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Both heat shock protein 90 and 70 (Hsp90, Hsp70) are cytoprotective proteins that regulate cell death by stabilizing and
folding proteins. Taking a two-pronged approach, involving simultaneous inhibition of Hsp90 and Hsp70, leads to synergistic

cell death, which makes this is an appealing clinical therapy.

Heat shock proteins (HSPs) include a family of molecular
chaperones, specifically heat shock protein 90, 70, 40 and 27
(Hsp90, Hsp70, Hsp40, and Hsp27), that play an important role in
folding and stabilizing many proteins (clients) involved in cancer-
related signaling events." ? Specifically Hsp90 controls kinases,
signaling proteins, cell-cycle regulators, and steroid receptors.
Improper regulation of these proteins by Hsp90 usually promotes
cancer, making the inhibition of Hsp90 chaperone function an
intensively studied chemotherapeutic approach. Classical inhibitors
target the ATP-Hsp90 binding event, which occurs at the N-terminus
of Hsp90. Over 50 clinical trials, testing 15 different classical Hsp90
inhibitors (ClinicalTrials.gov database), have shown that they all
induce a cytoprotective response, which has lead to disappointing
results in the clinic. Currently three compounds are still being used
as monotherapy in clinical trials, but most are being used in
combination therapies (ClinicalTrials.gov database).*™

Inhibiting Hsp90 using classical molecules such as 17-AAG
(Fig. 1) induces the cytoprotective response by increasing the Hsp70
protein levels. Hsp70 is utilized to refold (Fig. 1) and stabilize
clients, taking over Hsp90’s role when needed, as well as rescuing
cells from stress-induced apoptosis. This rescue mechanism is
referred to as a heat shock response (HSR).® Such behaviour has led
to the assumption that all Hsp90 inhibitors activate a HSR and the
excessive Hsp70 induction is assumed to be a pharmacodynamic
marker of Hsp90 inhibition.” Recently we demonstrated that an
unique Hsp90 inhibitor, SM122, did not induce the HSR and infact
significantly decreased Hsp70 at both transcriptional (mRNA
expression) and translational (protein expression) levels.® The most
important fact that summarizes the difference is that classical
inhibitors, like 17-AAG, typically kill cancer cells with a Gls
(concentration used to kill 50% of cells) value at ~ 50 nM, whereas
SM122 has a Glsy at ~ 8 uM. However, both molecules (17-AAG
and SM122) inhibit Hsp90 with an ICs, (concentration where 50%
of the molecule is bound to Hsp90 protein) at ~ 2 pM.

This journal is © The Royal Society of Chemistry 2012

As two major cellular chaperones, Hsp90 and Hsp70 facilitate
the chaperone-mediate protein folding process (Fig. 1). Inhibiting
either of them results in the accumulation of unfolded or mis-folded
proteins.” '° Hsp70 assists in the delivery of specific clients to the
Hsp90-dependent protein-folding system (Fig. 1).!! Hsp70 also
functions as an individual chaperone, folding client proteins (Fig. 1),
assisting in protein translocation, and facilitating protein
disaggregation. Inhibiting Hsp90 is thought to stimulate the Hsp70-
dependent protein-folding system to partially compensate for
Hsp90’s functional inactivation. '* In addition to its role as a
molecular chaperone, Hsp70 is also a key anti-apoptotic protein that
actively participates in the protection of cancer cells from both
extrinsic and intrinsic apoptosis™ "*'® Combination treatments using
inhibitors that target the ATP-binding pockets of Hsp90 and Hsp70
have proven effective in both in vitro and in vivo preclinical
studies.'” '® Hsp70 inhibitors in killing cancer cells have been
demonstrated,'”" all previous work has utilized classical Hsp90
inhibitors that induce high levels of Hsp70. Given that dual
inhibition is aimed at suppressing the function of both Hsp90 and
Hsp70, utilizing an Hsp90 inhibitor that promotes the production of
Hsp70 in combination treatments is potentially problematic.

