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Cyclical Treatment of Colorectal
Tumor Spheroids Induces
Resistance to MEK Inhibitors
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Abstract

Adaptive drug resistance is a major obstacle to successful treatment of colorectal cancers. Physiologic tumor
models of drug resistance are crucial to understand mechanisms of treatment failure and improve therapy by
developing new therapeutics and treatment strategies. Using our aqueous two-phase system microtechnology,
we developed colorectal tumor spheroids and periodically treated them with sub-lethal concentrations of three
Mitogen Activated Kinase inhibitors (MEKI) used in clinical trials. We used long-term, periodic treatment and
recovery of spheroids to mimic cycles of clinical chemotherapy and implemented a growth rate metric to
quantitatively assess efficacy of the MEKi during treatment. Our results showed that efficacy of the MEKIi
significantly reduced with increased treatment cycles. Using a comprehensive molecular analysis, we established
that resistance of colorectal tumor spheroids to the MEKi developed through activation of the PISK/AKT/mTOR
pathway. We also showed that other potential feedback mechanisms, such as STAT3 activation or amplified B-
RAF, did not account for resistance to the MEKi. We combined each of the three MEKi with a PISK/mTOR inhibitor
and showed that the combination treatments synergistically blocked resistance to the MEKi. Importantly, and
unlike the individual inhibitors, we demonstrated that synergistic concentrations of combinations of MEK and
PIBK/mTOR inhibitors effectively inhibited growth of colorectal tumor spheroids in long-term treatments. This
proof-of-concept study to model treatment-induced drug resistance of cancer cells using 3D cultures offers a
unique approach to identify underlying molecular mechanisms and develop effective treatments.
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Introduction

Preclinical studies are essential to cancer drug discovery. Historically,
these studies have been carried out primarily using two-dimensional
(2D) cell cultures and then validated in animal models. However, 2D
cultures lack key morphological and biological properties of human
tumors. The use of 2D cultures is thought to be a major contributing

treatment of spheroids, intense labor associated with handling the
cultures, and quantitative analysis of drug responses of cancer cells in
spheroid cultures [2]. Here, we addressed these challenges and
demonstrated the udility of tumor spheroids to model resistance to

factor to the high attrition rate of drug candidates in animal studies
and failures in clinical trials [1]. To address this problem, 3D cultures
of cancer cells as tumor spheroids have been used in cancer research
because they resemble both the morphology and biologic character-
istics of solid tumors [2—4]. Despite increasing use of spheroids for
compound screening to identify effective drugs, their potential to
study cancer drug resistance remains underexplored. Major barriers
include difficulties with long-term culture and periodic drug
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molecular inhibitors and explore the underlying molecular
mechanisms.

Colorectal cancer is the third leading cause of cancer death in men
and women in the United States [5]. Approximately, 30-40% of
colorectal cancers have KRAS mutations, 10-15% contain B-RAF
mutations, and 10-20% have an activating PIK3CA mutation [6-8].
These mutations cause aberrant activities of oncogenic pathways
RAS/RAF/MEK/ERK (MAPK) and PI3K/AKT/mTOR. As such,
these pathways present attractive therapeutic targets. Several studies
showed that specific molecular inhibitors of MEK and RAF (MEKi
and RAFi) suppressed growth of colorectal tumors in vivo [9,10].
Nevertheless, colorectal cancer cells often show resistance to these
inhibitors by activating other signaling pathways such as PI3K/AKT/
mTOR or JAK/STAT to mediate resistance to MEKi [11]. Feedback
activation of receptor tyrosine kinases (RTKs) such as epidermal
growth factor receptor (EGFR) causes resistance to RAFi [12].
Alternatively, continuous exposure to a MEKi may lead to mutation
of MEK [13], while resistance to continuous exposure to RAFi may
occur through amplification of B-RAF or other components of the
MAPK pathway [14,15]. Therefore, understanding mechanisms of
drug resistance and developing strategies to overcome them is crucial
to improve colorectal cancer treatments.

To model drug resistance of colorectal cancer, we used our robotic,
aqueous two-phase system technology to generate tumor spheroids of
colorectal cancer cells harboring B-RAF and PIK3CA mutations.
Using a pulsed-dosing regimen to mimic intermittent cycles of
chemotherapy administered to patients, we cyclically treated tumor
spheroids with three MEKi, as demonstrated before [16]. The pulsed-
dosing strategy has shown advantages over continuous drug
administration by producing prolonged anti-tumor activity in vivo
[17,18]. The pulsed dosing strategy using the BRAF inhibitor,
vemurafenib, delayed acquired resistance in a melanoma mouse
model [19]. This dosing regimen approach has also been adopted in
clinical trials of targeted therapies against colorectal cancer [20]. We
quantitatively compared efficacies of MEKi based on normalized
growth rates of spheroids after each cycle of treatment. Our results
clearly showed that effectiveness of each MEKi to suppress growth of
tumor spheroids significantly reduced during successive treatment
cycles. Our molecular analysis showed that repeated exposure of
colorectal tumor spheroids to a MEKi significantly upregulated AKT
activity without affecting other possible mediators of resistance, such
as STAT3 and B-RAF. We also demonstrated that combination
treatments of MEK and PI3K inhibitors synergistically inhibited
growth of tumor spheroids during long-term cycles of treatment and
recovery and downregulated signaling through these pathways.
Importantly, this proof-of-concept study using cyclical treatment of
tumor spheroids reproduced adaptive drug resistance of cancer cells
due to feedback signaling of kinase pathways known from animal
studies. Our study presents a unique approach to identify
mechanisms of drug resistance and evaluate rationale therapeutic
interventions to overcome resistance in 3D tumor models of cell lines
with different genetic backgrounds and with patient-derived cells.

Materials and Methods

Cell Culture
Mc Coy's 5A medium (Sigma) was used to culture HT-29
(ATCC) and HCT116 (ATCC) colorectal cancer cells. The

medium was supplemented with 10% fetal bovine serum (FBS)
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(Sigma), 1% Streptomycin/Penicillin (Thermo Fisher Scientific),
and 1% glutamine (Thermo Fisher Scientific). Cells were cultured
in a humidified incubator at 37 °C and 5% CO2. Cells were
dissociated from 80-90% confluent monolayer cultures in tissue
culture flasks using 0.25% trypsin (Thermo Fisher Scientific).
Trypsin was neutralized using the complete growth medium. The
cell suspension was centrifuged down at 1000 rpm for 5 min. After
removing the supernatant, cells were suspended in 1 ml of the
culture medium and counted using a hemocytometer prior to
spheroid formation.

