdown collagen
was purchased from Thermo Fisher Scientific
(17100017). Dimethyl Sulfoxide (DMSO) was purchased
from Thermo Fisher Scientific (BP231-100). Dabrafenib,
a BRaf V600-targeting inhibitor (GSK2118436), and Tra-
metinib, a potent MEK1/2 inhibitor (GSK1120212) were
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purchased from Selleckchem. EtHd, a cell impermeant
viability marker, was purchased from Thermo Fisher Sci-
entific (E1169). Apopxin, a phosphatidylserine marker,
was purchased from ABCAM (ab176749). Hoechst
33342, nuclear stain was purchased from molecular
probes (H3570). Click-iT based imaging kit (C10340)
and flow cytometry kit (C10632) were purchased from
Thermo Fisher Scientific. CellTiter-Glo was purchased
from Promega for 2D (G7571) and 3D (G968A) assays.
Tetrafluoroethylene perfluoropropylene (FEP) tubes for
spheroid light sheet imaging were purchased from
BOLA, Germany (1815-04).

General cell culture

All 2D cell cultures were performed in 24 well plates.
Cells at ~70% confluency were washed in 1X PBS,
trypsinized, and harvested at 500 g for 5 min. The cell
pellet was then re-suspended in 1-5mL media de-
pending on the cell density. The concentration of
cells was determined using a cell counter and the di-
lution was adjusted to 500 pL per well for 24 well
plates. The cells were seeded at a final density of
15,000 cells/well and incubated overnight to allow at-
tachment to the bottom of the dish following which
drug evaluations were performed.

3D cultured single cell, co-culture and spheroids

All 3D cell culture experiments were performed in 24 or
96 well plates. Sterile 10X PBS, 1M NaOH and water
were pre-warmed in a 37 °C water-bath. The multi well
plate was pre-warmed in 37 °C incubator and an aliquot of
3.2mg/mL collagen was brought to room temperature.
Note: Cold reagents can lengthen the collagen
polymerization time, resulting in cells settling to the bot-
tom of the dish, which does not recapitulate the 3D
morphology. To create the cell pellet, cells were trypsi-
nized, harvested and re-suspended in 1-5mL media de-
pending on the cell density. The concentration of cells
was determined using a cell counter and the desired vol-
ume of cells were centrifuged to acquire a pellet with the
desired cell number. In the case of cells cultured as 3D
single cells in 96 well dishes, a seeding density of 30,000
cells/well were used and for 24 well dishes a seeding dens-
ity of 100,000 cells/well was used. To make spheroids a
density of 10,000 cells/well was used. To prepare collagen
at a final concentration of 2mg/mL from 3.2 mg/mL
stock, we combined 100 uL 10X PBS, 10uL 1 M NaOH,
250 uL water and 640 pL of 3.2mg/mL collagen stock.
The pH was measured to be between 7 and 7.4 using pH
strips. The cell pellet was re-suspended in 2 mg/mL colla-
gen and added to the pre-warmed multi-well plate. The
cells were incubated for 30 min in 37 °C incubator. Colla-
gen polymerization was observed through change in color
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of the solution from a transparent solution to a cloudy gel.
Media was then added to cells and incubated overnight.

For 3D co-culture experiments HFF1-H2B-eGFP cells
were cultured 1:1 with A375 melanoma cells. Briefly,
HFF1 mono-culture cells were seeded in 96 well dishes
at 20,000 cells/well in a 96 well. We used 20,000 cells
because cell numbers higher than 20,000 caused collagen
contraction [21]. For the co-culture A375 and HFF1 cells
were cultured at 20,000 cells/well with each cell type at
10,000 cells/well. For the co-culture we used both
DMSO and HFF1-H2B-eGFP as controls. The cells were
setup in 3D like 3D mono-cultures.

A375 melanoma spheroids were created in 3D colla-
gen by suspending single cells in collagen and culturing
them over 10 days with frequent replacement of media
to form 3D cultured spheroids. For RMIC evaluation in
3D, drug dilution was performed as described below.

Drug treatment as a function of concentration in 2D and
3D

A375, PDX1, PDX2, HFF1-H2B-eGFP mono-cultures
and A375 + HFF1-H2B-eGFP co-cultures were setup in
multi-well plates in 3D collagen and 2D culture plat-
forms as described in the methods above. For drug
evaluation, a 10 mM stock drug concentration was pre-
pared in DMSO. The cells were incubated with three
concentrations Dabrafenib and Trametinib: 10 nM Dab
+1nM Tram, 100 nM Dab+ 10 nM Tram and 1 uM Dab
+100 nM Tram with 0.02% (v/v) DMSO as control. A
2X desired concentration of the drug was first prepared
in media. This was followed by a 1:1 dilution in media,
which yielded the desired final concentration. Controls
received the same amount of vehicle (DMSO) as the
drug treated cells (0.02% v/v). The cells with drug were
then incubated for a total of 72 h. After 48 h of incuba-
tion EAU at a final concentration of 10 uM was added.
This was done by making 20 uM EdU solution which
was mixed with 2X drug and subsequently diluted 1:1
with media to give a final concentration of 10 pM EdU.
This was subsequently incubated in cells for further 24 h
to make a total drug incubation of 72 h.