Herein we report how the Hsp90 inhibitor SM122, which does
not produce Hsp70 accumulation in cancer cells,® **** behaves when
used in the combination treatment with a well-established Hsp70
inhibitor, VER-155008 (VER, Gl5, = 22 uM against HCT116).
Evaluation of SM122 in combination with VER on (i) killing
multiple types of cancer cells, (ii) the inhibitory impact on the
chaperone-dependent protein-folding system (Hsp90 and Hsp70),
(iii) disordering the cell cycle distribution, and (iv) the ability to
induce apoptosis demonstrated that the combination of these two
inhibitors is highly effective as a chemotherapeutic treatment.

J. Name., 2012, 00, 1-3 | 1



Organic & Biomolecular Chemistry

unfolded
client proteln

o2,

.J_

() Hsp70 system ®

Hsp70

folded
client protein

NC

Hsp40 ’\
Hsp70

unfolded N

client protein
\
Hsp90 system \’

A2
(ot € folded

client protein

S

folded
client protein

N o N
u N /7NH HN S o "
5 NN Cbz- \ : O,
o o7 <OH O
OH OH *\
OCONH,
VER-155008 17-AA
Hsp70 Inhibitor Hsp90 inhibitor Clinical Hsp90 inhibitor
Binding affinity Binding affinity Binding affinity
for Hsp70 for Hsp90 for Hsp90
ICs, =500 nM ICy, = 600 NM ICs =1 M

Fig. 1. Hsp90 and Hsp70-dependent protein-folding machinery and inhibitors used in this study: 17-AAG and SM 122 are Hsp90 inhibitors, and VER-155008

is the Hsp70 inhibitor.

In contrast to clinical inhibitors, SM122 modulates the C-
terminus of Hsp90 and inhibits it’s function without activating a
HSR.% 222 Comparison between the effects of cells treated with
SM122 versus 17-AAG, a classical Hsp90 inhibitor, when each
molecule is used in combination with VER, demonstrates that dual
inhibition is effective at synergistically killing cancer cells (Fig. 2).
Specifically, isobologram analysis®* was performed to determine
whether 17-AAG/VER and SMI122/VER combinations are
synergistic, additive, or antagonistic in killing HCT116 human colon
cancer cells. Our data confirm that using a combination of Hsp90
and Hsp70 inhibitors has a synergistic combination effect on their
ICs, values.

In contrast, combining two Hsp90 inhibitors, 17-AAG and
SM122, showed an antagonistic effect (Fig. 2a) in co-treatment.
The antagonistic effect between the two Hsp90 inhibitors is
seen when higher concentrations of 17-AAG and low
concentrations of SM122 are used to treat cells. However, with
high concentrations of SM122 and lower ratios of 17-AAG we
see an antagonistic effect. We know that the two molecules
have different binding sites that interfere with each other.® **%°
Specifically, when SM122 is bound, it may block access to the
ATP binding pocket where 17-AAG binds to Hsp90. Thus, at
high concentrations of SM122, 17-AAG competes for Hsp90.
Since 17-AAG’s binding affinity for Hsp90 is ~ 1 uM, and its
ICsg is ~ 50 nM, treating with 50 nM as shown in Fig 2a, will
not “fill” the Hsp90 binding sites, and thus, at the ‘“high
concentrations” of 17-AAG (~ 50 nM) as defined in the graph,
there are still high levels of unbound Hsp90. These “open”
Hsp90s can be targeted by SM122. Unfortunately, running
experiments with 1 pM of 17-AAG, which would be a more
accurate measurement, Kills the cells and therefore viable data
are not gathered. All of these data together support the fact that
only a small portion of 17-AAG binds to Hsp90, while the

2| J. Name., 2012, 00, 1-3

remaining  concentration alternative
mechanisms.

