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1. Introduction

Members of the B-cell lymphoma-2 (Bcl-2) protein family are critical regulators of apoptosis
and the life-or-death decision is mainly determined by the interactions between three fractions of
the Bcl-2 family: namely the anti-apoptotic subfamily (e.g., Bcl-2 and Mcl-1) and two
pro-apoptotic fractions, the BH3-only proteins (e.g., Bim and Puma) and the death effectors (Bax,
Bak) (Moldoveanu et al., 2014; Sharpe et al., 2004; Hinds et al., 2005). ‘BH3 mimetic’ represents
a new class of cancer drugs that induces apoptosis of cancer cells by targeting various
anti-apoptotic Bcl-2-like proteins, which has gained great success (Delbridge et al., 2015; Billard
et al., 2013). Clinical trials of venetoclax/ABT-199, a specific inhibitor of Bcl-2, have led to its
approval for a refractory form of chronic lymphocytic leukemia (Deeks et al., 2016). It inspired
the development of more BH3 mimetic drug leads.

Using a mathematical modelling approach combined with experimental fitting can help identify
the underlying mechanism of drug efficacy in cells. A well-established model using ordinary
differential equations (ODEs) and mathematical simulations via Bcl-2’s multi-protein interaction
interplay has been successfully used to understand the life-or-death decision (Zhao et al., 2015;
Chen et al., 2007; Lindner et al., 2013). For example, Prehn et al. utilized ODE model simulation
to accurately predict individual death response of cancer cells to 5-fluorouracil/oxaliplatin
(Lindner et al., 2013). Using the ODE model to examine whether an on-target or off-target
mechanism underlying the efficacy of BH3 mimetics would promote accelerated safety
assessment of drug candidates.

The target binding affinity governs biological activities of BH3 mimetics, as well as critical
parameter for modelling, but the affinities of various BH3 mimetics (e.g., ABT-737, A-1210477,
AT-101, S1) for the Bcl-2-like proteins differ greatly among the different compounds as well as
between different assays including isothermal titration calorimetry (ITC), surface plasmon
resonance (SPR) and fluorescence polarization (FP) (Lu et al., 2016; Casara et al., 2018; Song et
al., 2016; Milani et al., 2017; Konopleva et al., 2006; Kotschy et al., 2016; Zhang et al., 2011;
Zhang et al., 2013; Song et al., 2015). In addition, these in vitro binding assays cannot directly
measure target binding in cells; instead it is monitored indirectly by studying downstream cellular
response, e.g., disruption of Bcl-2 protein complexes with pro-apoptotic members, Bax/Bak
activation, and cytochrome c release. Consequently, several drugs (e.g., AT-101) have failed in
advanced clinical trials and later been shown to cause toxicity as a result of off-target effects (Ko
et al., 2007; Hu et al., 2011). Therefore, methods that could evaluate target engagement of BH3
mimetics in cells are urgently needed.

The cellular thermal shift assay (CETSA), a recently established method, enables assessment of
drug target engagement directly in cells based on ligand-induced changes in protein thermal
stability (Martinez et al., 2013; Jafari et al., 2014; Jensen et al., 2015; Martinez and Nordlund,
2016). It has gained success in applying CETSA across multiple drug target classes including
protein kinases and Bcl-2 family proteins (Scheele et al., 2018; Bai et al., 2014). Whether CETSA
could recapitulate the rank-order correlation between in vitro binding assays for different BH3
mimetics have not been evaluated.

ABT-199’s binding selectivity and low-nM binding affinity to Bcl-2 is well characterized by in
vitro binding assays (Souers et al., 2013). Preclinical studies on ABT-199 showed a wide range of
LCso values from the nanomolar to low micromolar range against a panel of leukemia cell lines
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(Pan et al., 2014; Schwartz et al., 2016). ABT-199’s cellular activity at the low micromolar range
is inconsistent with its low-nM binding affinity to Bcl-2. A deep understanding of ABT-199’s
lethality against these leukemic subsets is expected to promote the development of a combination
strategy to enhance ABT-199’s efficacy.

Herein, we used CETSA assay to evaluate the target binding potency of various BH3 mimetics
(ABT-737, ABT-199, A-1210477) to Bcl-2 and Mcl-1, and validated that the method could
provide affinity rank-order and selectivity in agreement with in vitro binding assays. The CETSA
experiments showed that AT-101 and S1 bind Bcl-2-like protein in cells. By using a mathematical
model combined with experimental fitting, we revealed that both Bcl-2 and Mcl-1 binding
contribute to ABT-199’s lethality in a subset of leukemic cell lines (THP-1, JURKAT and
OCI-AML3). ABT-199’s lower binding affinity to Mcl-1 led to efficacy in these Mcl-1-high cells
at the micromolar range. In addition, the result of model fitting with experimental data
differentiates S1 and AT-101 into BH3 mimetics with on-target and off-target mechanism
respectively.