Spheroid Formation

A polymeric aqueous two-phase system was used to form
colorectal tumor spheroids. Bio-ultra polyethylene glycol (PEG)
with a molecular weight of 35 kDa (Sigma) and dextran (DEX) with
a molecular weight of 500 kDa (Pharmacosmos) were dissolved in
the complete growth medium to obtain solutions with concentra-
tions of 5.0% (w/v) PEG and 12.8% (w/v) DEX. A round-bottom
ultralow attachment 384-well plate (Corning) was used as the
“destination plate”. Each well of this plate was loaded with 30 pL of
the aqueous PEG phase medium. A suspension of 1 x 10° cells/mL
was prepared and 100 pL of the suspension was thoroughly mixed
with 100 pL of the 12.8% (w/v) aqueous DEX phase medium. This
reduced the concentration of the DEX polymer to 6.4% (w/v) and
adjusted the density of cells to 5 x 107 cells/mL. Each well from one
column of a flat-bottom 384-well plate (Corning), which was used as
the “source plate,” was loaded with 25 pL of the resulting cell
suspension in the DEX phase medium. A robotic liquid handler,
Bravo SRT (Agilent Technologies), was used to aspirate 0.3 pL of
the suspension containing 1.5 x 10% cells from each well and
dispense it into each well of the destination plate containing the
aqueous PEG phase. This aspiration and dispensing process was
done column by column. Uniformity of the high-density cell
suspension in the source plate was maintained by robotically mixing
the content of the wells prior to each aspiration step. The destination
plate was incubated for 48 hours to allow cells in each well aggregate
into a compact spheroid.

Preparing Drug Solutions

Trametinib, PD0325901, selumetinib, sorafenib, AZ628,
GDC0994, ulixertinib, dactolisib, PI-103, GSK1059615, and
pictilisib were purchased from Selleckchem (Houston, TX). Stock
solutions of these molecular inhibitors were prepared according to the
manufacturer's instructions. Except for dactolisib that was dissolved
in dimethylformamide, other compounds were dissolved in dimethyl
sulfoxide (DMSO). Stock solutions of the inhibitors were stored in -
80 °C. The inhibitors were tested against tumor spheroids according
to the protocol we described previously [21,22].

Cyclical Treatment of Spheroids with Inhibitors and Recovery
from Treatment

Sub-lethal concentrations of trametinib (5 nM), PD0325901 (100
nM), and selumetinib (100 nM) were selected based on dose-
dependent drug tests against HT-29 spheroids. We selected these
concentrations to produce growth inhibition in HT-29 tumor
spheroids. Spheroids were subjected to three rounds of drug
treatment separated by two rounds of recovery phases. The three
rounds of treatment were designated as Roundl, Round2, and
Round3. The recovery periods were designated as Recoveryl and
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Recovery2. Each phase lasted 6 days. Each treatment phase included
drug addition to spheroids at the beginning and drug renewal 72
hours later, whereas each recovery phase included culture medium
addition to spheroids at the beginning and culture medium renewal
72 hours later. Concentration of each drug was maintained constant
during all three treatment phases.

Concentrations of 10 nM trametinib, 200 nM PD0325901, and
200 nM selumetinib were prepared by serially diluting their respective
stock solutions in the culture medium. These solutions were prepared
twice the final concentrations for testing against colorectal tumor
spheroids. Next, 30 uL from each of these drug solutions was added
to each well of the destination plate that contained a spheroid in the
DEX phase drop immersed in 30 pL of the aqueous PEG phase. This
addition diluted concentrations of PEG and DEX, converting the
two-phase system to a single medium phase containing trace amounts
of the polymers. It also reduced drug concentrations to 5 nM
trametinib, 100 nM PD0325901, and 100 nM selumetinib. After 72
hours, 30 pL of each drug solution at its working concentration was
added to the corresponding wells. At the end of Round1, the culture
medium containing the inhibitors was robotically aspirated out of the
microwells. Next, to start the Recovery phase, 30 uL of fresh medium
was added to the wells containing the spheroids. Another 30 pL of
fresh medium was added 72 hours later. At the end of Recoveryl, half
of the medium was carefully aspirated from each well. The Round2
treatment was initiated by adding a drug solution containing 2x
concentration of each inhibitor in 30 pL of the medium, and renewal
was done by adding 30 uL of each drug solution at 1x concentration
after 72 hours. In parallel, 30 pl of fresh medium was added to
spheroids from Recoveryl, and 30 pl fresh medium was renewed after
72 hours. These spheroids that were grown in the medium were used
as the non-treated group for the Round2 treatment. At the end of
Round2, drug solutions were removed from the wells and the
Recovery?2 phase was initiated. This was followed by another round of
treatment (Round3) that was initiated by adding a drug solution
containing 2x the concentration of each inhibitor in 30 pL of the
medium, and renewed by adding 30 pL of each inhibitor at 1x
concentration after 72 hours. In parallel, 30 pl of fresh medium was
added to spheroids from Recovery 2, and 30 pl of fresh medium was
renewed after 72 hours. These spheroids that were grown in the
medium were used as the non-treated group for the Round3
treatment.

Dose-Dependent Cyclical Treatments of Spheroids with MEKi
and Recovery from Treatments

To compare dose responses of spheroids to the MEKi, spheroids
were assigned into two groups. Spheroids of the first group were
treated with each inhibitor, i.e., 5 nM trametinib, 100 nM
PD0325901, and 100 nM selumetinib, followed by a recovery
phase. The experimental protocol for Round1 and Recoveryl phases
was described above. Then, the recovered spheroids were treated with
different concentrations of the inhibitors during treatment Round2,
i.e., 0.25 x ICsq, 0.5 x ICs0, 1 x ICsq, 2 x ICs, and 4 x ICs of
the MEKi. ICsq values of the three MEKi are listed in the
Supplemental Table S3. To initiate the treatment Round2, the
volume of the medium in microwells was measured, and the solution
of each MEK:i at twice the desired concentrations was added to wells.
The treatments were renewed by adding each inhibitor solution at a
1x concentration in 30 pL of the medium after 72 hours. On the
other hand, spheroids in the second group were treated only once
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with each of the MEKi at 0.25 x ICsg, 0.5 x ICsq, 1 x ICsp,
2 x ICsp, and 4 x ICsq concentrations during Roundl. The effects
of dose-dependent treatments on spheroids from the two groups were
quantitatively compared as described below.