Qualitatively assessing the levels of observed synergism
was accomplished by using the fixed-ratio combination
analysis, which characterizes combinational effects with the
combination index (CI).*® Determining the effective fixed-
ratios for analysis was accomplished by analysing the
isobologram data via a concentration versus cell survival graph
(Fig. 2b and c). We found that two inhibitors with ratios
between 3 : 500 to 1 : 1000 of 17-AAG : VER,or2:1tol:5
of SM122 : VER synergistically enhanced the anti-proliferative
activity of each other. Based on these results, three different
ratios for each drug combination were selected for the fixed-
ratio combination analysis. Specifically, HCT116 cells were
treated with VER and 17-AAG or SM122 respectively or in
combinations at designed ratios for 72 h (Fig. 2d). Cytotoxicity
results were then analyzed using CalcuSyn software thereby
generating CI simulations at four effective dose (ED) levels.
Results clearly demonstrate that both co-treatments exhibited
very strong or strong synergism in all shown ratios at most ED
levels (Fig. 2e). The most synergistic ratios of 17-AAG/VER
and SM122/VER combinations are 3 1000 and 1 5,
respectively (Fig. 2e, red color), which were selected for all
subsequent studies. These combination ratios indicate that
combinations of 17-AAG/VER and SM122/VER are strongly
synergistic at killing HCT116 cancer cells. Similar synergism
between those Hsp90 and Hsp70 inhibitors in co-treatments has
also been observed in multiple other cancer cell lines, including
A549 human lung adenocarcinoma epithelial cells, HeLa
human cervical cancer cells, and MiaPaca-2 human pancreatic
cancer cells (Fig. 2g).

impacts apoptotic

This journal is © The Royal Society of Chemistry 2012
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Fig. 2. Combinational effects of co-treatments with VER and 17-AAG or SM122 in HCT116 cells. (a) Isobologram graphs of VER/17-AAG, VER/SM122,
and SM122/17-AAG combinations after 72 h co-treatments in HCT116 cells. All isobologram graphs were generated from isoeffect curves shown in
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Supplementary Figure 1d-g. The distribution of dots connecting values of 1 represents additive effects while scattering below or above means synergism and
antagonism, respectively. (b, ¢) The contribution of one inhibitor in enhancing the anti-proliferative activity of the second inhibitor in combination treatments
against HCT116 cells (72 h). (d) Fixed-ratio analysis curves of 17-AAG/VER (3 : 1000 dose ratio) and SM122/VER combinations (1 : 5 dose ratio) after 72 h-
treatments in HCT116 cells. (¢) Summary of CI values generated from the fixed-ratio analysis of combination treatments against HCT116 cells with different
ratios between two drugs. The experimental results of the optimal combinations marked with red color were shown in Figure 2d, respectively. (f) Range and
description of CI values. (g) Fixed-ratio analysis curves of 17-AAG/VER or SM122/VER combinations after 72 h-treatments in multiple cancer cell lines,
including A549, HeLa, and MiaPaca-2. Every graph in Figure 2a contains the data from at least three independent experiments. All values in Figure 2b-d and g
are average * s.e.m. from at least three independent experiments. Differences between co-treatments and indicated single treatments are represented with P
values (*, P < 0.05; **, P <0.01; *** P <0.005; and **** P < 0.001). All values in Figure 2e are calculated using the average obtained from fixed-ratio
analysis results.