Microscopy-based cell fate measurement

Following drug treatment, the media was aspirated from
the cells and incubated for 30 min with 4 pM EtHd, 2 pL
(per 100 uL media) Apopxin and 15pg/mL Hoechst
33342 in fresh phenol red free DMEM supplemented
with 10% FBS. Imaging was then performed with a
Nikon Ti epifluorescence microscope with an OKO
temperature and CO, control system regulated at 37 °C
with 5% CO,. The cells in 3D were imaged with a z-step
size of 2 um and a total of 251 steps. The filter set for
the red channel had an excitation from 540 to 580 nm
and emission at 600-660 nm, green channel had an
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excitation from 465 to 495 nm and emission from 515 to
555nm and blue channel had an excitation at 340-380
nm and emission at 435-485 nm.

To identify cells undergoing S phase of cell cycle, cells
were incubated with modified thymidine analogue EdU
for 24 h and labeled using click chemistry. Following via-
bility imaging after drug treatment, the cells in 2D and
3D were washed with 1X PBS. The cells cultured in 3D
were fixed with 4% paraformaldehyde for 30 min at 37°
C, and the cells in 2D were fixed for 20 min at room
temperature. The fixed cells were permeabilized with
0.5% Triton X-100 for 30 min in 3D and 20 min in 2D.
Note: that the 0.5% Triton X-100 was prepared from a
25% stock solution. The 25% stock should be stored at 4
°C and diluted to 0.5% before use. The Click-iT reaction
was then performed using the Click-iT EdU assay im-
aging kit with Alexa Fluor 647 fluorophore. The Click-iT
reaction was partially modified from the manufacturer’s
protocol such that the Alexa Fluor 647 azide was first di-
luted 1:100 in DMSO before adding the volume specified
by the manufacturer’s protocol, resulting in a concentra-
tion 1/100th of the recommended concentration. This
dilution needs to be optimized separately for each cell
type. If the Alexa Fluor 647 is used directly as per manu-
facturer’s protocol in 3D the dye will non-specifically
bind to the collagen, creating a high background.

RMIC treatment as a function of concentration on co-
cultures

To evaluate identification of heterogeneous cell popula-
tion using the image based assay we evaluated a
co-culture based system. HFF1 cells tagged with
H2B-eGFP were co-cultured with un-tagged wild type
A375 melanoma cells. The cells in co-culture were
seeded at 10,000 cells of each cell type per well in 3D. A
control of HFF1-H2B-eGFP cells alone were also setup
in 3D. The cells were treated with RMIC as a function
of concentration as described above and incubated for a
period of 3 days. Following RMIC incubation a modified
viability assay was performed. Since the HFF1 cells were
tagged with H2B-eGFP, we did not use Apopxin. Viabil-
ity assays were performed using Hoechst and EtHd.

A control experiment was performed to identify
H2B-eGFP pixels intersecting with Hoechst pixels, for
HFF1 cells. This would inform how efficiently we can
identify HFF1-H2BeGFP cells. Upon imaging and quan-
tification a ratio of eGFP pixels to Hoechst pixels was
then quantified for HFF1 cells upon RMIC treatment.
Viability assay was then performed to determine the
positive pixels for Hoechst, eGFP for HFF1 cells and
EtHd for total dead cells. The intersection between the
positive pixels for each channel were also acquired to
identify cells that were both GFP and EtHd positive.
This indicates death of HFF1 cells alone. The EtHd
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pixels that do not overlap with eGFP channel will indi-
cate A375 melanoma cell death. This will give us infor-
mation on the effect of RMIC on a co-culture based
platform.

Image analysis using cell profiler and data processing

To analyze all the 2D and 3D images it was important to
identify software that can be used with minimal compu-
tational experience. We identified Cell Profiler as an
ideal candidate [22] (http://cellprofiler.org). We used
Cell Profiler V 2.2. To operate Cell Profiler we estab-
lished image analysis pipelines that can accept our
multi-point z-stack images and analyzed data for positive
pixels from each channel.

The z-stack images were acquired as individual TIFF
files. A distinguishing parameter such as a unique name
for each channel was used while acquiring 3D and 2D
images. In the input module under “NamesAndTypes”
we defined the distinguishing name for each channel to
help the software separate images from different chan-
nels. We used a robust background thresholding method
to distinguish foreground (i.e. marked cells) and back-
ground regions. The pixel areas of foreground regions
were measured for each channel.

While using two dead cell markers (apopxin and
EtHd) to identify different phases of cell death, we ob-
served some cells that were marked by both dead cell
markers. To identify cells that were counted twice we
created a mask to identify overlapping regions and then
subtract that area so they are counted only once
(Additional file 1: Figure S1). For analyzing the cell pro-
liferation data the pipeline was modified to two channels
and the mask function was removed. Both the viability
and proliferation data were exported to a spreadsheet
for analysis.

To analyze the viability data we first subtracted the
overlapping pixel area of the dead cell channels (apopxin
and EtHd) from the total area of the dead cells channels.
A log (ratio + 1) of the total pixels from hoechst to the
dead cell pixels was calculated and averaged over all im-
ages acquired for a particular treatment. The average
values for each treatment were normalized to the DMSO
control; and these values were referred to as viability
scores. Analogously, proliferation scores were computed
based on averaging and normalization of the log (ratio +
1) of the total pixels from Hoechst to EAU pixels.