Analysis of Growth of Spheroids to Quantify Drug Resistance

Prior to the start of experiments and at the end of each cycle of
treatment and recovery, phase images of spheroids were captured
using an inverted microscope (Axio Observer, Zeiss) equipped with a
high-resolution camera (AxioCam MRM, Zeiss). The images were
analyzed using Image] software (NIH) to measure the diameter of
spheroids. The volume of spheroids was determined from the
diameter data assuming a spherical shape for spheroids. The inhibitor
concentration, ¢, and the treatment and recovery time, t = 6 days,
were the same during each round. A growth rate parameter (k.) was
calculated for spheroids that were treated with a MEKi by finding
the difference in the volume of spheroids at the end and beginning of
each round of treatment. Similarly, the growth rate (ko) was
calculated for spheroids that were not treated with MEKi but
cultured in the medium by finding the difference in the volume of
spheroids at the end and beginning of each round. A normalized
growth rate parameter was found by dividing the growth rate of
treated spheroids by the growth rate of untreated spheroids, i.e., k./ko,
to quantify resistance. Experiments for each condition used n = 14
spheroids. Statistical analysis was performed using student's #-test in
Microsoft Excel and considering a significance level of p < 0.05
between the treatment groups.

Similarly, we calculated the growth rate of spheroids for the two
groups of spheroids treated with different concentrations of each
MEK:i described above. The growth rates of spheroids at five different
treatment concentrations, i.e., k,*ICso, where n = 0.25, 0.5, 1, 2,
and 4, were calculated by subtracting the volumes of spheroids
measured at the beginning and end of treatments. Similarly, the
growth rate of untreated spheroids (ko) was calculated by subtracting
the volume of untreated spheroids measured at the beginning and end
of each round. A normalized growth rate parameter was computed by
dividing the growth rate of treated spheroids by the growth rate of
untreated spheroids, i.e., k./ko, to quantify resistance. Furthermore, a
parametric approach using area under the dose response curve (AUC)
was employed to quantify the resistance to the MEKi [21].
Experiments for each condition used n =7 spheroids. Statistical
analysis was performed using student's #test in Microsoft Excel and
considering a significance level of p < 0.05 between the two
treatment groups.

Western Blotting

For all Western blot experiments, spheroids were harvested from
384-well plates after treatment and transferred into 50 ml conical
tubes. After centrifugation and removing of the supernatant,
spheroids were washed with PBS, and lysed in 500 pL of complete
RIPA buffer (50 mM Tris—HCI, 150 mM NaCl, 1% NP-40, 0.5%
sodium deoxycholate, and 0.1% SDS, pH 7.4 + 0.2) with protease
inhibitor (complete mini, Roche Diagnostics) and phosphatase
inhibitor (Thermo Fisher Scientific). To ensure complete lysis,
spheroids were sonicated (Vibra-Cell, Sonics) twice for 5 s at a 20%
amplitude level. Total protein concentration was determined using a
BCA quantification assay kit (Thermo Fisher Scientific). Then,
10-20 pg of the protein solution was loaded onto a 4-15% gel (Bio-
Rad) for electrophoresis and the gel was transferred onto a
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nitrocellulose membrane by electroblotting. Membranes were
blocked with 5% BSA (Sigma) for 1 h. Primary antibodies for
phospho-p44/42 MAPK (Erk1/2), p44/42 MAPK (Erk1/2),
phospho-AKT (Ser473), AKT (pan) (C67E7), phospho-BRAF
(Ser445), BRAF (D9T6S), phospho-STAT3 (Tyr705), and STAT3
(79D7) were purchased form Cell Signaling Technology. Solutions of
primary antibodies were prepared at concentrations recommended by
the manufacturer. Membranes were incubated overnight at 4 °C with
primary antibody solutions. After repeated washing, membranes were
incubated with a horseradish peroxidase (HRP)-conjugated secondary
antibody for 1 h, followed by repeated washing. Detection was carried
out using an ECL chemiluminescence detection kit (GE Health Care)
and FluorChem E imaging system (ProteinSimple).

Short-Term Combination Treatments of Spheroids

Trametinib, PD0325901, and selumetinib were used in combi-
nation with dactolisib in separate experiments. The 1Csq value for
each inhibitor against HT-29 spheroids was obtained from its
respective dose—response curve (Supplementary Table 3 (S3)). Each
of the three MEKi and dactolisib were combined at fixed
concentration ratios of multiples (0.25, 0.5, 1, 2, 4) of the respective
ICs values. Solutions with these concentrations were made by serially
diluting the stock solutions in the culture medium. Each combination
of concentrations for a pair of drugs used n = 14 replicates. In
parallel to each combination treatment, spheroids of HT-29 cells were
treated with the MEKi or dactolisib used as single agents. Next,
PrestoBlue was added to wells and after incubating the spheroids for 4
hours, the fluorescence signal was measured with a plate reader
(Synergy H1M, BioTek Instruments). Both control (non-treated)
and drug-treated groups had n = 14 replicates. Viability of spheroids
treated with each concentration of an inhibitor was normalized to that
of non-treated spheroids and expressed as percent viability. GraphPad
Prism 5 was used to fit a four-parameter sigmoidal dose-response
curve to the viability data and to determine AUC. A combination
index (CI) was used to determine synergism between combinations of
the inhibitors.