Since the studied combinations showed “strong synergism” in  differential selectivity for HCT116 (Figure 3b and Supplementary
killing different types of cancer cells, we were concerned about their ~ Figure 1b; ICsq = 7.6 uM in HCT116, ICso = 18.5 uM in WS-1).
toxicity in normal cells. In order to evaluate tumor-selectivity, we Similar to SM122, VER had 2-fold differential selectivity for
performed the same fixed-ratio combination analysis of 17- HCT116 versus WS-1 cells (Figure 3¢ and Supplementary Figure 1c;
AAG/VER and SM122/VER using one of the optimized ratios (3 : 1Cso = 21.8 uM in HCT116, ICs, = 42.4 uM in WS-1). Results of
1000 for 17-AAG : VER and 1 : 5 for SM122 : VER, which were fixed-ratio combination study show that both 17-AAG/VER and
used in the treatments of HCT116 cells) in WS-1 normal epithelial SM122/VER dual treatments retain tumor-specific effects (Figure 3d
cells. Growth inhibitory effects of dual HSP inhibition was and e). The co-treatments with combination units 12-16 for 17-AAG
accomplished using WS-1 cells and the same conditions used in  (45-60 nM) and VER (15-20 uM), or units 4-6 for SM122 (4-6 uM)
cancer cells, including cell-plating density, drug-treating procedure, and VER (20-30 pM) represent an acceptable therapeutic window
incubation environment, and treatment time. Consistent with other for dual inhibition that will selectively kill HCT116 cells (Figure 3d
reports, 17-AAG exhibited selectivity for HCT116 cells over WS1  and e).
cells (Figure 3a and Supplementary Figure 1la; ICs, = 37.76 nM in
HCT116, ICsy = 500 nM in WS-1). SM122 showed moderate
propensity to kill cancer cells over normal cells, with 2.4-fold higher

a) Cytotoxicity of 17-AAG in WS-1 b) Cytotoxicity of SM122 in WS-1 ¢) Cytotoxicity of VER-155008 in WS-1
(IC50 =~ 500 nM) (ICso = 18.51 uM ) (ICs = 42.44 M)
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Fig. 3. Toxicity of 17-AAG, SM122, VER and their co-treatments in WS-1 cells. (a-c) Individual treatments with 17-AAG, SM122 or VER, respectively, in
WS-1 cells. (d, e) Fixed-ratio analysis curves of 17-AAG/VER (3 : 1000 dose ratio) and SM122/VER combinations (1 : 5 dose ratio) after 72 h-treatments in
WS-1 cells. All values are average + s.e.m. from at least three independent experiments.

Malfunction of the Hsp90 or Hsp70 protein-folding system leads  suppressed simultaneously (Fig. 4b-¢), which generated CI values of
to an accumulation of unfolded or mis-folded proteins.”” Evaluating strong or very strong synergism in damaging the chaperone-
the combinational effect of HSP dual inhibition in damaging HSP  dependent protein-folding systems. Specifically, treatments of 0.1
chaperone function was done using a rabbit reticulocyte lysate pM 17-AAG or 0.1 pM SM122 with increasing concentrations of
(RRL)-based Iluciferase-refolding assay. The Hsp90/Hsp70- VER (Fig. 4d) showed that both combinations were extremely
dependent protein-folding system in RRL re-natures the heat- effective at inhibiting the chaperone folding activity. Treatments
denatured firefly luciferase protein.®® Thus, the inhibitory impact of using 20 uM VER in combination with increasing amounts of either
each drug or their combinations on the renaturation of firefly 17-AAG or SM122 confirmed the highly synergistic inhibitory
luciferase will show how effectively or synergistically they are activity against the protein-folding system (Fig. 4e). Indeed, despite
suppressing the HSP chaperone function in folding client proteins. the low IC5q of 17-AAG (~ 50 nM against HCT116), SM122 inhibits

RRL treatment with 17-AAG, SM122, or VER alone showed a the protein-folding event at similar concentrations to that of 17-
significant impact on the protein-folding machinery (ICs, values of AAG. Combining either Hsp90 inhibitor with VER has essentially
1.90, 2.39, and 26.25 uM, respectively, Fig. 4a). However, the most an identical strongly synergistic impact on the chaperone-dependent
effective inhibition was obtained when both Hsp90 and Hsp70 were protein-folding machinery.

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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Fig. 4. Effect of HSP dual inhibition on chaperone-dependent protein-folding system. (a) Impact of mono-HSP inhibition on protein-folding system in rabbit
reticulocyte lysate (RRL), which highly depends on the chaperone functions of Hsp90 and Hsp70. (b, ¢) CI values of the combinations shown in Fig. 3d and e.
(d, e) Combination effects of dual HSP inhibition in restraining the overall protein-refolding system in RRL. Data in Fig. 3a, d and e were obtained at the 120
min time point during the refolding process. All values in Fig. 3a, d and e are average + s.e.m. from at least three independent experiments. Differences
between dual inhibition and indicated single inhibition are represented with P values (*, P < 0.05; **, P <0.01; *** P <0.005; and **** P <(.001). All data
points in Fig. 3b and ¢ are generated using the average obtained from Fig. 3d and e.

