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Abstract

Inhibitors targeting BCL-2 apoptotic proteins have significant potential for the treatment of acute
myeloid leukemia (AML); however, complete responses are observed in only 20% of patients
suggesting targeting BCL-2 alone is insufficient to yield durable responses. Here we assessed the
efficacy of co-administration of the PI3K/mTOR inhibitor GDC-0980 or the p110B-sparing PI3K
inhibitor taselisib with the selective BCL-2 antagonist venetoclax in AML cells. Tetracycline-
inducible downregulation of BCL-2 significantly sensitized MV4-11 and MOLM-13 AML cells to
PI3K inhibition. Venetoclax/GDC-0980 co-administration induced rapid and pronounced BAX
mitochondrial translocation, cytochrome c release, and apoptosis in various AML cell lines in
association with AKT/mTOR inactivation and MCL-1 downregulation; ectopic expression of
MCL-1 significantly protected cells from this regimen. Combined treatment was also effective
against primary AML blasts from 17 patients, including those bearing various genetic
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abnormalities. Venetoclax/GDC-0980 markedly induced apoptosis in primitive CD34+/387/123*
AML cell populations but not in normal hematopoietic progenitor CD34* cells. The regimen was
also active against AML cells displaying intrinsic or acquired venetoclax resistance or tumor
microenvironment-associated resistance. Either combinatorial treatment markedly reduced AML
growth and prolonged survival in a systemic AML xenograft mouse model and diminished AML
growth in two patient-derived xenograft models. Venetoclax/GDC-0980 activity was partially
diminished in BAK™~ cells and failed to induce apoptosis in BAX ™/~ and BAX/"BAK ™~ cells,
whereas BIM~'~ cells were fully sensitive. Similar results were observed with venetoclax alone in
in vitro and in vivo systemic xenograft models. Collectively, these studies demonstrate that
venetoclax/GDC-0980 exhibits potent anti-AML activity primarily through BAX and, to a lesser
extent, BAK. These findings argue that dual BCL-2 and PI3K inhibition warrants further
evaluation in AML.
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Introduction

Acute myeloid leukemia (AML) cells, like other tumor cells, frequently exhibit
dysregulation of BCL-2 family members, leading to defective apoptosis, enhanced survival,
and therapeutic resistance (1). This prompted development of inhibitors targeting BCL-2
survival proteins. ABT-737 and its clinical analogue ABT-263, are selective BH3 mimetics
that specifically target BCL-2 and BCL-X_ but spare MCL-1 (2,3). While ABT-263 was
well tolerated and showed activity in patients with various hematological malignancies, a
limitation has been thrombocytopenia (4-6), reflecting effects of BCL-X|_inhibition on
platelet survival (4,7). To circumvent this problem, venetoclax (ABT-199) was designed to
target selectively BCL-2, which is dispensable for platelet survival (8), but not BCL-X, and
MCL-1 (9). Indeed, venetoclax spares platelets (9) and does not cause significant
thrombocytopenia (10,11).

The observations that a subset of AML cells are highly dependent on BCL-2 for survival
(12,13) raises the possibility of venetoclax efficacy and selectivity in this disease. Notably,
venetoclax has shown significant pre-clinical activity in various tumor cell types including
AML models, both /n vitroand in vivo (9,10,14). Moreover, clinical trials demonstrated
significant venetoclax activity in CLL and AML (11,15). Notably, venetoclax was recently
approved by the FDA for relapsed/refractory CLL with chromosome 17p deletion (16) and
received breakthrough status (with low-dose ara-C) in elderly AML patients (17).