Long-Term Cyclic Combination Drug Treatment/Recovery of
Spheroids

Specific pairs of concentrations of each of the three MEKi and
dacrolisib that generated synergistic responses in HT-29 spheroids
during Round1 treatment were selected for long-term experiments.
These concentrations were 0.25 x ICso for trametinib/dacrolisib,
0.25 x ICsq for PD0325901/dactolisib, and 0.5 x ICsq for selume-
tinib/dactolisib pairs. In parallel to each combination treatment, HT-
29 spheroids were treated with the single-agent MEKi or dactolisib.
The effectiveness of long-term treatment with each drug combination
was assessed by comparing the growth inhibitory effects of the
combination pair and each inhibitor used alone. The growth rates of
spheroids under no treatment (vehicle control), single-agent
treatments, and combination treatments were calculated by subtract-
ing the volume of spheroids at the end of the 30-day treatment period
and the volume of spheroids at the beginning. To calculate growth
inhibitory effects at the end of day 30, the difference in growth rates
of control spheroids (ky) versus treated spheroids (k.) were divided by
ko, i.e., Growth inhibition = (ky-k.)/ky. One-way ANOVA was used
to analyze the difference among the single-agent treatments,
combination treatments, and vehicle control followed by a post-hoc
Tukey test. The analysis was performed using Minitab (n = 7).
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Results

Microprinting of Tumor Spheroids

The aqueous two-phase system (ATPS) microprinting approach
effectively confined cancer cells in a DEX phase nanodrop to facilitate
self-assembly into a compact spheroid within 48 hours in each well of
384-well plates (Figure 1, A-C) [23]. Immersion of the nanodrop
within the aqueous PEG phase ensured diffusive influx of nutrients
into the drop phase to nourish the cells and efflux of waste products of
cells into the immersion phase [24]. Unlike several other cell printing/
patterning techniques, this microprinting approach does not exert any
mechanical, thermal, or chemical stresses on cells, producing
spheroids containing fully viable cells [24]. Renewing the culture
medium or adding a drug solution reduced concentrations of PEG
and DEX polymers below a threshold required to maintain two
separate phases (Figure 1D) [25]. Thus, this approach was solely used
to conveniently micropattern spheroids and was not needed after
spheroids formed. Medium exchanges every 72 hours ensured
availability of fresh nutrients and removal of waste products of cells
to support cellular metabolic activities. We have previously shown
that our robotic spheroid technology generates consistently-sized
spheroids that reproduce biologic properties of solid tumors [21,26].

Screening of Molecular Inhibitors Against Colorectal Tumor
Spheroids

B-RAF and PIK3CA mutations in HT-29 cancer cells constitu-
tively activate signaling through MAPK and PI3K pathways [27].
Targeting these oncogenic pathways has shown efficacy against
colorectal cancer both in vitro and in vivo [28-30]. To identify
effective inhibitors against these pathways in our model of drug
resistance, we selected a panel of inhibitors of MAPK and PI3K
pathways and screened them dose-dependently against the colorectal
tumor spheroids. The list of the inhibitors and their molecular targets
are given in Supplementary Tables 1 (S1) and 2 (S2). We compared
effectiveness of the inhibitors based on area under the curve (AUC)
analysis previously described [21]. The AUC value ranges from 0 to 1.
An AUC value of 0 means 100% cell kill, whereas an AUC value of 1
indicates that all cells are viable. This analysis segregates compounds
with low AUC values that are more effective from the less effective
compounds with higher AUC values [21]. Among the inhibitors of
MAPK (Figure 1, E-F) and PI3K (Figure 1, G-H) pathways,
trametinib, PD0325901, and selumetinib received AUC scores of
0.33, 0.59, and 0.63, respectively, and ranked as the most effective
compounds. This screening revealed that suppressing the MEK1/2
kinase in HT-29 spheroids most effectively inhibited growth. Thus,
we selected these three MEKi to model acquired drug resistance of
colorectal tumor spheroids.

Long-Term Cyclic Treatment of Spheroids with MEKi

To demonstrate treatment-induced resistance of colorectal cancer
cells to MEKi, we determined effectiveness of the three MEKi against
HT-29 spheroids for three six-day cycles of treatment separated by
six-day recovery intervals (Figure 24). We calculated the growth rate
parameter, k, for drug-treated spheroids (Figure S1, A-C) and k, for
control spheroids (Figure S1, D-F) Representative images of
spheroids before drug treatments, and images of drug-treated and
non-treated spheroids from different rounds are shown in Figure S1,
G-I. The values for k. and k¢ from different rounds are tabulated in
Figure 2B-D. This resulted in average k./ko values of -0.1941, -
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Figure 1. Tumor spheroid formation using ATPS microprinting, and screening of inhibitors of MAPK and PI3K signaling pathways against
HT-29 spheroids. (A) A robotic liquid handler dispensed 0.3 uL of the aqueous DEX phase solution containing HT-29 cancer cells into a
microwell containing the aqueous PEG phase. (B,C) Cancer cells remained within the nanodrop and formed a compact spheroid. (D)

Addition of culture medium or a drug to the microwell diluted out the ATPS into a single medium phase containing the spheroid. (E) Dose
responses of HT-29 spheroids to RAF, MEK, and ERK inhibitors. (F) Normalized AUC values from drug tests with HT-29 spheroids. (G)
Dose responses of HT-29 spheroids to PI3K inhibitors. (H) Normalized AUC values from their drug tests with HT-29 spheroids. Scale bar is

200 um.

0.2275, and- 0.0632 for the three rounds of treatment with 5 nM
trametinib. The negative k./ky values during the three treatment
rounds indicate that trametinib produced a cytotoxic effect. Our
analysis showed that the values of k/ky during Round2 and Round3
were significantly different (p < 0.05) (Figure 2E). The average k./k
values with 100 nM PD0325901 treatment significantly increased
from 0.0272 to 0.2930 and to 0.5294 for the three consecutive
rounds of treatment (p < 0.05), respectively (Figure 2F). The k./k,
value of Round1 treatment indicates that PD0325901 was cytostatic
but this effect did not persist in subsequent treatment rounds. The
average k./ko values with 100 nM selumetinib treatment also showed
a significant increase from 0.1777 to 0.3231, and to 0.4745 for the
three treatment rounds (p < 0.05) (Figure 2G). The k/ko values

indicate that selumetinib did not generate a cytostatic effect on HT-

29 cells. Overall, increasing k./kq values from Roundl to Round3
treatments with all three MEKi indicate that effects of the compounds
diminished during the cyclical treatments.