Parallel processing image analysis using a custom python
program to increase throughput of image analysis

Three challenges with Cell Profiler were (a) the through-
put of image analysis upon introducing signal correction
functions like illumination correction (b) the absence of
automated thresholding and (c) extended processing
time. Illumination correction is essential as raw images
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might have a strong bias towards high intensity values
towards the center of the image. To correct for these il-
lumination effects, we first use a local Gaussian with a
large variance to smooth the image. We then subtract
the background from the foreground and set any result-
ant negative values to zero because negative intensity is
impossible.

To fully automate the image processing, we need to
automatically distinguish between background and fore-
ground, hence we need automatic thresholding. To
achieve this, we need to tackle two challenges: halo ef-
fects from out-of-focus cells, and the absence of bio-
logical signal. To deal with halo effects, we adopt a
two-pronged strategy. First, we use the thresholding al-
gorithm developed by Yen and colleagues [23]. We
chose this specific algorithm because it seeks to
minimize the complexity of the thresholded image, in
addition to the standard concerns about seeking a dis-
tinct signal level. The assumption of simplicity in the
thresholded image makes sense in our domain because
the stained biological specimens are all likely to be
highly similar and uniform. As such, we observed that
the resultant threshold values capture only the in-focus
nuclei and not the irregular shapes caused by
out-of-focus halo effects. Furthermore, to avoid the ir-
regularities due to halo effects in the extremes of the
z-stacks, we only use the images at the center of the
z-stack to identify threshold values. Finally, to tackle im-
ages devoid of any meaningful biological signal, we com-
pare the threshold value acquired in each image to the
mean of the background in the same image. If the
threshold is less than ten-fold intense when compared to
the background, then we posit that the signal-to-noise
ratio is weak due to the absence of any meaningful bio-
logical signal.

Finally, the image processing code needs to scale in
order to facilitate drug screening. With this goal in
mind, we built a highly modular and parallelized solu-
tion. In one standard compute node of our cluster, we
can process 1800 images under 3 min. By submitting
multiple parallel jobs to different nodes, we can process
different wells or plates in parallel. When we leverage a
high performance computing cluster to run 16 such jobs
concurrently, we achieve a throughput of about 10,000
images per minute.

We compared the output of the python script with the
output of the CellProfiler pipeline to determine if any
systematic differences result from the different analysis
approaches. Viability images of A375, PDX1 and PDX2
were analyzed by both approaches and results are com-
pared in (Additional file 2: Figure S2). The data
indicated similar trends to Cell Profiler at lower concen-
trations for all the three cell lines. However, at the high-
est concentration of 1uM Dab +100nM Tram some
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difference could be observed for A375 and PDX2
models. A possible reason for this could be the illumin-
ation correction function that has been used in the Py-
thon script to remove background illumination light.

Evaluating effect of well size by comparing viability and
proliferation in 24 and 96 well plates

To understand if well diameter results in variable drug
efficacy, we evaluated the effect of RMIC on viability
and proliferation as a function of concentration in A375
cells in 24 well and 96 well plates. A375 cells were plated
in 2mg/mL collagen in 3D. The cells were then treated
with RMIC as a function of concentration for 3 days. On
day 2 of RMIC treatment, 10 uM EdU was added for an
additional 24 h. After 3 days total incubation, viability
and proliferation assays were performed as described
above.

Comparing imaging and flow cytometry for RMIC as a
function of concentration

To validate the robustness of the 3D imaging platform,
we measured RMIC effect on proliferation using the
flow cytometry as an independent method. A375 cells
were incubated with drugs as a function of concentra-
tion. The cells were incubated with drugs for 3 days and
on day 2 of treatment, EdU at a final concentration of
10 uM was added to the cells. Following incubation with
RMIC and EDU, the collagen was washed with Hanks
balanced salt solution (HBSS). The collagen was then
treated with collagenase as per manufacturer’s protocol
for 30 min at 37°C to breakdown the collagen com-
pletely. Media with 10% FBS was then added to
neutralize the effect of collagenase. A flow cytometry
based Click-iT reaction was performed as per manufac-
turer’s protocol. In brief, the cells were centrifuged to
collect the pellet. The pellet was resuspended in 4% PFA
for fixation and permeabilized with 1X Tween-20. The
Click-iT reaction was performed, and the flow cytometry
was gated using a negative control where the cells were
not treated with EAU. To analyze the results, a uniform
gating was setup by using the FlowJo software with a
negative control consisting of cells not subjected to the
Click-iT reaction and thus exhibiting only autofluores-
cence. The treated samples were the gated under the
same settings.

Comparing imaging and CellTiter Glo for RMIC as a
function of concentration

A375 cells were cultured in black walled, glass bottom
96 well dishes. Cells for 2D were seeded at 5000 cells/
well and for 3D at 30,000 cells/well. The RMIC was in-
cubated as a function of concentration as described
above for a period of 3 days. After 3 day incubation the
cell were treated with the standard CellTiter Glo for 2D
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and CellTiter Glo-3D reagent for the cells cultured in
3D. The cells in 2D were after addition of reagents were
rocked for 2 min and further incubated for 10 min fol-
lowing which the plate was read using a BioTek plate
reader. The cells cultured in 3D was incubated with
3D-CellTiter Glo were rocked for 10 min and incubated
for a further before measurement.