Despite initial evidence of activity in AML (15), complete responses occur in only
approximately 20% of patients. This and the potential emergence of drug resistance suggest
that single-agent administration is unlikely to yield durable responses in most cases.
However, venetoclax represents a highly attractive platform for rational combination
strategies. Findings from our group and others implicating MCL-1 in AML cell resistance to
other BH3 mimetics (e.g., ABT737/ABT263) (18,19) argue that agents that downregulate
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MCL-1 are logical candidates for combinations with venetoclax. In this context, we and
others have shown that PI3K/mTOR pathway inhibition significantly diminishes MCL-1
protein levels through dephosphorylation/activation of GSK3a/p, triggering MCL-1
degradation (19,20) as well as through translation inhibition (21). Furthermore, we have
found that dual PI3K/mTOR and BCL-2/BCL-X|_ (e.g., by ABT-737) inhibition exerts
potent anti-AML activity both /n vitroand in vivo (19,22). However, as BCL-X; and MCL-1
cooperate to inactivate BAK (23), it is uncertain whether similar interactions would occur
with BCL-X -sparing venetoclax. The purpose of the present studies was to determine
whether a selective BCL-2 inhibitor would cooperate with PI3K inhibition (e.g., by the
PI3K/mTOR inhibitor GDC-0980 or the beta-sparing PI3Ka/6 inhibitor taselisib
(GDC-0032) (24) to kill AML cells, and to elucidate the molecular mechanism(s) underlying
this phenomenon.

Human AML cell lines U937, MV4-11, EOL-1, and THP-1, RS4,11, were purchased from
American Type Culture Collection (ATCC). MOLM-13 and OCI-AML3 cells were
purchased from DSMZ (Braunschweig, Germany). MLL-ENL cells were as previously
reported (25). All cell lines with the exception of MLL/ENL were authenticated and tested
for mycoplasma by their suppliers. U937, MV4-11, MOLM-13, EOL-1, OCI-AMLZ3 cells
were also authenticated by ATCC (basic short tandem repeat profiling) during this study. All
cell lines were tested for mycoplasma contamination one or multiple times during this study
using the MycoAlert™ mycoplasma detection kit (Lonza).

MV4-11 and MOLM-13 cells exhibiting inducible knock-down of BCL-2 were generated by
lentiviral infection as previously described for other AML cells (19). U937 cells ectopically
expressing MCL-1 were as described (19). AML cells lacking expression of BAX, BAK,
BAX/BAK, or BIM were generated by transducing cells with lentiviral particles carrying
both Cas9 and specific guide RNA (gRNA) constructs for these genes or non-targeting
control gRNA constructs. BAK and BAX CRISPR constructs were purchased from
transOMIC Technologies Inc. (Huntsville, AL). A BIM CRISPR Construct was purchased
from GeneCopoeia (Rockville, MD). Stables clones displaying no detectable protein of
interest were isolated and pooled.

Venetoclax-resistant MV4-11 and MOLM-13 cells were obtained by culturing in the
presence of increasing venetoclax concentrations over a period of 3 months.

Patient-derived leukemic blasts and normal CD34* cells

Bone marrow or peripheral blood from patients with acute myeloblastic leukemia (AML)
were obtained with written informed consent from the patients. These studies were
conducted in accordance with the Helsinki declaration. Mononuclear cells were isolated as
previously described (26). Normal hematopoietic CD34"* cells were isolated from human
umbilical cord blood obtained from patients undergoing normal deliveries. All studies were
sanctioned by the Virginia Commonwealth University Investigational Review Board.
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Stromal studies
Human bone marrow stromal HS-5 cells were as previously described (27). MV4-11 cells
were co-cultured with human bone marrow derived HS-5 cells expressing a GFP marker for
48 hours, treated for 5 hours, after which apoptosis was assessed in MV4-11 cells (GFP-
negative population) and in HS-5 cells (GFP-positive population) using an Annexin-APC
staining assay. Alternatively, cells were stained with 7-AAD for 30 minutes and images
obtained using an 1X71 Olympus microscope.

Mutation analysis

Mutation analysis was performed on genomic DNA extracted from primary blasts as
previously described (22).

Reagents

Venetoclax and A-1210477 were provided by AbbVie (North Chicago, IL). GDC-0980,
taselisib, and GDC-0491 were obtained from Genentech (South San Francisco CA).

Assessment of apoptosis

Apoptosis was assessed by Annexin V analysis as previously described (19).