Cell-cycle analysis was also performed in order to understand the
synergistic interaction between Hsp90 and Hsp70 inhibitors. 17-
AAG (150 nM) and SM122 (10 uM) showed comparable potency in
arresting HCT116 cells at GO0/G1 phase in 12 h-treatments,
respectively, but SM122 exhibited a much higher impact on arresting
cells in GO/G1 than 17-AAG after 24 h of treatment (Fig. 5a). VER
(50 uM)-mediated Hsp70 inhibition trapped cells in G2/M phase at

This journal is © The Royal Society of Chemistry 2012

12 h, and in both G2/M and G0/G1 phases at 24 h, with a significant
shrink in S phase. In contrast to single inhibition, co-treatment with
VER and either 17-AAG or SM122 distributed the three cell cycle
phases evenly. This observation suggests that using a combination of
Hsp90 and Hsp70 inhibitors, regardless of their mechanisms, has a
suppressive impact on both G0/G1 and G2/M phases, causing early
and rapid cell death among these two cell-cycle populations.

J. Name., 2012, 00, 1-3 | 5
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Fig. 5. Impact of HSP dual inhibition on cell cycle distribution and cell death

in HCT116 cells. (a) After indicated treatment cells were stained with PI for cell

cycle analysis by flow cytometry. The percentages of living cells in the GO/G1, S, and G2/M phases of cell cycle are indicated in bar graphs. Raw data were
provided in Supplementary Fig. 2. (b) After indicated treatment cells were stained with 7AAD/Annexin V-FITC and analysed by flow cytometry for apoptosis
analysis. Raw data were provided in Supplementary Fig. 3. (c) Caspase-3/7 induction in indicated treatments. (d) After 24 h treated cells were immunoblotted

with primary antibody to detect PARP-1 cleavage. Actin was used as the p

rotein loading control. Bands corresponding to intact and cleaved PARP-1 are

indicated above. In Fig. 4a and b, data are average of at least three independent experiments. All values in Fig. 4c are average + s.e.m. from three independent
experiments. Differences between dual inhibition and indicated single inhibition are represented with P values (***, P < 0.005; and ****, P < 0.001).

Since Hsp90 or Hsp70 inhibition is known to trigger apoptotic
cancer cell death, we evaluated the efficiency of HSP dual inhibition
in apoptosis induction. Comparison of single treatments with each
inhibitor (17-AAG, SM122, and VER) to combination treatments
(17-AAG/VER and SM122/VER) in HCT116 cells showed that the
dual inhibition triggered a rapid and more intensified apoptosis than
individual inhibition (Fig. 5b). Specifically, utilizing the fixed drug
ratios determined during cytotoxicity assays, apoptotic cells in two
co-treatments were identified via Annexin V-dependent apoptosis
analysis. Although a direct comparison cannot be made in co-
treatments since there are unique ratios that are specific to drug
combinations, treating HCT116 cells with 50 uM of VER in
combination with 2-3 fold over the Gls, values of either 17-AAG or
SM122 shows key differences between these two Hsp90 inhibitors.
Co-treatment with SM122/VER (fixed ratio = 1 : 5) induced
apoptosis in 75% of total tested HCT116 cells. In comparison, 17-
AAG/VER co-treatment (fixed ratio = 3 : 1000) only killed 50% of
total tested HCT116 cells.