To ensure that treatment-induced resistance of HT-29 spheroids
to the MEKi was not limited to a single drug concentration, we
performed dose-dependent tests with each MEKi and compared the
normalized growth rate of spheroids treated with five different drug
concentrations during Round1 and Round2. We used the ICsj value
of each MEKi against HT-29 spheroids (Supplementary Table S3)
and selected the working concentrations as multiples of the 1Cs
values. Results showed that normalized growth rates of HT-29
spheroids significantly decreased during the second treatment round
at all the concentrations (Figure S2, A-C) (p < 0.05), except for
treatments with trametinib at higher concentrations of 2 x 1Csy and
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Figure 2. Cyclical drug treatment and recovery of colorectal tumor spheroids. (A) The schematic shows the experimental protocol for
three cycles of treatment of HT-29 spheroids with MEKIi (5 nM trametinib, 100 nM PD0325901, and 100 nM selumetinib) separated by two
recovery phases. A fixed concentration of each inhibitor was used for the three treatment rounds. (B-D) Average growth rates of HT-29
spheroids during the three rounds of treatments with trametinib, PD0325901, and selumetinib, respectively. k. was calculated as the
difference in volume of drug-treated spheroids at the end and beginning of each treatment round. ko was calculated as the difference in
volume of non-treated spheroids at the end and beginning of each round. (E-G) Quantifying resistance to MEKi treatment using a

normalized growth rate (k/kg) metric. n = 14 and * p < 0.05.

4 x ICsp. In addition, we quantitatively compared growth rates
during Roundl and Round2 under each MEKi treatment by
computing the respective AUC. The results showed an increase of
1.53 folds, 3.18 folds, and 2.59 folds in AUC for treatments with
trametinib, PD0325901, and selumetinib, respectively. This validat-
ed that HT-29 spheroids developed resistance to the MEKi over a
wide range of concentrations.

Additionally, to validate the utility of our tumor spheroids to
model treatment-induced resistance, we performed cyclical treatment
and recovery of spheroids of a different colorectal cancer cell line,
HCT116, with MEKi. Treatment with 5 nM trametinib significantly
increased the normalized growth rate (k/ko) from -0.3795 to 0.0408
and to 0.3292 during three consecutive rounds of treatment
(p < 0.05), respectively (Figure S4A).

Molecular Analysis of Treatment-Induced Drug Resistance in
Colorectal Tumor Spheroids

Effect of MEK:i treatments on MAPK pathway activiry. To
elucidate molecular mechanisms of treatment-induced resistance of
HT-29 spheroids to the MEKi, we first probed activity of ERK
proteins because HT-29 cells have gain-of-function mutations in the
MAPK pathway [7]. We found that unlike selumetinib, trametinib
and PD0325901 significantly reduced ERK phosphorylation in HT-
29 spheroids during treatment Roundl by 16% and 25%,
respectively (Figure 3, A and C). We also investigated ERK
phosphorylation in spheroids that were recovered from MEKi
treatments for 6 days and found that the protein activity returned
to levels comparable to those in control spheroids grown in drug-free
medium for 12 days (Figure 3, B and D). Furthermore, we probed

ERK activity after the second round of treatment (Round2) and
found that ERK phosphorylation was significantly reduced with 5
nM trametinib and 100 nM PD0325901 treatments, but not with
100 nM selumetinib treatment (Figure 3, G and H). Thus, cells still
showed transient responses to the former two inhibitors.

Effect of MEKi Treatments on PI3K Pathway Activity.  Activation
of PI3K pathway is a major mechanism of feedback signaling in many
cancers including colorectal cancers [31-33]. We investigated
whether treating HT-29 spheroids with a MEKi during Round1
augments activity of the PI3K pathway in HT-29 spheroids by
probing phosphorylation of AKT. Unlike in control spheroids,
treatments with all three MEKi significantly increased AKT
phosphorylation in cells by 19.7, 11.4, and 12.1 folds for trametinib,
PD0325901, and selumetinib, respectively (Figure 3, A and E).
Shorter exposure of HT-29 spheroids to the MEKi for 48 hours also
resulted in markedly higher pAKT than that in respective control
spheroids (Figure S3). To determine whether recovery of spheroids from
MEK:i treatments reduces AKT activity, we quantified the pAKT/AKT
ratio at the end of Recoveryl phase. Results showed that AKT activity
reduced during Recovery1 but still remained significantly higher by 2.3,
1.6, and 1.7 folds in spheroids recovered from trametinib, PD0325901,
and selumetinib, respectively, than in control spheroids maintained in
culture medium for 12 days (Figure 3, B and F).

To elucidate if treatment-induced feedback signaling persisted in
tumor spheroids, we probed AKT activity after treatment Round2.
Phosphorylation of AKT in spheroids after Round2 was significantly
higher than that in spheroids that were treated during Roundl,
recovered (Recoveryl), but did not receive any treatment during
Round2 (Figure 3, G and /). This increase was 1.2, 3.6, and 1.8 folds
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Figure 3. Oncogenic levels of ERK1/2 and AKT in HT-29 spheroids treated with MEKi. Representative Western blots for p-ERK1/2, t-ERK1/
2, p-AKT, and +-AKT at end of (A) treatment Round1 phase, and at the end of (B) Recovery1 phase. (C-D) and (E-F) are quantified results of
p-ERK/E-ERK, and p-AKT/t-AKT, respectively. (G) ERK1/2 and AKT levels in MEKi-treated HT-29 spheroids at the end of treatment Round2
phase. Each MEKi treatment during Round?2 has different controls. Lane 1: Control trametinib (spheroids that received 5 nM trametinib
during Round1); Lane 2: 5 nM trametinib treatment; Lane 3: Control PD0325901 (spheroids that received 100 nM PD0325901 during
Round1); Lane 4: 100 nM PD0325901 treatment; Lane 5: Control selumetinib (spheroids that received 100 nM selumetinib during
Round1); and Lane 6: 100 nM selumetinib treatment. (H) Quantified p-ERK/t-ERK showed that trametinib and PD0325901 significantly
downregulated the phosphorylation of ERK, but selumetinib treatment did not significantly change ERK activity. (I) Quantified p-AKT/tAKT
showed that treatment of HT-29 spheroids with trametinib, PD0325901, and selumetinib significantly elevated AKT activity. Each
experiment was repeated twice. Results are shown as mean = standard error. * p < 0.05.

for treatments with trametinib, PD0325901, and selumetinib,
respectively. These results suggest that MEKi treatments quickly
increase AKT signaling that is sustained even when the drug is
removed and when spheroids are exposed to drugs again.