Cell growth and viability

Cell growth and viability were assessed by the CellTiter-Glo Luminescent Assay (Promega)
(19).

Immunoprecipitation and immunoblotting

Immunoprecipitation and immunoblotting were performed as described (26). Primary
antibodies employed were: Polyclonal BAX, BCL-2, and MCL-1 (PharMingen; San Diego,
CA). Cleaved Poly(ADP-ribose) Polymerase PARP, cleaved caspase-3, ERK1/2, phospho-
AKT (Ser473), phospho-p70S6K, and BIM (Cell Signaling Technology; Beverly, MA). AlF,
cytochrome c, polyclonal BAK, BCL-X|, AKT, and p70S6K (Santa Cruz Biotechnology,
Santa Cruz, CA). a-tubulin (Calbiochem).

BAX and BAK conformational change

BAX and BAK conformational change was assessed as previously described (28).

Subcellular fractionation and BAX translocation

Cytosolic and membrane fractions were separated as previously described (26). BAX
mitochondrial translocation was assessed by immunofluorescence staining. Briefly, 30 min
prior to BAX translocation assay, cells were incubated with Mitotracker (Life technologies)
for 30 min, cytospun, labeled with anti-BAX poyclonal antibodies (BD Pharmingen)
followed by Alexa Fluor 488-conjugated secondary antibodies (Molecular Probes).
Fluorescence was visualized by Zeiss LSM 700 confocal or Olympus 1X71 microscopes.
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In vivo studies

Animal studies were conducted under an approved protocol by the Virginia Commonwealth
University Institutional Animal Care and Use Committee (IACUC). NOD/SCID-gamma
mice obtained from Jackson laboratories were injected intravenously via tail vein with 3 x
10°% luciferase-expressing MV4-11cells. One week after cell injection, mice were exposed to
either venetoclax, GDC-0980, or taselisib as single agents or to combined treatment with
venetoclax/GDC-0980 or venetoclax/taselisib, or to vehicle alone. Agents were administered
orally once a day for 6 days per week. Mice were monitored for AML growth using the IVIS
200 imaging system (Xenogen Corporation, Alameda, CA) as before (22). For patient-
derived xenografts, NOD/SCID-y mice were inoculated with 5 x 108 primary AML blasts.
After 2 weeks, mice were treated for 3 weeks and then untreated for an additional 3 months,
after which they were sacrificed and the percentage of HCD45* bone marrow cells assessed.

Statistical analysis

Results

Statistical significance for /n vitro studies was determined using the Student’s t test. Drug
synergism was determined by Median Dose-Effect analysis using Calcusyn software
(Biosoft, Ferguson, MO) (29). Survival rates were determined by Kaplan-Meyer analysis
and comparisons of survival curves and median survival were analyzed by log-rank test.

Dual BCL-2 and PI3K pathway inhibition induces apoptosis in both venetoclax-sensitive or
-insensitive AML cells in association with AKT/mTOR inactivation, and MCL-1 down-

regulation

To determine whether selective BCL-2 inhibition sensitizes AML cells to PI3K inhibition-
mediated cell death, two AML cell lines (MV4-11 and MOLM-13) exhibiting inducible
knock-down of BCL-2 after doxycycline administration were generated using a tet-inducible
shRNA lentiviral system. Exposure to 1 pg/ml doxycycline induced time-dependent BCL-2
down-regulation (Fig. 1A). Notably, BCL-2 knock-down rendered these cells significantly
more sensitive to two PI3K inhibitors, GDC-0980 or GDC-0941 (Fig. 1B). Furthermore,
combined treatment with very low venetoclax concentrations (10 nM) and GDC-0980 (500
nM) led to rapid and pronounced induction of apoptosis in MV4-11 and MOLM-13,
reflected by Annexin V positivity (Fig. 1C). Within 4 hr of treatment, more than 80% of
MV4-11 and 48% of MOLM-13 cells were apoptotic (Fig. 1C). These effects were
associated with profound mitochondrial injury e.g., marked release of cytochrome ¢ and AlF
into the cytosol, and increased cleavage of caspase-3 and PARP (Supplementary Fig. S1A).