2. Materials and Methods
2.1. Cell culture and chemicals

The human lung carcinoma cell lines H82, H1688, H209, H187, SHP77, and H1048 were
purchased from American Type Culture Collection (Manassas, VA, USA). The human leukaemic
cell lines RS4;11, HL-60, MOLM-13, THP-1, JURKAT, OCI-AML3 and the human breast
carcinoma cell line MCF-7 were obtained from the Typical Culture Preservation Commission Cell
Bank (Chinese Acadamy of Sciences, Shanghai, China). They were all used within 6 months from
resuscitation. The 6 SCLC cell lines and 6 leukaemic cell lines were cultured at 37 °C in
RMPI-1640 (Hyclone, Beijing, China) supplemented with 10% fetal bovine serum (Gibco
Company, USA), 1% penicillin/streptomycin mixture (Hyclone, Beijing, China) in humidified
atmosphere containing 5% CO2. The growth medium for MCF-7 was DMEM-high glucose
(Hyclone, Beijing, China). ABT-737, ABT-199, A-1210477 and AT-101 were purchased
from Selleck Chemicals (Shanghai, China). S1 was synthesized as previously described (Zhang et
al., 2011) and dissolved in DMSO (10 mM) and was subsequently stored as stock solutions in
dark-colored bottles at 4 °C before use.

2.2. Computational modelling

A previously well-established apoptotic network was used for modelling (Zhao et al., 2015;
Chen et al., 2007; Lindner et al., 2013). The network focused on the regulation of mitochondrial
outer membrane permeabilization (MOMP). Upon Bax and Bak activation by activator BH3-only
proteins, they formed homo- or hetero-dimerization to induce MOMP. Bcl-2 family members can
be classified into two groups: pro- and anti-apoptotic factors. The former contains the following
two subtypes: the MOMP effectors Bax and Bak; the select BH3-only proteins termed “activators”
(Bim and Puma). Anti-apoptotic Bcl-2 and Mcl-1 inhibit MOMP by binding these activators and
effectors.

We used a set of ordinary differential equations (ODEs) to describe protein production,
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degradation and interaction with mass-action kinetics (a detailed guideline was listed in Table
S1-S6). ODEs were solved using MATLAB (The MathWorks Inc., Natick, MA, US)
(RRID:SCR_001622) function ode 15s. The chemotherapeutic dose was used as model inputs.
ABT-199, S1 or AT-101 acted by binding to and inhibiting anti-apoptotic proteins with FP-based
Kj values as target-drug interaction parameters. For details, see Table S5.

2.3. Cell apoptosis assay

Apoptosis was determined by the flow cytometric measurement of phosphatidylserine exposure
using Annexin V-FITC. According to the manufacturer's instructions, cells were washed twice
with phosphate buffered saline (PBS) and incubated with a 1:40 solution of FITC-conjugated
Annexin V (Nanjing KeyGen BioTech Co., Ltd., Nanjing, China) in the dark for 10 min at room
temperature. The Annexin V-FITC positive cells were analyzed by flow cytometry on a BD
FACSCalibur (BD Biosciences). Cell Questc software (BD Biosciences) was used to determine
the percentage of apoptosis in the samples. The Lethal Concentration 50 (LCsp) was defined as the
concentration of small-molecule inhibitors to kill 50% of cells.

2.4. Immunoblotting

Whole-cell lysates were prepared by incubating cell pellets in RIPA buffer (Solarbio, Beijing,
China) containing Halt protease inhibitor cocktail (Pierce Biotechnology, Rockford, USA) for 30
minutes on ice and centrifuged at 12,000 g for 15 minutes at 4 °C. Protein concentration of the
supernatant was determined by BCA assay (Beyotime, Shanghai, China) and 100 pg of total
protein was heated (95 °C, 10 minutes) in 5 x sample loading buffer (Sangon Biotech, Shanghai,
China) and resolved in 15% SDS-PAGE. Proteins were then transferred to PVDF membranes
using the Bio-Rad system, blocked for 60 minutes in phosphate buffered saline with 0.1% Tween
(PBST) containing 5% skim milk (BD Biosciences, USA) and incubated with primary antibody
overnight in PBST at 4 °C. Blots were washed with PBST and incubated with HRP-conjugated
secondary antibody for 60 minutes at room temperature. Immune complexes were visualized by
the use of Super Signal West Pico Chemiluminescent Substrate (Pierce Biotechnology) and
detected on a Kodak Image Station 4000MM Pro (New Haven, CT, USA). Primary and Secondary
antibodies used: Bcl-2 (#2870), Mcl-1 (#94296), Bcl-xL (#2762), Bim (#2933), Puma (#12450)
were from CST (Cell Signaling Technologies, MA, USA). Bak (sc-517390), Bax (sc-7480), Actin
(sc-8432) were from Santa Cruz (Santa Cruz Biotechnology, CA, USA). B-tubulin (#A01030) was
from Abbkine (Abbkine Scientific Co., Ltd., Wuhan, China) and Cytochrome C (#AF2047) were
from Beyotime. Anti-mouse 1gG (H+L) (#A0216) and Anti-rabbit 1gG (H+L) (#A0208) were from
Beyotime.