Imaging cells in suspension using the click-iT flow
cytometry kit

Since the Click-iT EdU based imaging kit was designed
for adherent cells, we aimed to design an imaging based
method to determine proliferation for cells in suspension.
We thus tested the application to imaging of a flow cy-
tometry kit that is designed for suspended cells. To do so
we cultured A375 melanoma cells in ultra low adhesion 6
well plates to keep cells in suspension. The cells were then
treated with RMIC and EdU as described above. The
Click-iT reaction was performed with the flow cytometry
kit as per manufacturer’s protocol and cells were also
stained with Hoechst. A drop of the cell suspension after
the Click-iT reaction and Hoechst treatment was put on a
glass slide and placed under a glass coverslip to, after
which images were acquired on the Nikon 7i microscope.
The cell images for nuclei Hoechst staining and EDU pro-
liferation were analyzed using Cell Profiler.

Melanoma spheroid preparation for light sheet
fluorescence microscopy (LSFM)

Tumor cell spheroids were created from single melan-
oma cells by culturing cells at low concentration and
allowing them to grow into large clusters. Sample
holders for light sheet imaging were created as follows.
FEP tubes were cut into small pieces with holes made
along the walls using a 27G needle in order to allow
media exchange across the tube. The tubes were cleaned
with 30% bleach for 30 min and placed in 100% EtOH
overnight. The sterile tubes were dried and pre-warmed
in a 37°C incubator. A375 melanoma cells were pre-
pared in 3D collagen as described above and seeded at
low density within the FEP tubes. The collagen was
allowed to polymerize at 37 °C, fresh media was added,
and then the cells were incubated for 10 days with regu-
lar replacement of media. The spheroids then underwent
RMIC treatment for 3 days with 24h EdU incubation.
Following RMIC treatment and EdU incubation, the
Click-iT imaging assay was performed, and the spheroids
were imaged on the LSFM.

To image spheroids, a low magnification LSFM was
constructed with a large field of view. To increase the
field of view, and improve optical penetration, a conven-
tional dual illumination LSFM was built that permits
scanning of the beam in the Z-dimension as well as
pivoting the light-sheet in the sample plane to reduce
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shadowing and stripe artifacts [24]. For illumination, four
lasers (405 nm, 488 nm, 561 nm, and 640 nm, Coherent,
OBIS) are combined with dichroic mirrors (MUX Series,
Semrock), spatially filtered and expanded with a telescope
consisting of an achromatic convex lens (f = 50 mm, Thor-
labs, AC254-050-A-ML), a pinhole (100 um, Thorlabs,
P100H), and an achromatic convex lens (f=400mm,
Thorlabs, AC254—400-A). An achromatic Galilean beam
expander (Thorlabs, GBE02-A) further increases the laser
diameter by 2x. All solid-state lasers are directly
modulated with analog signals originating from a
field-programmable gate array (PCle-7252R, National
Instruments) that have been conditioned with a scaling
amplifier (SIM983 and SIM900, Stanford Research
Systems).

For light-sheet generation, a cylindrical lens (f=50
mm, Thorlabs, ACY254—-050-A) is used to focus the
laser illumination into a sheet, which is relayed to the il-
lumination objective (Nikon 10X Plan Fluorite, NA 0.3)
with two mirror galvanometers (Thorlabs, GVS001), two
coupling lenses (f=50mm, Thorlabs, AC254—-050-A),
and a tube lens (f=200mm, Thorlabs, ITL-200). The
Z-galvanometer is conjugate to the back pupil of the il-
lumination objective, whereas the pivot galvanometer is
conjugate to the sample. To generate the second illu-
mination arm of the microscope, a polarizing beam split-
ter (Newport, 10FC16PB.3) is placed after the second
coupling lens, and two lenses (f=200mm, Thorlabs,
AC508-200-A) relay the scanned illumination to a sec-
ond tube lens and illumination objective. Because the
counter-propagating light-sheets are orthogonally polar-
ized, there is no interference from the two light-sheets,
and a half-wave plate (AHWP10M-600) placed in front
of the polarizing beam splitters is used to adjust the in-
tensity of the two light-sheets. To control the light-sheet
thickness, a variable slit was placed in the back-pupil
plane of the cylindrical lens, which is conjugated to the
back-pupil planes of both illumination objectives.

For detection, a 16x, NA 0.8 objective lens (Nikon
CFI75 LWD 16X W) and a tube lens (f=200mm,
Edmund optics, 58-520) form the image on a sCMOS
camera (Hamamatsu, C11440, ORCA-Flash4.0). A laser
line filter (Chroma, ZET405/488/561/640) is placed after
the detection objective lens and a filter wheel (Sutter In-
strument, Lambda 10-B) equipped with multiple band-
pass filters is placed between the tube lens and the
camera. The detection objective lens is mounted on a
piezo-driven stage (Mad-City Labs, Nano-F450) that
provides 450 um travel range. The sample stage is a
combination of a three-axis motorized stage (Sutter In-
strument, MP285) and a rotation stage (Physik Instru-
mente, U-651.03). The microscope is controlled by
custom-written LabVIEW software (Coleman Technolo-
gies, National Instruments).
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3D co-culture experimental procedures and image analysis
To measure the effects of RMIC treatment on fibroblasts
alone, we first test the GFP signal detection in fibroblast
monoculture. The cells were treated with RMIC as a
function of concentration for 3 days. Following treat-
ment, the cells were imaged for viability with Hoechst
and EtHd. Apopxin wasn’t used because the HFF-1 cells
were GFP tagged. Since it was a mono-culture of only
HFF-1 cells tagged with GFP and stained with Hoechst
we first tested if all the Hoechst positive cells were also
GEFP positive.