Additional studies in a panel of acute myeloid leukemia cell lines exhibiting disparate
sensitivities to venetoclax alone (Supplementary Fig. S1B) revealed that co-administration
of very low concentrations of venetoclax (5 — 100 nM) with GDC-0980 (500 nM) effectively
induced cell death in venetoclax-sensitive cell lines, including MV4-11, MOLM-13, THP-1,
MLL-ENL, and RS4,11 (Fig. 1D). Interestingly, combined treatment was also effective in
AML cells intrinsically resistant to up to 5 UM venetoclax concentrations alone e.g, U937
and OCI-AML3 cells, reflected by enhanced Annexin V staining (Fig. 1D) and caspase-3
and PARP cleavage (Supplementary Fig. S1C). Notably, these cells required higher but
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clinically achievable (30) venetoclax concentrations (500 nM). Similar results were obtained
when cell growth and viability were monitored by a CellTiter-Glo luminescent assay
(Supplementary Fig. S1D). Significantly, median dose effect analysis demonstrated that
venetoclax/GDC-0980 interactions were highly synergistic, reflected by combination index
values < 1.0 in both venetoclax-sensitive and venetoclax-resistant AML cells
(Supplementary Fig. S2 A-D). Furthermore, similar results were obtained with venetoclax/
taselisib in MV4-11 and MOLM-13 cells (Supplementary Fig. S2 E-F). Combined treatment
triggered a rapid and pronounced change in BAX conformation but only modest changes in
BAK (Fig. 1E) in association with pronounced BAX mitochondrial translocation (Fig. 2A).
In contrast, single agents exhibited minimal or no effects, suggesting that BAX may play a
key functional role in venetoclax/GDC-0980 lethality.

Finally, studies in venetoclax-sensitive MV4-11 and MOLM-13 cell lines revealed that
GDC-0980 or venetoclax/GDC-0980 exposure induced rapid (within 1 hr) and marked
decreases in phosphorylation of AKT and its downstream signaling target p70S6K, and
MCL-1 down-regulation (Fig. 2B). No major changes were observed in BCL-X| , BCL-2,
BAX, BAK, or BIM protein levels (Supplementary Fig. S3A). Similar observations were
made in venetoclax-resistant U937 and OCI-AMLS3 cells (Supplementary Fig. S3B).

Venetoclax/GDC-0980 effectively kills primary AML blasts but not normal CD34* cells

Studies performed in primary blasts isolated from AML patients (N = 17) revealed that
combined treatment led to greater diminution of cell viability compared to either agent alone
in both venetoclax-sensitive (e.g., requiring 10-100 nM venetoclax) and venetoclax-resistant
cells (e.g., requiring 200-2000 nM venetoclax) (Fig. 2C). Genetic analysis using Next
Generation sequencing (NGS) revealed that several of these specimens carried diverse
genetic aberrations including mutations in FLT3, NPM1, IDH1, IDH2, Nras, Kras, and c-
Kit, among others (Supplementary Fig. S4), indicating that combined treatment is active
across a spectrum of AML sub-types. Furthermore, combined treatment significantly
increased apoptosis in CD34*/CD387/CD123" AML progenitor cells (14,31) (Fig. 2D), but
not in normal hematopoietic CD34* cells (Fig. 2E), consistent with selective AML cell
killing.