As a validation step and to explore whether upregulated AKT
activity due to the MEKi treatments was not limited to B-RAF
mutant colorectal cancer cells, we treated spheroids of HCT116

colorectal cancer cells, which harbor KRAS mutation, with
trametinib. Although trametinib treatment downregulated ERK
activity in HCT116 spheroids, it induced AKT signaling (Figure
S4, B-D). This indicates that MEKi treatment induces feedback
signaling through the PI3K/AKT pathway irrespective of B-RAF or
KRAS mutations in the cell lines we studied. These cell lines also
harbor PIK3CA mutation. Future studies will require use of cell lines



Translational Oncology Vol. 12, No. 3, 2019

that lack mutations in B-RAF, RAS, or PIK3CA to validate that
MEKi treatment induces feedback signaling through PI3K/AKT
pathway.

Effect of MEK:i Treatments on B-RAF and STAT3 Signaling. It
was reported that targeting MEK in colorectal cancer resulted in
amplification of B-RAF, an upstream kinase of MEK, that in turn
increased abundance of phosphorylated MEK and impaired the ability of
selumetinib to inhibit ERK signaling [15,34]. Because we did not observe
a major suppression of ERK after treatment with a MEKi, we asked
whether MEKi treatments cause B-RAF amplification. Our result did not
show significant changes in B-RAF activity after treatment Round1 of
HT-29 spheroids with the MEKi and after the Recoveryl phase (Upper
panel blots in (Figure S5, A-B and S5, C-D). Furthermore, it was shown
that -MET/STAT3 signaling mediates adaptive resistance of B-RAF
mutant colorectal cancer to MEKi [11]. Therefore, we examined if
treating HT-29 spheroids with the MEKi leads to the activation of this
pathway. Our result showed that there was no upregulation of STAT3
kinase in the MEKi-treated spheroids after Round1 and Recovery1 phases
(Lower panel blots in (Figure S5, A-B and S5, E-F).

Combination Therapy Effect on Treatment-Induced Drug Resistance

We combined each of the three MEKi with dactolisib, a potent
PI3K/mTOR inhibitor, to study whether this approach could block

(A)
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treatment-induced resistance to MEKi in the colorectal tumor
spheroids. Dactolisib was selected for the combination experiment
because it was more effective that other PI3K inhibitors tested against
HT-29 spheroids (Figure 1, G-H). We used a constant ratio approach
to treat the spheroids and evaluated responses of spheroids to the
treatments at the end of the six-day period, i.e., Roundl, using AUC
and synergism analysis [35]. The computed AUC values showed that
the combination of trametinib and dactolisib was 28% and 30%
more effective than the respective single-agent treatments (Figure 44).
We also found that the combination of PD0325901 and dactolisib
enhanced the response by 36% and 41% than treatments with
PD0325901 or dactolisib alone, respectively (Figure 4B). The
combination of selumetinib and dactolisib also increased effectiveness
by 15% and 18% compared to that when we used each respective
inhibitor alone (Figure 4C). Additionally, the combination of each
MEKi with dactolisib prevented growth of the spheroids and markedly
reduced their size (Figure 4, A-C). Both trametinib/dactolisib and
PD0325901/dactolisib pairs were synergistic (CI< 1) at all combinations
of concentrations tested (Figure 4, D and E). Except for the 0.25 x ICs
concentrations pair, the selumetinib/dactolisib pair was also synergistic at
all other concentrations used (Figure 4F). Furthermore, we determined
the strength of synergism for each combination of drugs using the range of
CI values shown in Table S4.
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Figure 4. Combination treatments of colorectal tumor spheroids with MEKi and dactolisib. Combination and single-agent drug treatments
of HT-29 spheroids with (A) trametinib and dactolisib, (B) PD0325901 and dactolisib, and (C) selumetinib and dactolisib for 6 days. Open
square symbols connected by dotted blue lines represent dose-dependent responses of HT-29 spheroids to single-agent dactolisib
treatments, open circle symbols connected by dotted red lines represent dose-dependent responses of HT-29 spheroids to single-agent
MEKi treatments, and solid triangle symbols connected by solid green lines represent dose-dependent responses of HT-29 spheroids to
combination treatments with MEKi and dactolisib. Inset images show spheroids after dose-dependent combination drug treatments. The
image in the top left of panels (A-C) shows a control, non-treated spheroid. Scale bar is 300 um. Synergy plots for the combination

experiments show combination index (Cl) versus fraction affected

(Fa) at different combination concentrations for (D) trametinib and

dactolisib, (E) PD0325901 and dactolisib, and (F) selumetinib and dactolisib. Cl< 1 indicates synergism, whereas CI> 1 indicates

antagonism.
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Molecular Effects of Combination Treatments

We studied the effect of combination therapies with the MEKi and
dactolisib to inhibit feedback signaling in colorectal tumor spheroids.
We treated HT-29 spheroids with three different multiples of ICs( of
each of the MEKi and dactolisib for 48 hours, and probed protein
level activities of ERK1/2 and AKT in HT-29 spheroids. The
inhibitors at these concentrations showed synergism in dose-
dependent experiments (Figure 4). Table S3 shows the ICsq value
of each inhibitor against HT-29 spheroids.

The trametinib/dactolisib pair reduced ERK activity marginally,
but significantly, only at the combined ICs, concentrations (Figure 5,
A-B). The inhibitors significantly reduced AKT phosphorylation
dose-dependently at all three concentration pairs. The largest
inhibition of AKT activity was 47% at the ICsq concentrations (Figure
5, A and C). The synergy between trametinib and dactolisib combination
(Figure 4, A and D) is likely due to the downregulation of p-AKT, at least
for the two lower combination pairs, i.c., 0.25 x ICs5p and 0.5 x ICs,.

The PD0325901/dactolisib pair significantly downregulated ERK
phosphorylation at the combined concentrations and in a dose-
dependent manner. The largest inhibition was 98% at the combined
ICs¢ concentrations (Figure 5E). Although this combination did not
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suppress AKT activity at the 0.25 x ICsq and 0.5 x ICs¢ concentra-
tions, it reduced AKT phosphorylation by 24% at the combined ICs
concentrations (Figure 5, D and F). This result suggests that the
synergy between these two inhibitors (Figure 5, B and E) is largely
due to the downregulated ERK activity.