To remove the effect of fibroblasts from our mea-
sures of cell fate, the H2B-eGFP pixels were subtracted
from the Hoechst pixels. Since the A375 were only
stained with Hoechst and not eGFP the subtraction
would give us A375 pixels. Likewise, EtHd positive
A375 melanoma cells were identified by computation-
ally removing fibroblast cells from the EtHd count. To
identify EtHd positive fibroblasts a mask was made to
determine the intersection between GFP and EtHd
channels and that intersection was then subtracted
from the total EtHd positive pixels. Ratios of the EtHd
positive A375 cells to Hoechst positive A375 cells were
then acquired and normalized to DMSO to give viabil-
ity results in the co-culture platform.

Statistical tests

All statistical measurements were performed using
Holm-Sidak method, with alpha=0.05. Each row was
analyzed individually without assuming a consistent SD.
Results are displayed using p-value of <0.05: *, <0.005:
** and < 0.0005: ***,

Results

Procedure to measure the effects of drug treatment on
cell proliferation and viability at single cell resolution
When designing an assay to quantify the effects of drug
treatments, we identified three critical design criteria: (1)
single cell resolution, which enables identification of cell
subtypes that respond differentially to treatment, (2)
ability to distinguish cytostatic from cytotoxic effects,
and (3) ability to measure cell fates in complex 3D mi-
croenvironments. We achieve these design goals by im-
aging and computational analysis of cells marked for
proliferation and viability (Fig. 1a). Proliferation can be
measured precisely in situ by measuring DNA synthesis
through the 5-ethynyl-2'-deoxyuridine (EdU) incorpor-
ation assay. EdU is a nucleoside analog of thymidine
which gets incorporated into DNA during the S-phase
of the cell cycle and is detected by a copper catalyzed
Click iT reaction that forms a covalent bond between
the azide of a fluorophore to EdU. Cell viability is quan-
tified by taking the ratio of cells labeled with Hoechst
33342, a general nuclear marker to those labeled with
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markers of cell death. A generic marker for dead cells,
which lack membrane integrity, involves measurement
of ethidium homodimer (EtHd) fluorescence in the nu-
cleus. EtHd is a high affinity nucleic acid stain that emits
strong red fluorescence only when bound to DNA but is
excluded from cells with viable cell membranes. We also
considered that EtHd fluorescence would not be detect-
able in cells in the early stage of apoptosis; therefore, we
use extracellular apopxin to label phosphatidylserine
(PS), which flips to the outer cell membrane during
apoptosis but is otherwise intracellular, to identify cells
in early and intermediate states of apoptosis. Images are
acquired throughout a thick 3D sample to create a 3D
image stack, which is analyzed slice-by-slice and pixel
counts representing markers of cell fate are summed
throughout the entire sample (Fig. 1b). We employ a
ratiometric approach for image quantitation to avoid is-
sues with nuclear overlap and polyploidy which would
affect cell counting approaches but not ratiometric ap-
proaches. All cell fate measures are reported as pixel ra-
tios so that abnormally shaped cells are counted equally
by the nuclear normalization signal (Hoechst) and the
marker signal. The large pixel size used for imaging and
large number of cells imaged also reduce the effect that
any small differences in nuclear morphology would have
on the end result. However, researchers should always
confirm that their nuclear stain and cell fate markers
give clear, bright signal and that nuclear shapes are not
dramatically different across conditions as this would
bias results.

Microenvironmental conditions affect melanoma cell
sensitivity to RAF/MEK inhibitor combination (RMIC)

We demonstrate the method by quantifying the effects
of the RAF/MEK drug combination on mutant BRaf
V600E melanoma cells under standard 2D tissue culture
and 3D scaffold conditions. We chose collagen I for the
3D scaffold because in addition to being less expensive
than other ECM proteins, it is the most abundant ECM
protein in the human body [25, 26] and fills the majority
of the interstitial spaces in mammals [27, 28], in particu-
lar the region of the skin where melanoma originates.
ECM compositions that more closely mimic the base-
ment membrane, such as those present in Matrigel,
would be more appropriate for cells of epithelial origin.
Cells were plated on either 2D polystyrene dishes or em-
bedded in 3D collagen and treated for 72 h with different
concentrations of the RMIC (Fig. 1c), which targets the
MAP kinase pathway by blocking RAF and MEK
(Fig. 1d).