Venetoclax/GDC-0980 inhibits AML growth and enhances survival in in vivo AML xenograft
and PDX models

To test the /n vivo activity of combined venetoclax/GDC-0980 treatment, mice bearing
systemic MV4-11 cell-derived xenografts were employed. Co-administration of venetoclax
(80 mg/kg) and GDC-0980 (5 — 10 mg/kg) significantly reduced /n vivo tumor growth
(Figure 3A). Agents alone also reduced tumor growth but to a considerably lesser extent
than combined treatment. Kaplan-Meier analysis (Fig. 3B) revealed that co-treatment
significantly prolonged mouse survival (P values 0.0057 and 0.0248 for combined treatment
vs GDC-0980 or venetoclax alone respectively; log-rank test). Median survival was extended
from 36 days (control) to 70 days for combined treatment, versus 55 or 43 days for
GDC-0980 or venetoclax respectively. Treatment was discontinued at day 55 due to weight
loss in 2 mice. No significant changes in mouse weight were observed before day 51
(Supplementary Fig. S5A). Additional studies using lower doses of GDC-0980 (5 mg/kg)
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with venetoclax (80 mg/kg) over 24 days yielded similar results (Supplementary Fig. S5B)
with no significant changes in mouse body weights (Supplementary Fig. S5C). Notably, co-
administration of venetoclax and low doses (1.5 — 2.5 mg/kg) of the clinically relevant
p110B-sparing PI3K inhibitor taselisib was also significantly more effective than either
single agent alone in suppressing tumor growth (Fig. 3C and Supplementary Fig. S5D). In
addition, combined treatment with venetoclax and 1.5 or 2.5 mg/kg taselisib significantly
extended mouse survival from 33 days (control) to 60 and 76 days respectively (Figure 3D
and Supplementary Fig. S5E). Of note, 2.5 mg/kg taselisib alone extended mouse survival to
40.5 days (Figure 3D) whereas lower doses (1.5 mg/kg) did not (Supplementary Fig. S5E).
Importantly, this regimen was well tolerated as indicated by the absence of changes in
animal weight (Supplemental Fig. S5F), or other signs of toxicity (e.g, hair loss, decreased
mobility).

Finally, parallel /n vivo studies using 2 separate patient-derived xenograft models revealed
that combined treatment markedly attenuated AML growth, reflected by diminished
percentages of human CD45* cells in the bone marrows of recipient mice (Fig. 3E).

Anti-AML activity of venetoclax or venetoclax/GDC-0980 primarily involves BAX and to a
lesser extent BAK but does not require BIM

To define the functional roles of BAX, BAK, and BIM in cell death mediated by venetoclax,
MV4-11 cells were engineered using CRISPR technology to exhibit deletion of BAX or
BAK individually, dual BAX/BAK, or BIM (Fig. 4A). Notably, knockout of BAX and
particularly BAX/BAK completely abrogated venetoclax activity, manifested by cytochrome
c and AIF release into the cytosol, caspase activation (Fig. 4B), and apoptosis (Fig. 4C).
However, BAK deletion alone only modestly attenuated these actions (Fig. 4B—C). In
contrast, none of these events was affected by BIM knockout (Fig 4B—C). Moreover, 100 nM
venetoclax induced extensive BAX mitochondrial translocation in both BIM~~ and control
cells equivalently (Supplementary Fig. S6A).

In vivo studies using a systemic xenograft mouse model with MV4-11 cells bearing BAX ™",
BAK™~, BAX"BAK™~, BIM~/~ or non-targeting control (NT) cells largely recapitulated
the previous /n7 vitro data. Specifically, while the engraftment capacity differed between the
various cell types, treatment of mice with 75 mg/kg/d of venetoclax orally extended the
median survival by 7.5 days for control cells (Fig. 4D) and 12 days for BAK ™/~ (Fig. 4E; P<
0.05 versus control). However only a 1-day survival advantage was observed for mice
inoculated with BAX ™/~ cells, and no survival advantage was observed for BAX /"BAK ™/~
mice (Fig. 4F). Finally, as in the case of control and BAK ™~ cells, venetoclax treatment
increased survival by 5.5 days for BIM™~ cells (Fig. 4G, P < 0.05). Collectively, these
findings demonstrate that direct BCL-2 targeting by venetoclax kills human AML cells
primarily through BAX, but does not require BIM for activity both /n vitroand in vivo. In
addition, BAK plays a modest role in venetoclax anti-AML activity /in vitro, but not /n vivo.