Selumetinib and dactolisib also significantly and dose-dependently
reduced ERK phosphorylation by 58%-89% of the vehicle control
(Figure 5, G and H). At these concentrations, AKT activity was also
significantly inhibited by 52%-27% (Figure 5, G-1), albeit it showed
an increase with increased drug concentrations. It appears that
simultaneous downregulation of AKT and ERK activities facilitated
the synergy between selumetinib and dactolisib (Figure 4, C and F).

Growth Inhibition of Tumor Spheroids by Long-Term Cyclic
Combination Treatments

Our single-agent treatments of colorectal spheroids with MEKi
activated AKT signaling. Importantly the protein activity was
sustained during the long-term single-agent MEKi treatments,
providing a rationale for combination therapy of the spheroids.
Thus, we asked whether specific drug combinations would be
effective against growth of tumor spheroids during long-term
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Figure 5. Combinations of MEKi and dactolisib downregulate ERK1/2 and AKT signaling in HT-29 spheroids. Representative Western blots
and quantified results for p-ERK1/2, +-ERK1/2, p-AKT, and #-AKT from spheroids treated with (A-C) trametinib and dactolisib, (D-F)
PD0325901 and dactolisib, and (G-I) selumetinib and dactolisib, for 48 hours. Each experiment was repeated twice. Results are shown as
mean =+ standard error. *p < 0.05 denotes comparing each treatment with its respective vehicle control.
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treatment/recovery cycles (Figure 24). We used the lowest synergistic
concentration pairs of each of the MEKi and dactolisib, i.e.,
0.25 x ICsg for trametinib/dactolisib, 0.25 x ICs, for
PD0325901/dactolisib, and 0.5 x ICsy for selumetinib/dactolisib
to demonstrate long-term efficacy of the combination treatments. We
also performed single-agent treatments with the same concentration
of each inhibitor used in the respective combination treatments. In
addition, we considered spheroids maintained in cell culture medium
for 30 days as the vehicle control. Both the single-agent and
combination treatments followed the scheme of Figure 2A.
Comparing growth kinetics of spheroids for the vehicle control,
single-agent treatments, and combination treatment in each panel of
(Figure 6, A-C) showed that the respective combination treatment
significantly delayed growth of the spheroids over the 30-day period.

To quantitatively compare efficacy of various treatments, we first
calculated growth rate of spheroids as the difference in the volume of
spheroids over time. Tables S5-S7 show the average values of growth
rates for all the treatments and the vehicle control. Next, we
calculated the growth inhibition of spheroids by each treatment as the
difference in the growth rates of treated and vehicle control spheroids
divided by the growth rate of the vehicle control spheroids. Among
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the combination treatments, the selumetinib/dactolisib pair was the
most effective and inhibited the growth of HT-29 spheroids by 88%.
This was followed by the PD0325901/dactolisib pair that showed a
growth inhibition of 80%, and the trametinib/dactolisib pair with a
63% inhibitory effect. Figure 6, A-C also includes the quantified
growth inhibition of all single-agent and combination treatments.

Discussion

We modeled treatment-induced resistance to MEKi by cyclically
treating colorectal tumor spheroids with potent molecular inhibitors
of MEK1/2 and recovering them from the treatments. Although
complex mathematical approaches have been developed to model
growth, transition, and dissemination dynamics in drug-sensitive and
drug-resistant cancer cells [36,37], for simplicity, we used growth rate
of spheroids as a metric to quantify evolving resistance of cancer cells
to the MEKi in our experimental model. Several studies have
demonstrated that growth of spheroids from morphological mea-
surements closely correlates with that from biochemical analyses using
MTT and Prestoblue [21,38,39]. Using morphology of spheroids to
study cancer drug effects requires uniform size of spheroids prior to
treatments and a consistently round shape after treatments. We
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-@- 0.25 xICsq dactolisib 46%
63%

-4— 0.25 xICso combination

-v-- Vehicle Control Growth inhibition
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. -&- 0.25 xI1Csq dactolisib 46%
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- 0.5 xICsq selumetinib 33%
0.5 xICs, dactolisib 49%
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Figure 6. Long-term cyclical combination treatments. Volume of spheroids is shown during treatment and recovery cycles of Figure 2A:
Vehicle control (open inverted triangles), MEKIi treatment (open circles), dactolisib treatment (open squares), and combination treatment
(solid triangles). All treatments were done using lowest synergistic concentrations of the MEKi and dactolisib. n = 7 and p < 0.001.
Means of growth rates in each panel (A-C) on day 30 that do not share a letter are significantly different. Scale bar is 300 um.
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generated uniformly-sized spheroids using our aqueous two-phase
microprinting technology that produces a single spheroid in each
microwell and highly homogenous spheroid size distribution
throughout microplates. Our previous study showed that changes
in the size of spheroids over time strongly correlate with the metabolic
activity of cells measured using a Prestoblue biochemical assay [21].
Therefore, we used size measurements of spheroids as a straightfor-
ward approach to determine effects of drug treatments and evolution
of drug resistance in spheroids. Normalized growth rate (k./kq) of
spheroids takes into account changes in the size of spheroids during
cycles of treatments with molecular inhibitors. We identified drug
resistance of spheroids if their growth rate during a treatment cycle
was significantly larger than its preceding treatment phase, i.e., (k./
ko)i + 1> (k/ko)s.

Our selection of molecular inhibitors of MAPK and PI3K
pathways was based on selectivity of the compounds against their
targets and their use in pre-clinical studies either alone or in
combination therapies against colorectal cancers. The goal of our
short-term screening experiments against tumor spheroids was to
identify the most effective compounds and subsequently use them in
long-term cyclic treatment/recovery experiments to establish that
colorectal cancer cells adapt to drug treatments. Our screening
identified three MEKi (trametinib, PD0325901, and selumetinib)
effective against colorectal spheroids growth. The sensitivity of the
colorectal cancer cells to these MEKi is consistent with studies that
showed dependence of cancer cells on MEK1/2 for survival and
proliferation [40], and thus, development of various MEKi to target
these kinases [41]. Our quantitative study using the growth rate
metric established that repeated use of MEKi induces resistance in
colorectal tumor spheroids independent of drug concentration
(Figures 2, S1 and S2). Our result is consistent with in vivo studies
that showed cyclic treatment of tumor xenografts with MEKi did not
reduce tumor size [42,43], thereby necessitating alternative
treatments.