After three days of RMIC treatment, cells were assayed
for DNA synthesis that occurred during the past 24 h
(i.e. proliferation) and for changes in the viability com-
pared to DMSO-treated controls. As expected, RMIC
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treatment under both 2D and 3D conditions caused a de-
crease in proliferation as well as a decrease in the fraction
of viable cells (Fig. 2). However, we note that for most
drug concentrations, cells under 3D conditions were sig-
nificantly more sensitive than cells under 2D conditions.
Moreover, the reduction in viability required a RMIC dose
10 times that required to elicit proliferation reduction,
suggesting that the RAF/MEK combination elicits more of

a cytostatic effect at lower doses. This observation is espe-
cially important when we compare these cell fate results
to those obtained by bulk cell assays such as the common
Cell Titer-Glo assay (Fig. 2e). There is an immediate drop
off in signal from the Cell Titer-Glo assay, but we are un-
able to determine if this is due to cell death or a decrease
in proliferation. However, the cell fate assay we describe
enables identification of the source of the decline in
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score (d), and Cell Titer-Glo assay readout (e) normalized to DMSO controls, for A375 cells cultured either in 2D dishes or 3D collagen cultures for
three independent experimental repeats. Results are shown as average + SEM (*p < 0.005, ** p < 0.0005, *** p < 0.00005)

biomass — cell proliferation is rapidly and effectively extin-  conditions at the highest concentration of 1 pM Dabrafe-

guished even at low RMIC doses, but cell killing only oc-
curs later in time and at higher doses (Additional file 3:
Figure S3). Interestingly, RAF/MEK inhibition is rather in-
effective at killing melanoma cells, as A375 cell viability
remains between ~70% and ~25% under 2D and 3D

nib + 100 nM Trametinib (Fig. 2c).

To show that these results are not unique to A375
cells, we performed the assay on melanoma cells derived
from two different melanoma patient samples that have
been maintained as patient derived xenograft (PDX)
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models in mice [29]. Cells from both PDX models exhib-
ited proliferation reduction upon RMIC treatment, and
cells from both PDX models were more sensitive to pro-
liferation inhibition in 3D conditions than 2D conditions
(Fig. 3c and d). The effect on cell viability was more vari-
able, however, as PDX 1 was sensitive to viability reduc-
tion regardless of the environmental condition (Fig. 3a)
but PDX2 exhibited only slight viability reduction at the
highest drug concentration (Fig. 3b). This result may be
explained by the mutational status of PDX2, which ex-
presses wild type (WT) BRaf, and thus is not expected
to be sensitive to Dabrafenib, which only targets mutant
BRaf. Cells from PDX 2 are expected to remain sensitive
to MEK inhibition by Trametinib, however, and this sen-
sitivity explains their reduced proliferation under RMIC.

Decreased sample size does not cause systematic
differences in viability and proliferation in melanoma

cells upon RMIC treatment

Although our data shows that cells cultured in 3D mi-
croenvironments can respond differently to drug treat-
ment than cells grown on 2D surfaces, a disadvantage of
the 3D culture system is the increased experimental cost.
Thus, we sought to determine if smaller cell culture vol-
umes may be employed to reduce costs and cell number
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requirements. We observed no significant difference in
the effects of RMIC on viability (Fig. 4a) or proliferation
(Fig. 4b), although greater variability was observed in the
96 well data. This increased variability may be partially
attributed to the apparent stiffness associated with the
collagen near the walls of the multi-well dish [4, 17, 30],
which is known to affect cancer cell fates [4, 21, 24] but
would only affect cells close to the wall of the dish. For
this assay, we conclude that 24 well or 96 well plates
may be used for this assay, giving researchers the option
of leveraging the cost savings and increased throughput
offered by using 96 well plates at the cost of slightly in-
creased variability compared to larger wells.

Flow cytometry is an effective alternative to imaging and

computational analysis

Along with microscopy, flow cytometry is an alternative
technique for measuring cell fate at single cell reso-
lution, albeit without the spatial context and at the risk
of cell extraction and labeling procedures affecting the
readout. Here we demonstrate adaptation of the 3D drug
treatment assay for flow cytometric measurement by dis-
sociating the collagen gel using collagenase and per-
forming the Click-iT reaction in suspension following
collagen digestion according to the manufacturer’s
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directions (Fig. 5a). To discriminate cells positive for
EdU from unlabeled cells, a negative control group was
assayed, which was not incubated with EdU but was
subjected to the Click-iT reaction (Fig. 5b). Using this
procedure, we find that flow cytometry and image-based
analysis result in similar effects on proliferation as a
function of RMIC (Fig. 5c); however, we do note a re-
duction in proliferation as measured by the flow cytome-
try assay compared to the imaging-based assay.
Although not statistically significant, this discrepancy
may result from reduced sensitivity of the flow cyt-
ometer compared to the microscope or to inefficiencies
in EdU labeling. Considering this result, we encourage
researchers interested in using the flow cytometry ap-
proach to consider the potential loss in sensitivity that
may result from flow cytometric measurements.

Imaging of cells in suspension is an effective alternative
to flow cytometry

As an alternative to flow cytometric measurements, we
demonstrate the use of image-based analysis for cells
cultured in suspension, noting that this measurement
procedure may also be used for cells grown in collagen
but removed from the collagen prior to measurement.
Cells are labeled using the flow cytometry protocol and
quantified by placing a drop of cell suspension on a
microscope slide and covering the drop with a coverslip
(which we term a “coverslip sandwich”) to force all cells
into the same image plane (Fig. 6a). We demonstrate
this approach by measuring the effect of RMIC treat-
ment for cells cultured in suspension, finding that mel-
anoma cells in suspension exhibit similar proliferation
inhibition as cells in 3D collagen (Fig. 6b and c). We also

note that this approach enables measurement of cells
grown in 3D even if a motorized 3D microscope is not
available, rendering the imaging-based 3D assay possible
with even basic fluorescence microscopes. The “coverslip
sandwich” approach is also particularly useful for meas-
uring samples with low cell numbers, as all the cells in
the sample may be concentrated into a single image.