Consistently, BAX™~ or BAX/"BAK ™~ cells were completely resistant to venetoclax/
GDC-0980-mediated cytochrome ¢ and AlF release, caspase activation (Fig. 5A), and
apoptosis (Fig. 5B), whereas BAK ™'~ knockout only slightly reduced these effects (Fig 5A—
B). In contrast, venetoclax/GDC-0980-mediated cytochrome ¢ and AlIF release into the
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cytosol, caspase activation (Fig. 5C), and apoptosis (Fig. 5D) were identical in BIM™~ and
NT cells.

To determine whether similar mechanisms occurred in cells intrinsically resistant to
venetoclax but sensitive to the GDC-0980 combination, knockout of BAX, BAK, or BAX/
BAK, was carried out in U937 cells (Fig. 6A). Notably, as in MV4-11 cells, BAX/"BAK ™/~
U937 cells were insensitive to venetoclax/GDC-0980-mediated apoptosis and BAX ™~ cells
exhibited only minimal lethality (Fig. 6B). BAK knockout modestly but significantly
diminished venetoclax/GDC-0980-induced apoptosis (Fig. 6B). In contrast, BIM knockout
failed to confer protection (Fig. 6C-D) or prevent BAX conformational change
(Supplementary Fig. S6B). Finally, western blot analysis revealed that BIM knockout did not
induce major changes in protein levels of other BCL-2 members (Supplementary Fig. S6C).
Collectively, these findings demonstrate that venetoclax and venetoclax/GDC-0980 anti-
AML activity primarily involves BAX and to a lesser extent BAK but not BIM.

MCL-1 down-regulation plays a functional role in venetoclax/GDC-0980 lethality

The finding that venetoclax/GDC-0980 downregulates MCL-1 protein levels in AML cells is
consistent with previous studies by our group and others involving other PI3K/mTOR
inhibitors (19,21,22). Interestingly, this also occurred in BAX ™~ or BAX"BAK ™~ cells in
the absence of apoptosis (Supplementary Fig. S6D), demonstrating that this phenomenon is
not a consequence of caspase activation or other apoptotic processes.

To determine whether MCL-1 down-regulation contributes functionally to venetoclax/
GDC-0980 lethality, U937 cells ectopically expressing MCL-1 were employed. MCL-1-
overexpressing cells were significantly more resistant to combined treatment than control
cells reflected by reduced caspase-3/PARP cleavage (Fig. 6E) and attenuation of diminished
cell growth and viability (Fig. 6F). Additionally, co-administration of the MCL-1 inhibitor
A-1210477 (32) (e.g., 2 uM) and venetoclax (10 nM) led to a profound induction of cell
death in MV4-11 and MOLM-13 cells (Supplementary Figure S6E). Collectively, these
findings support a significant functional role for MCL-1 down-regulation in venetoclax/
GDC-0980 anti-AML activity.

Venetoclax/GDC-0980 kills AML cells exhibiting various forms of venetoclax resistance

To test whether venetoclax/GDC-0980 circumvents acquired resistance to venetoclax,
MV4-11 and MOLM-13 cells made resistant to venetoclax were employed. MV4-11R or
MOLM-13R cells were fully resistant to 500 nM venetoclax (Fig. 7A-B). However, addition
of GDC-0980 to venetoclax markedly diminished cell viability, although not to the extent
observed in sensitive cells (MV4-11S or MOLM-13S; Fig 7A-B). Notably, GDC-0980 alone
or in combination equally downregulated MCL-1 protein levels in ABT-resistant or parental
cells (Supplementary Fig. S6F). In contrast to parental cells, venetoclax alone failed to
trigger BAX mitochondrial translocation in MV4-11R, whereas combined treatment was
very effective in this regard (Supplementary Fig. S7).