Our molecular analysis showed that trametinib and PD0325901
only moderately downregulated ERK phosphorylation during the first
round of treatment, despite specificity of these MEKi toward their
target. We suspect that the moderate effects of these MEKi was due to
their low concentrations used in our experiments (Figure 3, A and C).
Our previous study using a higher trametinib concentration (100
nM) showed complete inhibition of ERK activity in HT-29 spheroids
[21]. Despite moderate effects of these compounds, ERK phosphor-
ylation fully recovered during the recovery phase (Figure 3, Band D),
indicating that the MEKi produce a transient response in the cancer
cells. Gain of ERK activity during the recovery phase allowed the
colorectal tumor spheroids to show sensitivity to the MEKi during the
second round of treatments with trametinib and PD0325901 (Figure 3,
G and H). The inability of selumetinib to downregulate ERK signaling
during subsequent treatment rounds was likely a reason for the increase in
growth rate and resistance of colorectal tumor spheroids to this
compound.

Inhibition of MEK has been reported to reactivate PI3K signaling,
motivating us to investigate signaling through AKT as a mechanism
of resistance to cyclical therapy [32,44]. Our results showed that only
48 hours of exposure of HT-29 spheroids to a MEKi elevated AKT
phosphorylation (Figure S3). The p-AKT levels were significantly
high during Roundl treatments with a MEKi (Figure 3E).
Phosphorylated AKT remained significantly increased even after
removing drugs during the Recoveryl phase (Figure 3F) and following
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exposure of spheroids to a MEKi during Round2 (Figure 3/). Our
validation of this phenomenon with spheroids of KRAS-mutant
HCT116 cells indicates that MEKi-induced activation of PI3K/AKT/
mTOR pathway is 2 major mechanism of feedback signaling in colorectal
cancer cells that we have studied. Our results are consistent with other
reports that showed phosphorylation of AKT in various RAF- and RAS-
mutant lung and colorectal cancer cells under RAFi or MEKi treatments
[45,46], and in a genetically engineered Apc- and KRAS-mutant
colorectal cancer mouse model under MEK162 treatment [47]. On the
other hand, several studies also showed that treatment with a MEKi
(selumetinib) induced amplification of B-RAF, which in turn reduced the
efficacy of the MEKi to inhibit ERK [15,34]. Additionally, MEKi
treatments activated -MET/STAT?3 signaling in BRAF-mutant colorec-
tal cancer models both in vitro and in vivo [11]. However, we did not
observe amplification of B-RAF or activation of STAT3 (Figure S5),
confirming that compensatory AKT signaling in colorectal HT-29 tumor
spheroids is the main mechanism of acquired resistance to the MEKi.
Morphologically, this adaptive resistance was evident from increases in the
growth rate of spheroids under single-agent treatments with MEKi
(Figure S1, G-1).

We successfully blocked this feedback signaling by combining a
MEKi and dactolisib and showed that all the combinations
synergistically inhibited growth of HT-29 spheroids and downreg-
ulated phosphorylation of both ERK and AKT when we used
sufficiently high concentrations of the compounds. Importantly,
parallel inhibition of MAPK and PI3K pathways resulted in
suppression of growth of spheroids during long-term combination
MEKi and dactolisib treatments. We demonstrated that long-term
cyclic treatments of colorectal tumor spheroids with combinations of
MEKi and dactolisib effectively prevented growth of the spheroids by
as high as 88% compared to the non-treated vehicle controls. We
achieved this improved activity at significantly lower doses of MEKi
and dactolisib, an effect that was significantly greater than that with
cither single-agent treatment at the same drug concentration.
Although clinical trial combining MAPK and PI3K inhibitors has
been unsuccessful because of toxicity [48], using a lower concentra-
tion of each compound or temporal changes in dosing such as in
cyclic treatments may help reduce toxicity. Our 3D resistance model
enables high throughput testing of different drug combinations over a
wide concentration range to select effective pairs of drugs at optimal
doses and also allows testing different treatment regimens to identify
those with reduced toxicity than dual combination treatments.

Our results are consistent with studies that showed intermittent/
cyclic dosing of MEKi with PI3K inhibitors significantly suppresses
growth of tumors in animal models. For example, the MEKi GDC-
0943 exhibited synergy with the PI3K inhibitor GDC-0941 by
inhibiting tumor growth and inducing apoptosis in DLD-1 colorectal
tumor xenografts [42]. Similarly, the MEKi PD0325901 exhibited
synergy with the PI3K inhibitor GDC-0941 in non-small cell lung
cancer xenografts [43], and HCT116 and HT-29 colorectal
xenografts [49]. Our findings are also in agreement with previous
reports that MEKi and PI3K/mTOR inhibitor combinations
generated anti-proliferative effects in colorectal cancer cells by
reducing ERK, AKT, and S6 activities [42,45,50,51]. Prior
intermittent dosing studies showed prolonged effects on downstream
markers of proliferation and apoptosis [42,43], which may be
responsible for significantly reduced growth of colorectal tumor
spheroids under combination therapies in our long-term treatment
studies. Therefore, a significant aspect of our study is the use of a 3D
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in vitro colorectal tumor model in cyclic treatment and recovery with
molecular inhibitors to reliably emulate results in animal models. But
unlike time-consuming patient-derived xenograft (PDX) models, our
approach enables convenient high throughput testing of various drug
combinations to identify promising treatments. Incorporating our
model in mainstream anti-cancer drug screening will save time and
cost, accelerating drug discovery and development.

In conclusion, this study presented a novel model of cyclic drug
treatment and recovery of tumor spheroids to demonstrate that
single-agent treatments with targeted kinase inhibitors leads to
adaptive drug resistance of cancer cells. The utility of our spheroid
technology to model treatment-induced resistance of colorectal cancer
cells coupled with a comprehensive molecular analysis identified
molecular makers of resistance and helped rationally design
combination treatments that effectively blocked growth of tumor
spheroids. Our 3D resistance model will advance mechanistic
understanding of drug resistance in different cancers and testing of
therapeutics and different regimens to overcome resistance with
reduced toxicity. Furthermore, the use of this model with patient-
derived cells of different genetic signatures may offer a major precision
medicine tool to improve treatment outcomes.
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