2.5. Cytochrome c release assay

Mitochondrial fractions were isolated using Minute Mitochondrial Isolation kit for cells (Invent
Biotechnologies, Beijing, China) according to the manufacturer’s protocol. The isolated
mitochondria fractions solubilizing in Non-denatured Protein Solubilization reagent (Invent
Biotechnologies) and the supernatant (cytosolic fraction) were collected and subjected to

4



Journal Pre-proof

immunoblotting for Cytochrome c.
2.6. Co-immunoprecipitation

Harvested cells were lysed in 1% Triton buffer (Beyotime). Whole-cell lysates were obtained, 1
mg total proteins were precleared with protein A+G Agarose and incubated overnight with 1 pg of
the specific antibody. Immunocomplexes were captured with protein A+G Agarose (Beyotime).
The presence of immunocomplexes was determined by immunoblotting analysis.

2.7. Determination of intracellular protein concentration by quantitative immunoblotting

Cells were harvested, counted and lysed in RIPA buffer for 30 minutes on ice and centrifuged at
12,000 g for 15 minutes at 4 °C, supernatant was collected and intracellular protein concentration
was determined by subsequent quantitative immunoblotting.

For quantitative immunoblotting, standard curves of each protein relating blot intensity to mass
of loading were constructed with varying concentrations (0.1-10.0 ng) of 6 purified recombinant
Bcl-2 family proteins and 20 pg of HL-60 extract. Recombinant human Bcl-2 and Mcl-1 were
obtained as our report described (Zhang et al., 2011), Bim (LY416580), Puma (TP325345), Bax
(RC204368), Bak (RC201216) were purchased from OriGene (Beijing, China). Immunoblotting
images were acquired using a Kodak Image Station 4000MM Pro (New Haven, CT, USA) and
densitometry was conducted using Kodak Carestream Molecular Imaging software. The total mass
of the investigated proteins (Bcl-2, Mcl-1, Bim, Puma, BAX, BAK) in cell lysates from HL-60
was obtained from the calibration curves. Then, assuming a HL-60 cell volume of 1.11 pL
(Schonbrun et al., 2013) and the appropriate molecular weights for Bcl-2, Mcl-1, Bim, Puma,
BAX, BAK, cellular concentrations for these proteins were calculated. Protein concentrations in
the other cell lines (H82, H1688, H209, H187, THP-1, SHP77, H1048, RS4;11, MOLM-13,
THP-1, JURKAT, OCI-AML3) were determined by comparison to signals from HL-60 cell
extracts.

Protein concentrations of Bcl-2, Mcl-1, Bim, Puma, BAX, BAK from cancer cell lines as
determined by quantitative immunoblotting were used in calculations as initial and steady state
concentrations in the model. Therefore, a panel of cell lines (H82, H1688, H209, H187, HL-60,
THP-1, SHP77 and H1048) were used to study S1, AT-101 and another panel of cell lines (RS4;11,
HL-60, MOLM-13, THP-1, JURKAT, OCI-AML3) were used to study ABT-199.

2.8. Cellular Thermal Shift Assay (CETSA)

For the CETSA assay, cultured cells (approximately 30 million cells are required to establish
one melting curve) were harvested and resuspended with culture medium to a cell density of 5
million cells per ml and seeded into T25 flasks (Coring Plastics). Cells were treated with either
ABT-199, A-1210477 or vehicle (DMSO) for 1 h in an incubator at 37 °C and 5% CO2. The cell
suspensions were collected and diluted with PBS, then divided into 100 pL aliquots in PCR 0.2 ml
tubes and heated at designated temperatures (40-64 °C for Bcl-2, 42-66 °C for Mcl-1) for 3 min in
a PCR machine (ProFlex, Applied Biosystems) followed by 3 min of cooling at room temperature.
The heat-treated cell suspensions were freeze-thawed twice using liquid nitrogen and a heating
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block set at 25 °C. The resulting cell lysates were centrifuged at 20,000 x g for 20 min at 4 °C. The
supernatant was transferred to new microtube from the cell debris and aggregates, and then
analyzed by Western blot. ABT-199 and A-1210477 were added from DMSO stocks to the final
concentration of 100 puM and DMSO concentration 1%. Control samples were incubated with an
equal amount of DMSO.