Parallel studies assessed whether stromal cells, a postulated mechanism of AML resistance
to chemotherapy (33,34), confer resistance to venetoclax/GDC-0980. To this end, MV4-11
cells were co-cultured with bone marrow stroma-derived HS-5 cells 48 hr prior to treatment.
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Venetoclax/GDC-0980 effectively induced apoptosis in MV4-11 cells in the presence of
HS-5 cells (Fig. 7C-D). In contrast, this regimen was non-toxic to HS-5 cells as reflected by
the absence of 7-AAD staining (Figure 7C). Together, these findings indicate that combined
treatment with venetoclax and GDC-0980 is effective against AML cells exhibiting acquired
resistance to venetoclax as well as in cells cultured in the presence of a protective stromal
microenvironment.

Discussion

We reported that dual inhibition of BCL-2 and BCL-X_ (e.g., by the BH3 mimetic
ABT-737) and PI3K (e.g., by BEZ235) robustly induced cell death in AML cells (19). Here
we sought to determine whether selective inhibition of BCL-2 by venetoclax would interact
similarly and if so, to elucidate the molecular mechanisms underlying this phenomenon.
Unlike ABT-737, venetoclax does not neutralize BCL-X| ,(9) which cooperates with MCL-1
to tether BAK (23). Nevertheless, both genetic and pharmacologic inactivation of BCL-2
sharply increased the anti-leukemic activity of the PI3K inhibitor GDC-0980, demonstrating
that BCL-X_disruption is not required for synergistic anti-leukemic interactions in AML
cells.

Although venetoclax has shown early evidence of activity in AML (15,17), it is unlikely that
single-agent therapy will be durably effective in the broad spectrum of this disease. Previous
studies revealed that agents that down-regulate MCL-1 ¢e.g., CDK®9 or deubiquitinase
inhibitors potentiate the activity of BH3-mimetics such as ABT-737 and venetoclax (10,35).
The ability of PI3K inhibitors to downregulate MCL-1 (19,21,22), and target primitive AML
progenitors (36), makes such agents attractive for venetoclax combination therapy in AML.
These findings, along with evidence that venetoclax also targets AML stem cell-like cells
(14), may explain the effectiveness of the regimen against AML cell populations enriched
for leukemia progenitor cells (CD34*/CD38~/CD123*). Notably, co-treatment of primary
AML blasts or AML cell lines with venetoclax and GDC-0980 or induced rapid (2 hr) and
pronounced apoptosis in venetoclax-sensitive cells. However, the regimen was also effective
against relatively venetoclax-resistant cells, although higher concentrations and longer
treatment intervals were required. Importantly, intrinsically venetoclax resistant AML cells
were sensitized to pharmacologically achievable venetoclax concentrations (< 1 uM) (30) by
GDC-0980. Finally, /n vivo studies using AML cell line-derived or AML patient-derived
xenograft models demonstrated that combined treatment with venetoclax and the clinically
relevant p110pB-sparing taselisib or GDC-0980 effectively inhibited AML growth and
prolonged survival with minimal toxicity. These findings, along with the lack of toxicity of
the venetoclax/GDC-0980 regimen in normal hematopoietic cells, raise the possibility of
therapeutic selectivity for this strategy. The ability of taselisib, which does not target mMTOR
(24) to recapitulate the activity of GDC-0980 also argues, albeit indirectly, that mTOR direct
inhibition is dispensable for venetoclax interactions.

Although the number of primary samples assayed for genetic abnormalities was limited, the
regimen was also active against primary AML cells carrying diverse genetic aberrations,
including MLL translocations, mutations in FLT3, Kras, Nras, NPM1, and IDH1/IDH2,
among others. The molecular mechanism(s) determining AML sensitivity to venetoclax or to
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the venetoclax/GDC-0980 regimen remains to be determined, and will require analysis of a
considerably larger number of samples. However, the present data raise the possibility that
cells displaying MLL translocations or IDH1/2 mutations may be particularly sensitive to
such regimens. In this context, previous studies revealed that AML cells bearing IDH1/2
mutations or MLL translocations are highly sensitive to venetoclax alone (12,13). Moreover,
the latter cells are also highly sensitive to PI3K inhibitors (37). Efforts are currently
underway to assess more definitively the susceptibility of these genetic sub-types to PI3K
inhibitor/venetoclax regimens.