Subsequent experiments proved that the observed apoptosis was
through a caspase-3/7-dependent pathway (Fig. Sc) with poly(ADP-
ribose) polymerase (PARP-1) cleavage (Fig. 5d). Using the same
treatment conditions as in the Annexin V-dependent apoptosis
analysis, 17-AAG/VER showed better capacity in caspase-3/7
activation (12-fold increase over the control) than SM122/VER (6-
fold increase over the control) after 24 h. This result was different
than the Annexin V results, where SM122/VER induced higher
levels of early and late apoptosis than 17-AAG/VER at 24 h. The
PARP-1 cleavage data suggest that other pathways besides caspase
regulated apoptosis are involved and trigger cell death when using
SM122/VER co-treatment, but caspase-controlled pathways are the

6 | J. Name., 2012, 00, 1-3

primary apoptotic mechanism for 17-AAG/VER treatment.
Moreover, although individual treatments of all three compounds
induced PARP-1 cleavage to different degrees, complete cleavage
was only seen in the dual combination treatments (Fig. 5d). This
observation supports the conclusion that Hsp90/Hsp70 dual
inhibition is more effective than individual inhibition in causing
cancer cell death.

In summary, we have shown that combining both Hsp90 and
Hsp70 inhibitors produces strong synergistic effects in killing
multiple types of cancer cells. A systematic study has been
completed in order to understand such synergism, and our results
support the following conclusions: first, simultaneously attenuating
Hsp90 and Hsp70 intensively damages the chaperone-dependent
protein-refolding machinery, resulting in significant cellular stress
that leads to apoptosis. Second, the additive effect of the GO/G1
arrest by Hsp90 inhibition and the G2/M arrest by Hsp70 inhibition
leads to a severe cell cycle disorder, which facilitates cell death.
Third, Hsp90/Hsp70 dual inhibition strongly enhances cancer cell
death through caspase-3/7 dependent apoptosis with complete
PARP-1 cleavage. Fourth, the synergistic behaviour of SM122/VER
triggers apoptosis more effectively than 17-AAG/VER. Finally,
although both co-treatments are highly cytotoxic, they still show
good selectivity for cancer cells. Together these data provide strong
evidence that using Hsp90 and Hsp70 inhibitors in combination is a
valid and effective strategy for cancer treatments. Furthermore,
utilizing an Hsp90 inhibitor that does not induce high levels of
cytoprotective chaperones, like Hsp70, and selectively targets Hsp90
may produce a promising clinical outcome.

This journal is © The Royal Society of Chemistry 2012
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Experimental

Cell lines and cell culture

HCT116 human colorectal carcinoma (CCL-247), MiaPaca-2 human
pancreatic carcinoma (CRL-1420), HeLa human epithelial
carcinoma (CCL-2), and WS-1 human skin fibroblast (CRL-1502)
cell lines were obtained from ATCC (Manassas, Virginia, USA).
A549 human lung adenocarcinoma epithelial cell line was obtained
from Joshua McCarroll’s lab (UNSW, Australia) Cells were cultured
in Dulbecco’s Modified Eagle Medium (DMEM) with supplements
as proscribed by the manufacturer, and incubated in a humidified
chamber at 37 °C with 5% CO,.

Reagents and antibodies

Stock solutions of 17-N-allylamino-17-demethoxygeldanamycin
(17-AAG; Sigma Aldrich) and VER-155008 (VER; Sigma Aldrich),
or SM122 (SRM laboratory), were prepared by dissolving the solid
compound in dimethyl sulfoxide (DMSO, Sigma Aldrich). Primary
antibodies to Actin (1 : 4,000) were obtained from Santa Cruz
Biotechnology, and PARP-1 (1 : 1,000) was purchased from Life
Technologies/ Invitrogen. Secondary antibodies to goat anti-rabbit
HRP (1 : 2,000) and rabbit anti-goat HRP (1 : 2,000) were obtained
from Abcam.