Tumor spheroids exhibit drug sensitivity similar to single
cells in 3D

Tumor spheroids are commonly used as 3D cell culture
systems as they recapitulate several aspects of in vivo
tumor morphology [7, 31, 32]. Here we use our cell fate
measurement methodology to test the hypothesis that
cells in 3D spheroids respond differently to drug treat-
ment than single cells in a 3D microenvironment. Spher-
oids were formed by seeding single isolated cells in 3D
collagen and allowing them to grow into spheroids be-
fore RMIC treatment (Fig. 7a and Additional file 5:
Movie 1). Thus, each spheroid is grown from a single
cell as it divides but remains adhered to its daughter
cells. We employed this approach for generating spher-
oids because A375 cells formed only loose aggregates of
cells via alternative approaches such as the hanging drop
method [33, 34].

A concern that arises from using wide field micros-
copy to quantify cell fate in such dense samples is that
out of focus fluorescence from nearby cells may hinder
our ability to identify proliferating cells (Fig. 7b). To de-
termine if out of focus fluorescence affects the precision
of our measurement, we performed light sheet fluores-
cence microscopy (LSFM), which limits the amount of
out-of-focus light from the 3D sample by exciting
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fluorescence only in a thin sheet [17, 35]. Compared to
wide field imaging, LSFM produced images with individ-

ual nuclei that are much easier to distinguish

improving our ability to identify proliferating cells. Com-
parison of equivalent samples imaged using LSFM and
wide field microscopy demonstrates that the ability to
quantify proliferation in spheroids is unaffected by out
of focus fluorescence, as samples imaged using LSFM
show no significant difference in proliferation com-
pared to samples imaged using epifluorescence mi-

croscopy (Fig. 7d). More surprisingly, cells

with RMIC while they are in spheroids exhibited no
significant difference in proliferation compared to sin-

gle cells (Fig. 7d).

RAF/MEK drug resistance in spheroids shows heritability

A benefit of our method for creating melanoma spher-
oids is that each spheroid is derived from a single cell,
allowing us to examine the heritability of drug response.
Thus, the striking observation that some spheroids con-
tinued proliferating despite RMIC treatment (Fig. 7e)
while most did not suggests that some heritable drug re-
sistance mechanism of the spheroid initiating cell was
passed down to several generations of daughter cells.
We also noted that several spheroids possess only one
or two proliferative cells, suggesting that drug resistance
is either stochastically heritable or transient. The obser-
vation that the fraction of proliferating spheroids (3/42)
is similar to the fraction of single cells in 3D collagen

(Fig. 7¢),

treated
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exhibiting proliferation at the same drug concentration
(~9%) suggests that a similar mechanism of drug resist-
ance may be operating under both single cell and spher-
oid conditions.

Ability to discriminate different cell populations reveals
that fibroblast co-culture provides little protective effect
on melanoma cells treated with RMIC

The ability to distinguish different cell types and identify
heterogeneous drug responses is a key feature of our
methodology. To demonstrate this capability, we evalu-
ated the effect of RMIC treatment on melanoma cells in
3D co-culture with human foreskin fibroblasts (HFF),
which were labeled with an H2B-EGFP marker in order
to distinguish them from unlabeled melanoma cells.
HFFs are predicted to react differently to RMIC treat

because Dabrafenib targets only mutant BRaf and HFFs
typically express wild type BRaf. Upon treating HFFs
with RMIC we first determined if all GFP positive cells
were also Hoechst positive by calculating ratios of GFP
to Hoechst pixels (Additional file 4: Figure S4). We ob-
served more than 80% of the cells to be positive for both
GFP and Hoechst pixels irrespective of RMIC treatment.
Upon determining viability, they exhibited reduced via-
bility only at high doses of RMIC, (Fig. 8), similar to
melanoma cells that express wild type BRaf (Fig. 3b).
Our image-based assay enabled us to perform an experi-
ment that is impossible using bulk cell assays like
CellTiter-Glo, namely to quantify the effect of HFF
co-culture on melanoma cells under RMIC treatment
while removing the effect of RMIC treatment on HFFs
from our measurements. This capability is critical
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because RMIC treatment affects HFFs at high concen-  cost, reproducibility, and precision. Here, we describe an
tration and this effect would be convoluted with the ef- assay that enables high-throughput compound evaluation
fect on melanoma cells if a bulk measurement was  without sacrificing single cell resolution, readout specifi-
performed. Indeed, our results show that melanoma via-  city, or microenvironmental complexity. Indeed, although
bility is reduced at lower RMIC concentrations where  we evaluated this assay using 3D collagen scaffolds, it is
HFF viability is unaffected, but that high RMIC affects equally amenable to other scaffolds and would be equally
both HFFs and melanoma cells. Comparison of the useful for identifying which ECM components affect drug
A375 monoculture data with the A375 cells in efficacy. We show that wide field 3D fluorescence micros-
co-culture reveals little protective effect of fibroblasts in  copy is sufficient to quantify cell fate in complex samples
co-culture with melanoma cells, although we do observe  including spheroids; however, enzymatic extraction and
a slight reduction in cell killing due to RMIC in melan- 2D imaging enables the same level of precision via an even

oma cells at high RMIC concentration. more widely available imaging platform if so desired.
The example results produced via this method also re-
Discussion veal critical insight into how cells respond to drug pertur-