For the ITDRFcersa assay, cultured cells were harvested and treated with ABT-199, ABT-737,
A-1210477, AT-101, S1, respectively. The five inhibitors were serially diluted to generate a six
points dose—response curve with ten-fold difference in concentration between each point. Cells
were treated with each respective compound concentrations and one vehicle (DMSQO) as control in
100 uL aliquots in PCR 0.2 ml tubes for 1h in an incubator at 37 °C and 5% CO2. The cell
aliquots were heated at 60 °C for Bcl-2 and 62 °C for Mcl-1 respectively following the procedure
described above. The heat-treated cell suspensions were freeze-thawed and centrifuged to discard
the precipitates, then the remaining soluble fraction was analyzed with Western blot.

B-actin or B-tubulin levels were used to normalize the intensities of target proteins. For the
CETSA curves the relative band intensities were related to the intensities of the lowest
temperature for the drug exposed samples and control samples, respectively. For the ITDRFcetsa
curves the relative band intensities were related to control samples.

2.9. Statistical analysis

Statistical significance was determined with mean + standard deviation(sd) by two-tailed t-test
using SPSS 18.0 software (SPSS, Inc., Chicago, MI, USA). P values in between 0.01 < P < 0.05
were considered significant (*) and very significant (") when 0.001 < P < 0.01.

A correlation analysis was performed to determine the relationship between the LCs, values of
cell apoptosis and the model predicted dose w that is required to induce MOMP. The grade of liner
dependency was assessed by Pearson’s correlation coefficient. For analysis, the MATLAB
function corr was used. A correlation coefficient being close to or equal to one was assumed to
indicate a good correlation.

3. Results

3.1. Validating target engagement of BH3 mimetics in cells using the CETSA assays

The screen and optimization of BH3 mimetics often rely on in vitro biochemical assays (FP,
SPR or ITC) using recombinant Bcl-2-like proteins (Bcl-2, Mcl-1). Whether the in vitro binding
affinity could reflect target engagement in living cells is ambiguous and needs to be answered for
validating authentic BH3 mimetics, whose therapeutic effect should be achieved through direct
binding of Bcl-2-like proteins. CETSA is a recently established method for monitoring target
engagement in cells. To evaluate the binding potency of BH3 mimetics to Bcl-2 proteins in living
cells, we applied a CETSA assay on a series of BH3 mimetics (ABT-199, ABT-737, A-1210477,
AT-101 and S1) which have different binding profile, and compared the half-saturation points
(I1Csp) determined using isothermal dose-response fingerprinting (ITDRFcgrsa) with their reported
in vitro binding affinities.

Firstly, the temperature for the ITDRFcersa experiment was determined by detecting the
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thermal melt curves of Bcl-2 and Mcl-1 in untreated cells or under the saturated binding with BH3
mimetics. T, which is the temperature where half of the protein is denatured was calculated for
ITDRFcetsa experiment. As shown by the thermal melt curves, in the absence of BH3 mimetics,
Bcl-2 and Mcl-1 proteins lost their higher-order structure and denature at 60 °C and 62 °C
respectively (Fig. 1A and B). In the presence of ABT-199 or A-1210477 (adding 100 uM for
saturated binding), the stabilities of Bcl-2 and Mcl-1 proteins, but not of the control protein B-actin,
were significantly enhanced. When the heating temperature was further raised to 64 °C and 66 °C
respectively for Bcl-2 and Mcl-1, they cannot be stabilized by ABT-199 or A-1210477 (Fig. 1A
and B). A significant Ty, shift, which is dependent on the intrinsic affinity of the ligand was
observed at saturating inhibitor concentrations (Bcl-2 for 4.3 °C and Mcl-1 for 3.9 °C).

In addition to Bcl-2 and Mcl-1 proteins, we assayed the melt curves of BH3-only proteins and
observed that the melting temperatures were much lower than that of Bcl-2 and Mcl-1(T, =57.2 £
0.28 °C and 59.2 £+ 0.21 °C respectively), as exemplified by Bim and Puma (T, = 45.2 £ 0.23 °C
and 44.8 £ 0.25 °C respectively) (Supplementary Fig. 1). It is consistent with the intrinsically
disordered property of BH3-only proteins (Wiggins et al., 2011; Rogers et al., 2014). The
following ITDRFcersa experiment assay was performed at >=60 °C, under which Bim and Puma
should be completely denatured. The effect of small-molecule binding on thermal stabilities of
Bcl-2 and Mcl-1 cannot be influenced by Puma and Bim.