Cell proliferation assay

Cells in logarithmic growth were seeded in 96-well tissue culture
plates at a density of 2,000 cells per well, and allowed to adhere for
24 h in CO, incubator at 37 °C before 72 h-treatment with either
DMSO (control) or inhibitors with indicated concentrations. Cell
proliferation was determined using the CCK-8 (Cell Counting Kit-
8)-based cell proliferation assay (Dojindo Molecular Technologies,
Rockville, Maryland, USA), following the manufacturer’s
instructions. Reduction of the orange-color formazan dye was
measured using a ChroMate 4300 microplate reader (450 nm;
Awareness Technology Inc.). Cell proliferation inhibition was given
by the expression:

Cell proliferation inhibition (%) = [1 — (OD.y +compound = ODpjank) /
(ODeitsipMs0 = ODyjani)] X 100

where OD represents the optical density. ICsy values were calculated
by using GraphPad Prism 6.0 software (GraphPad Software Inc).

Isobologram analysis

Cells were plated in 96-well tissue culture plates at a density of
2,000 cells per well. After 24 h-incubation at 37 °C drug A was
added in 8 different concentrations including 0 uM from the left to
the right side of the plate (over 6 plates with each column filled with
only one concentration). Drug B was then added cross-wise in 12
different concentrations started from 0 uM, respectively (each plate
had only two concentrations of drug B). After 72 h-exposure to
drugs, the growth inhibition of each combination treatment was
measured by using CCK-8-based cell proliferation assay. 12
isoeffect curves for drug A and 8 for drug B were then generated
with totally 77 pairs of combinations (Supplementary Fig. 1d-g), and
the ICs, values for each drug in its isoeffect curves were calculated
using GraphPad Prism software. ICsqy units used in Isobologram
graphs were derived as the ratio of the ICs, value for one drug in its
certain combination relative to the ICsy value of drug alone (e.g. ICs
unit of drug A = ICs, of drug A in combination / ICsy of drug A
alone). ICsy unit values of drug A or B less than 1 were plotted
against corresponding ICsy unit values of drug B or A in the
isobologram graphs. The distribution of dots along the line
connecting values of 1 constitutes as additive effect of two drugs
while scattering below or above represents synergism and
antagonism effect, respectively.

Fixed-ratio combination analysis

This journal is © The Royal Society of Chemistry 2012
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Fixed-ratio combination analysis was performed to obtain the
combination index (CI), which indicates whether the combinational
effect between two drugs in co-treatment is synergistic, additive or
antagonistic. Cells grown in 96-well tissue culture plate (2,000 cells
per well, 24 h pre-incubation before treatment) were treated with
drug A and drug B in a fixed ratio or DMSO for 72 h. The growth
inhibition of each specific drug combination was determined by
CCK-8-based cell proliferation assay. Data were analyzed by using
CalcuSyn software (Biosoft) to generate CI values, which less than
0.9 represent synergism.

Apoptosis and cell-cycle analysis

HCT116 cells were seeded in 6-well plates with a density of 5 x 10°
cells per well, incubated at 37 °C for 24 h, and then treated with
indicated drugs or DMSO for another 12 or 24 h. Treated cells were
harvested by trypsinization, collected and washed with phosphate
buffered saline (PBS; Sigma Aldrich) for one time, and then
separated equally for apoptosis and cell-cycle analyses. Cells for
apoptosis analysis were stained with Annexin V-FITC (Biolegend)
and 7AAD (Biolegend) in Annexin-V binding buffer (Biolegend) for
15 min, and then analyzed by using BD LSRFortessa flow cytometer
immediately. Data was quantified by CellQuest software (BD
Biosciences). Cells separated for cell-cycle analysis were fixed with
-20 °C cold 75% ethanol (in PBS) overnight. Fixed cells were
washed once with PBS and stained for 30 min with propidium iodide
(PI; Life Technologies) in the presence of ribonuclease A (RNase A;
Sigma Aldrich) in PBS. Cell cycle distribution was analyzed by BD
LSRFortessa flow cytometer. Data was quantified by CellQuest
software (BD Biosciences).