To streamline drug discovery, we must develop methods  bations in different environments. Indeed, the observation
to evaluate compound efficacy under increasingly complex  that even a simple 3D collagen microenvironment affects
extracellular microenvironments [36, 37]. However, ex- how cells respond to treatment suggests that more careful
perimental complexity must be balanced with throughput,  consideration of the microenvironment may lead to more
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efficient drug evaluation. For example, the observation
that cells in 3D collagen are more sensitive to drug treat-
ment than cells in 2D suggests that many potentially use-
ful compounds might have been ignored because they
were tested on cells under 2D conditions. We also show
that the standard RAF/MEK treatment is primarily cyto-
static and that cytotoxic effects only occur at higher drug
concentrations. This result suggests that RAF/MEK treat-
ment may be more effective at slowing tumor growth than
eradicating tumor cells and that if slowing tumor growth
is the goal then low drug doses may reduce proliferation
while reducing side effects compared to higher doses.
Similarly, the RAF/MEK treatment affects BRAF wild type
melanoma cells and fibroblasts similarly by killing cells
only at high concentration, suggesting that the non-tar-
geted effect of the MEK inhibitor Trametinib kills cells in-
discriminately and mainly at higher concentrations.

The ability to observe single cell and heritable re-
sponses also provides insight into the drug resistance
often observed in patients subjected to RAF/MEK in-
hibitor treatment. For example, if a fraction of melan-
oma cells are inherently resistant to drug inhibition and
the drug effect is primarily cytostatic then it follows that
expansion of a drug resistant population will occur. This
insight would not be so easily gleaned from conventional
methods of evaluating 3D cell culture assays such as
chemiluminescence or enzymatic conversion that do not

provide cell fate information or single cell resolution
[38-40]. Indeed, the effect of RAF/MEK treatment ob-
served in melanoma cells is a combination of prolifera-
tion reduction and cell killing that is obscured when
measured using Cell Titer-Glo. We also demonstrate the
ability to discriminate between different cell populations
by testing the hypothesis that fibroblasts in co-culture
with melanoma cells can provide a protective effect from
RAF/MEK inhibition. The ability to computationally re-
move fibroblasts from our cell fate measurements, while
retaining their effect on melanoma cells, shows that fi-
broblasts offer little protective effect from RAF/MEK in-
hibitors for cells co-cultured in 3D collagen. We do
observe a small decrease in cell killing at high doses of
RMIC, which suggests that the viability effects of RAF/
MEK inhibition observed only at high doses may be
effected by fibroblasts. We also note that a bulk cell
measurement of cells in co-culture would obscure these
results - a bulk cell measurement of high RMIC on
co-culture would overestimate the effect of RMIC treat-
ment at high doses because it would include the effect
of high RMIC doses on fibroblasts.

We also demonstrate how our approach may be used
to test the hypothesis that melanoma spheroids offer a
more realistic paradigm for drug evaluation than 2D cul-
tures. This is indeed the case — A375 cells grown in
spheroids are more sensitive to proliferation inhibition
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than cells grown on plastic dishes. However, we observe
that cells grown as single cells in 3D are equally sensitive
to RMIC when compared to cells grown in spheroids.
While this phenomenon remains to be evaluated in
other systems, the possibility that single cell 3D culture
is sufficient to replicate 3D spheroid culture has to po-
tential to greatly reduce experimental costs without in-
formation gained from an experiment. Hence, at least
for the pathways tested here, drug effects can be tested
in the much faster 3D single cell assay and do not re-
quire the growth of spheroids. It remains to be deter-
mined which condition more faithfully reflects the
response of cells to RAF/MEK inhibition in vivo.

Conclusion

The work presented here enables researchers to adopt
methodologies for sensitive, informative, high-throughput
evaluation of pharmacological perturbations of cells in
more realistic microenvironments than standard tissue
culture dishes. Our evaluation of different experimental
and imaging conditions provides a resource for researcher
to make informed decisions regarding experimental design
variables such as well size or measurement technique.

Additional files

Additional file 1: Figure S1. Cell profiler pipeline for image analysis
Image analysis using cell profiler involved thresholding, followed by
segmentation to identify pixels to identify the total image area occupied
for each channel. The intersection between EtHd and Apopxin was used
to exclude pixels positive for both markers from being counted twice.
(PNG 138 kb)

Additional file 2: Figure S2. Comparison of results analyzed using Cell
Profiler to analysis by python image analysis. Data from experiments
using A375 (A) M481 (B) and M498 (C) cells treated with RMIC were
analysis using both image analysis pipelines. Data shown are three
independent experimental repeats with results presented as average +
SEM. (* p value <0.05). (PNG 120 kb)

Additional file 3: Figure S3. Time course of the effect of RMIC on
proliferation. A375 cells treated with RMIC at a concentration of 1 uM
Dab + 100 nM Tram in 3D were incubated for 1, 2 and 3 days. (PNG 355
kb)

Additional file 4: Figure S4. Validation of the image based assay for
identifying fibroblasts in 3D culture. HFF1-H2BeGFP cells in 3D collagen
were treated with RMIC as a function of concentration and pixels positive
for GFP were compared to pixels positive for Hoechst to determine the
overlap between GFP cells and Hoechst positive cells. (PNG 33 kb)

Additional file 5: Movie 1. Growth of melanoma spheroids from single
melanoma cells in 3D collagen. (AVI 17016 kb)
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