Then, we performed ITDRFcersa experiments with cells after treatment with a concentration
gradient of ABT-199, ABT-737 or A-1210477 ranging from 1 nM to 100 uM. The dose-response
curve derived from densitometry of the immunoblotting was portrayed in Fig. 1C and D, right
panel, from which the 1Cs, was obtained and compared to reported competitive inhibitor constant
(Kj) and dissociation constant (Kg) values. As shown in Table 1, the CETSA-based experiments
detected the ICsq values of 3.6 and 40 nM respectively for ABT-199 and ABT-737 binding Bcl-2,
and ICs values of 0.8 nM for A-1210477 binding Mcl-1, which were consistent with their in vitro
binding affinity rank-order (L.u et al., 2016; Casara et al., 2018; Song et al., 2016; Milani et al.,
2017; Konopleva et al., 2006; Kotschy et al., 2016; Zhang et al., 2011; Zhang et al., 2013; Song et
al., 2015). In addition, the binding selectivity profile of ABT-199, ABT-737 and A-1210477 could
be recapitulated by CETSA-based ICso values (Table 1). The results suggested that ITDRFcetsa
could provide evidence on determining whether the in vitro binding assay could resemble that in
living cells. In addition, as shown by the ITDRFcersa curve for Mcl-1 proteins, ABT-199 and
ABT-737 can aiso bind and stabilize Mcl-1 in a dose-dependent manner with an ICsy value of 1
and 8.3 uM, respectively. It strongly suggested that ABT compounds could target Mcl-1 in cells at
the micromolar range, which is much higher than their effective concentrations on Bcl-2.

S1 and AT-101 were developed as pan-BH3 mimetics that bind Bcl-2 and Mcl-1 with
comparable affinities, but they were argued to induce apoptosis in cells through direct targeting
Bcl-2 and Mcl-1. For example, Eastman and co-workers reported that S1 does not function as a
pan-Bcl-2 inhibitor in cells but rather it upregulates the BH3-only protein Noxa, which inhibits
Mcl-1 and then leads to apoptosis (Albershardt et al., 2011). To monitor the target engagement of
S1 and AT-101 in cells, we performed ITDRFcersa experiments with cells after treatment with a
concentration gradient of S1 and AT-101. As shown in Fig. 1C and D, both of them could stabilize
cellular Bcl-2 and Mcl-1 proteins with a dose-response manner at the sub-micromolar range,
confirming target engagement in living cells. The CETSA-based ICso values of S1 showed
relatively higher binding affinities to Mcl-1 and Bcl-2 (120 and 210 nM, respectively) than that of
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AT-101 (208 and 420 nM, respectively) (Table 1), which was consistent with the rank-order of
their competitive binding abilities determined by FP (Table 1). The CETSA assay provided
evidence supporting that S1 and AT-101 could directly hit Bcl-2 and Mcl-1 in living cells.

3.2. Modelling of MOMP predicted an on-target cell death induced by S1, rather than
AT-101

To further explore whether S1 or AT-101 act in cells totally through an on-target mechanism,
which is marked by that target occupancy could be translated to pharmacological response in a
different cellular context, we utilized a modeling method (Fig. 2A, for details, see supplementary
materials). Due to the pro-survival role in platelets, Bcl-xL has an on-target toxicity effect (Mason
et al., 2007; Zhang et al., 2007). For practical use, cancer cells expressing low Bcl-xL level are
treatment target. Therefore, we selected cancer cell lines that express certain amounts of Bcl-2 and
Mcl-1, but few Bcl-xL as experimental and model examples. A panel of leukemia and lung cancer
cell lines (H82, H1688, H209, H187, HL-60, THP-1, SHP77 and H1048) that express relatively
low levels of Bcl-xL were modelled to calculate the doses of BH3 mimetics (dose n) required to
induce MOMP. The FP-based binding affinities of S1 and AT-101 were parameterized for target
protein-inhibitor interaction (Supplementary Table S1).-Different doses of BH3 mimetics were
used as input, whose level combined with binding affinity determined the extent of target
occupancy and that led to dissociation of pro- and anti-apoptotic proteins resulting in effector (Bax
and Bak) oligomerization. MOMP was assumed to occur when more than 10% of total effectors
for oligomers (Lindner et al., 2013). The levels of anti-apoptotic proteins Bcl-2, Mcl-1, Bax, Bak,
Bim, Puma were guantified (Fig. 2B and Supplementary Fig. 2) and modeled to attenuate MOMP
by engaging the activator BH3-only protein (Bim and Puma) and effectors (Supplementary Table
S1-S6). Since the levels of Bel-xL in our selected cell lines were very low, we assumed that the
specie in model did not participate in reactions.