Caspase-3/7 induction assay

Activation of the caspase-3/7 pathway was measured using the
Caspase-Glo 3/7 Assay system (Promega). HCT116 cells were
seeded at 2,000 cells per well in 96-well plates and incubated at 37
0C for 24 h before indicated treatments. 50 puL of Caspase-Glo 3/7
reagent (Promega) was then added into each well. After incubating
for 1 h at room temperature in dark, 120 pL of each reaction mixture
was removed and added to a white 96-well plate (Greiner Bio-One).
The luminescence was measured using a luminometer (Berthold
Orion Microplate Luminometer).

Immunoblotting

HCT116 cells were seeded in 6-well plates (5 x 10° cells per well)
and incubated for 24 h before treatments. Cells were treated with
indicated drugs for 24 h and then lysed in lysis buffer (50 mM Tris-
HCL, pH 7.4, 150 mM NaCl, 0.5% sodium deoxycholate and 0.5%
NP40) supplemented with cocktail protease inhibitors (Roche) for
another 24 h. The total protein concentrations of lysates were
determined by the bicinchoninic acid (BCA) method with the BCA
kit (Pierce) following the manufacturer’s instructions. 100 pg of
total protein were separated by 4 ~ 20% Tris-Glycine gel (Life
Technologies) and transferred to a PVDF membrane (Thermo Fisher
Scientific). Membranes were blocked with 5% non-fat milk in TBST
(Tris-buffered saline containing 0.1% Tween-20) for 2 h and
incubated with respective primary antibodies in 2.5% non-fat milk
(in TBST) at 4 °C overnight. After wash with cold TBST
membranes were incubated with respective HRP-conjugated
secondary antibodies at 4 °C for 2 h, following by three-time wash
with cold TBST and one wash with cold TBS (Tris-buffered saline).
Immunoblotting was performed using chemiluminescent substrates
(Thermo scientific) and the images were captured by ImageQuant
LAS 4010 digital imaging system (GE Healthcare).

Luciferase refolding assay
Firefly luciferase (12.5 mg/mL; Novus Biologicals) was diluted to a
concentration of 2 mg/mL in stability buffer (25 mM Tricine, pH 7.8,
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10 mM MgCl,, 1 mM dithiothreitol, 0.1 mM EDTA, 10% (v/v)
glycerol, and 10 mg/mL bovine serum albumin), and was heat
denatured at 41 °C for 30 min. The denatured protein was further
diluted (1 : 20, v/v) in stability buffer to form 0.1 mg/mL stock
solution and placed on ice before refolding. 0.5 pL (total volume) of
drugs with indicated concentrations or DMSO (Sigma-Aldrich) as a
control was incubated with 48.5 pL of 50% diluted rabbit
reticulocyte lysate (RRL; Promega) in Mili-Q water at 30 °C for 5 h.
Refolding was initiated by adding 1.0 uL of the denatured luciferase
stock into the RRL refolding system, treated either with drugs or
DMSO in advance. Reactions were performed at 30 °C. At the 120
min time point, 10 pL of each reaction mixture was removed and
added to 40 pL of Bright-GloTM luciferase assay buffer (Promega)
mixed with Bright-GloTM luciferase assay substrate (Promega),
which was preloaded in a white, flat-bottomed, 96-well plate
(Greiner Bio-One). After incubating for 5 min at room temperature
in dark, the luminescence was measured using a luminometer
(Berthold Orion Microplate Luminometer). Luciferase activity in
refolding reactions at each time point was calculated by the formula:

Luciferase activity (%) = (LI sample. / Llpmso.at 120 min) x 100

where LI indicates the luminescence intensity in each reaction. The
luciferase activity in the refolding reaction with DMSO (control) at
120 min was considered as 100% refolding.

Statistical analysis
To determine the statistical significance of experimental data, the

unpaired Student ¢ test was conducted using GraphPad Prism 6.0
(GraphPad Software Inc). Data were represented as mean + s.e.m.
from at least three independent experiments. Differences are
indicated with P values, which less than 0.05 were considered
statistically significant relative to indicated comparison and
designated with asterisk (*, P < 0.05; **, P <0.01; *** P < 0.005;
and **** P <0.001).
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