A wide range of dose n was calculated for S1 or AT-101 to induce MOMP in different cell lines.
To investigate whether' madel predictions correlate to the pharmacological response, we compared
calculated dose n with experimentally determined LCs, (Supplementary Fig. 3). Results of our
analysis are depicted in Fig. 2C and D. For S1, the calculated dose n showed a positive correlation
with experimental .Cso (r = 0.83, P = 0.01), suggesting that Bcl-2 and Mcl-1’s binding accounts
for S1’s pharmacological response. In contrast, no significant correlation was observed for AT-101
between calculated dose n with experimental LCso (r = 0.02, P = 0.15), suggesting that an
off-target mechanism is involved in antitumor efficacy of AT-101, which is consistent with
previous reports (Ko et al., 2007; Hu et al., 2011).

3.3. Modelling combined with cellular experiments revealed that dual engagement of Bcl-2
and Mcl-1 underlies ABT-199’s pharmacological response in leukemic subsets

The observation on direct targeting cellular Mcl-1 by ABT-199 with a half-saturation binding
potency at 1 uM argued that ABT-199’s lethality is Bcl-2 target-dependent. To explore if Mcl-1
also contribute to ABT-199’s lethality, we evaluated the pharmacological response of ABT-199 in
a panel of leukemic cell lines (RS4;11, HL-60, MOLM-13, THP-1, JURKAT and OCI-AML3)
which expressed certain levels of Bcl-2, Mcl-1 and few Bcl-xL protein. Cell apoptosis assay was
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performed and a wide range of LCs, was obtained for the 6 cell lines (Fig. 3A). Compared with
RS4;11, HL-60 and MOLM-13 cells that exhibited lower LCsg in response to ABT-199 (0.06, 0.12
and 0.32 puM), significantly greater amounts of Mcl-1 were detected in THP-1, JURKAT and
OCI-AMLZ3 cells that exhibited higher LCsq values (1.3, 4.5 and 7.8 uM).

The absolute amounts of Bcl-2 and Mcl-1 proteins were guantified in these leukemic cell lines
(Fig. 3A and Supplementary Fig. 2) and modeled to antagonize MOMP. FP-based K; values were
parameterized for characterizing ABT-199’s interaction with Bcl-2 and Mcl-1 (Model ). Previous
FP-based binding assays showed that ABT-199 binds Mcl-1 with a K; value above 0.78 uM, and
we used the value to approximate the binding process in Model I. For comparison, we constructed
Model 11 assuming that ABT-199 cannot bind Mcl-1 at all. Then, we calculated the dose n of
ABT-199 required for MOMP by using Model | and Model 11, respectively, and compared them
with experimental LCsy values. As shown in Fig. 3B and C, Model | showed a positive correlation
with experimental LCsy values (r = 0.87, P = 0.01), but Model Il did not show correlation (r =
0.11, P = 0.13). Indeed, for RS4;11, HL-60 and MOLM-13 cells that express low levels of Mcl-1,
an agreement between experimental LCs, with predicted dose n was gained by both model I and 1T
(Fig. 3C, lower left corner). However, for THP-1, JURKAT and OCI-AML3 cells that express
high levels of Mcl-1, experimental LCs gained agreement with model I, but not with Model 11,
suggesting that Mcl-1 targeting contributes to ABT-199°s lethality in the Mcl-1 high cell lines. To
further evaluate the mechanism, we treated OCI-AML3 cells with a gradient dose of ABT-199,
followed by immunoprecipitation of Mcl-1 and Bcl-2, respectively. Meanwhile, cytochrome c
release was detected to monitor MOMP. As shown in Fig. 3D, 0.1 uM ABT-199 could displace
nearly total Bim and Bax from Bcl-2 complexes, but nearly no cytochrome c release is detected.
When the dose of ABT-199 is raised to 1 and 10 uM, displacement of Bim and Bak from Mcl-1
complexes is detected, which is accompanied with cytochrome c¢ release. Taken together,
modelling combined with experimental data demonstrated that ABT-199°s lethality in leukemic
subsets that express high levels of Mcl-1 is achieved by dual engagement of Bcl-2 and Mcl-1.

4. Discussion

We have made an evaluation of CETSA experiments for assessment of BH3 mimetics binding
potency to Bcl-2-like proteins in cells. By using CETSA to rank the binding affinity order of
control BH3 mimetics ABT-199, ABT-737 and A-1210477 toward Bcl-2 and Mcl-1, it is validated
that the method could provide direct clues on evaluating binding affinity rank and selectivity on
other BH3 mimetics. It fills in defect of in vitro binding affinities assayed (e.g., ITC, SPR or FP)
(Lu et al., 2016; Casara et al., 2018; Song et al., 2016; Milani et al., 2017; Konopleva et al., 2006;
Kotschy et al., 2016; Zhang et al., 2011; Zhang et al., 2013; Song et al., 2015).

In this study, by using CETSA experiments, another two BH3 mimetics S1 and AT-101 were
identified that directly bind Bcl-2 and Mcl-1 in cells, and the binding affinity order is consistent
with previous in vitro binding assays. However, when integrating their binding affinities into a
mathematical model that has been established to predict apoptosis responses to chemotherapy,
only S1, but not AT-101, gained agreement with experimental LCsy. For S1, it existed opposite
opinions on its mechanism of action. One report showed that S1 acted indirectly through
BH3-only proteins (Albershardt et al., 2011). In another study, S1 was shown that kill cancer cells
in a Bax/Bak-dependent manner (Zhang et al., 2011), which is a hallmark of authentic BH3
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mimetic. Herein, combined the CETSA experiments and modelling study results, an on-target
mechanism of S1 was supported. As for AT-101, an inconsistency between modelling and
experiments indicates an off-target mechanism, which is also consistent with previous reports (Ko
etal., 2007; Hu et al., 2011).
Recently, AT101 has also been reported with multiple targets, e.g., YAP/TAZ,
EGFRL858R/T790M, a-reductase 1, 3a-hydroxysteroid dehydrogenase, retinol dehydrogenase 2,
CHEK1 and CHEK2 (Xu et al., 2019; Linder et al., 2019; Cao et al., 2019;). Compared with
ABT-199, AT-101 presents a complex three-dimensional structure, AT-101 is composed of two
smaller planar aromatic structures substituted with multi-hydroxyl groups. The smaller planar
structure is more adaptable to the extensively existed small "grooves” on the surface of different
kinds of proteins, and the multi-hydroxyl groups can form H-bonds with backbone amide groups
and side chain hydrophilic groups of residues on protein surfaces. All these reasons suggest that
AT-101 has the potential to bind in the small "grooves" on the surface of different kinds of
proteins, leading to a multi-target binding property. In comparison, ABT-199 with complex
three-dimensional structure will suffer from steric hindrance when binding to these small
“grooves”, and thus can only adapt to the large, flat protein-protein interaction groove in Bcl-2.
Venetoclax (ABT-199) has received FDA approval for the treatment of chronic lymphocytic
leukemia (CLL) with 17p deletion (Deeks et al., 2016). By in-vitro binding assay, ABT-199 was
identified as a highly specific Bcl-2 inhibitor with nM affinity to Bcl-2 and nearly undetectable
affinity to other Bcl-2-like proteins (Souers et al., 2013). In our CETSA assay, we detected that
ABT-199 could bind and stabilize Mcl-1 upon heating, but the effect is much weaker than that for
Bcl-2 (ICso = 1 uM for Mcl-1 versus 3.6 nM for Bcl-2). Of note, our modelling study identified
that the weak Mcl-1 binding in combination with Bcl-2 binding contributes to ABT-199’s lethality
in Mcl-1-high leukemia cell lines (THP-1, JURKAT and OCI-AMLJ). It resulted in ABT-199’s
dose required to induce apoptosis are in the micromolar range, as shown by model predicted dose
n and cell-based assay. Given on that the peak plasma concentration is at least 3-fold higher than
the LCso values in cell-based experiments (Schuler et al., 2002), therapeutically reachable
concentration cannot be gained for ABT-199 in clinical treatment. It implied that agents that are
effective at suppressing Mcl-1 need to be combined with ABT-199 to treat patients with cancer
cells expressing high levels of Mcl-1.
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Fig. 1. In-cell occupancy of Bcl-2 and Mcl-1 by small-molecule inhibitors as determined by
CETSA assay. (A) MCF-7 cells were treated with DMSO, or 100 uM of ABT-199 for 1 h.
Drug-treated cells were heated at gradient temperature from 40 °C to 64 °C for 3 min and then
lysed, centrifuged to separate the soluble fractions from precipitates. The soluble fractions were
analyzed by immunoblotting. Relative band intensities were plotted as a function of temperature
followed a sigmoidal trend. The corresponding sigmoidal curve is on the right. (B) MCF-7 cells
were treated with DMSO, or 100 uM of A-1210477 for 1 h. Drug-treated cells were heated at
gradient temperature from 42 °C to 66 °C for 3 min and then lysed, centrifuged to separate the
soluble fractions from precipitates. The soluble fractions were analyzed by immunaoblotting.
Relative band intensities were plotted as a function of temperature followed a sigmoidal trend.
The corresponding sigmoidal curve is on the right. The corresponding sigmoidal curve is on the
right. (C) MCF-7 cells were treated with small-molecule inhibitors (ABT-199, ABT-737,
A-1210477, AT-101, S1) at the indicated doses (from 1nM to 100 uM) for 1 h and then heated at
60 °C. After cell lysis, the soluble fractions were collected for detecting Bcl-2 level by
immunoblotting. Relative band intensities were plotted as a function of drug concentration
followed a sigmoidal trend. The corresponding sigmoidal curve is on the right. (D) MCF-7 cells
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were treated with small-molecule inhibitors (ABT-199, ABT-737, A-1210477, AT-101, S1) at the
indicated doses (from 1nM to 100 uM) for 1 h and then heated at 62 °C,. After cell lysis, the
soluble fractions were collected for detecting Mcl-1 level by immunoblotting. Relative band
intensities were plotted as a function of drug concentration followed a sigmoidal trend. The
corresponding sigmoidal curve is on the right. All the same protein blots of different samples were
exposed for the unified time. The CETSA data and ITDRFcersa data were expressed as mean +
SD (n=3), the data (relative band intensities) from three independent assays were plotted
using Graphpad Prism 6.0 software (GraphPad Software Inc., La Jolla, CA, USA) and fitted
using a sigmoidal (variable slope) curve fit.
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Fig. 2. S1, rather than AT-101 induced pharmacological response through an on-target
mechanism. (A) Model of Bcl-2 protein interaction interfering by BH3 mimetics. (B) Quantitative
immunoblotting analysis of the Bcl-2 family proteins (Bcl-2, Mcl-1, Bim, Puma, BAX and BAK)
in the indicated 8 cell lines (H82, H1688, H209, H187, HL-60, THP-1, SHP77 and H1048). The
intracellular protein concentrations were determined by comparison to signals from HL-60 cell
extract and the numbers were listed underneath the blots. The results of protein concentrations are
the mean £ SD (n=3). (C) The experimental LCs, values of 8 cells, assessed by cell apoptosis
assay (48 h) of treatment with S1, was plotted against model predicted S1 dose n required for
MOMP. The results of experimental LCs, are the mean + SD (n=3). Spearman’s correlation (r) and
P values are shown. (D) The experimental LCs, values of 8 cells, assessed by cell apoptosis assay
(48 h) of treatment with AT-101, was plotted against model predicted AT-101 dose 1 required for

MOMP. The results of experimental LCsq are the mean + SD (n=3). Spearman’s correlation (r) and
P values are shown.
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Fig. 3. ABT-199’s lethality in leukemic subsets is achieved by dual engagement of Bcl-2 and
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Mcl-1. (A) The experimental LCso values of 6 various leukemic cell lines (RS4;11, HL-60,
MOLM-13, THP-1, JURKAT, OCI-AML3) following treatment for 48 h with ABT-199 were
determined by cell apoptosis assay. The numbers underneath the blots were intracellular protein
concentrations of Bcl-2, Mcl-1, Bim, Puma, BAX and BAK in various cell lines. The results of
experimental LCso and protein concentrations are the mean + SD (n=3). (B, C) The experimental
LCs value of 6 cells of treatment with ABT-199 was plotted against Model | (B) and Model I1 (C)
predicted ABT-199 dose n required for MOMP. Spearman’s correlation (r) and P values are shown.
(D) OCI-AMLZ3 cells were treated with ABT-199 for 24 h with indicated concentration. Bcl-2 and
Mcl-1 immunoprecipitation assays were performed, and the immunoprecipitated fractions were
analysed by immunoblotting for the indicated proteins. Cytochrome c release is assayed in parallel.
The numbers underneath the blots were scanned and semi-quantified by densitometry, which were
normalized to loading control (Tubulin).
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Table 1 The binding affinities

of BH3 mimetics to Mcl-1 and Becl-2 in different

assays
Method Mcl-1 Bcl-2
ABT-199 FP (K) >780 nM (Lu., 2016) 1.20 nM (Casara., 2018)
ITC (K) ND 2.65 nM (Song., 2016)
CETSA(IC,) 16 + 0.9uM 36 + 1.1nM
ABT-737 FP (K) >10 uM (Milani., 2017) 34.9 nM (Park., 2013)
ITC (K) ND 21.3 nM (Song., 2016)
CETSA(IC, ) 83 + 23uM 40 + 8nM
A-1210477 FP (K) 28 nM (Kotschy., 2016)  >10 uM (Kotschy., 2016)
MST (K 740 nM (Milani., 2017) ND
SPR (K 3.5 nM (Kotschy., 2016) ND
CETSA(IC, ) 0.8+0.1nM 84 + 6uM
AT-101 FP (K) 180 nM (Wang., 2006) 320 nM (Wang., 2006)
CETSA(IC, ) 208 + 47 nM 420 + 85nM
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s1 FP (K) 58 nM (Zhang., 2011) 310 nM (Zhang., 2011)
ITC (K) 960 nM (Zhang., 2013) 910 nM (Song., 2015)
CETSA(IC,) 120 + 29nM 210 + 67 nM

The K values were determined by FP and K, values by direct binding ITC, MST, SPR. IC,

were calculated by ITDRF ND, not determined.
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