The observations that venetoclax/GDC-0980 rapidly down-regulated MCL-1 (within 1-1.5
hr) before apoptosis (caspase activation, or Annexin V positivity), and that MCL-1 down-
regulation was pronounced in BAX/"BAK ™~ cells in the absence of apoptosis suggest that
MCL-1 down-regulation represents a primary event rather than a consequence of cell death.
It is also consistent with the short half-life (~30 minutes) of the MCL-1 protein (38). This
notion is supported by the observation that ectopic MCL-1 expression significantly
diminished venetoclax/GDC-0980-mediated lethality, consistent with our previous studies
with other PI3BK/mTOR inhibitors (e.g., BEZ235, or INK128) and ABT737 (19,22).
Importantly, GDC-0980 alone downregulated MCL-1, presumably through mechanisms
involving protein degradation as a consequence of phosphorylation by GSK3 which is
activated following AKT inhibition (20). Notably, GDC-0980 minimally induced cell death,
suggesting that MCL-1 down-regulation cooperates with BCL-2 inhibition by venetoclax to
kill AML cells. This interpretation is consistent with studies describing venetoclax/MCL-1
inhibition interactions in non-Hodgkin’s lymphoma cells (39) as well as solid tumors (40). It
is also compatible with recent evidence that in myeloma cells, sensitivity to venetoclax
reflects BCL-2 and MCL-1 interplay (41,42).

The venetoclax/GDC-0980 regimen induced rapid (within 2 hr) and extensive BAX
translocation to the mitochondria, an initial step in apoptosis induction (43). Significantly,
individually administered agents failed to trigger this phenomenon. This may reflect release
of BAX from both BCL-2 (by venetoclax) and MCL-1 (by GDC-0980). Of note, Fresquet et
al., described mitochondrial BAX translocation by venetoclax in mantle cell lymphoma cells
(HBL2) (44). We have observed similar findings in AML cells exposed to higher venetoclax
concentrations or longer treatment intervals. The observations that venetoclax alone (at toxic
concentrations) or venetoclax/GDC-0980 largely failed to induce apoptosis in BAX ™'~ or
BAX"BAK™~ AML cells but triggered apoptosis in cells lacking BAK argue that BAX is a
key mediator of apoptosis induction by these regimens, whereas BAK may primarily
amplify this process. To the best of our knowledge, this is the first characterization of the
contribution of BAX and BAK employing syngeneic AML cells lacking protein expression
through genetic manipulation with CRISPR technology. Consistent with our findings, Gong
et al., recently demonstrated that KMS-12-PE multiple myeloma cells lacking both BAX and
BAK were insensitive to venetoclax (45). However, much of our previous understanding of
the functional role of these proteins stems from knock-out mouse embryonic fibroblasts (46)
or knock-down studies (e.g., SIRNA, shRNA, anti-sense oligonucleotides) which diminish
protein levels in only a fraction of the cell population. The significance of the BAX-
dependence of venetoclax or venetoclax/GDC-0980 anti-AML activity lies in the possibility
that cells displaying diminished BAX expression might be resistant to these regimens.
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Conversely, cells exhibiting high basal BAX protein levels may be particularly susceptible.
Finally, the critical importance of BAX rather than BAK in venetoclax lethality might be
explained by preferential binding of BAX to BCL-2 resulting in BAX release by pure BCL-2
antagonists (e.g., venetoclax), whereas BAK, which preferentially binds to BCL-X{, is not
directly affected by this agent.

The observations that venetoclax/GDC-0980 triggered BAX conformational change in the
absence of BIM, and that this regimen was equally effective in BIM™~ versus non-targeting
control AML cells demonstrate that BIM is not required for venetoclax/GDC-0980 lethality
in this setting. One plausible explanation for these findings is that BCL-2 neutralization (by
venetoclax) combined with MCL-1 down-regulation (by GDC-0980) induces BAX and
BAK release from these survival proteins, leading to BAK and particularly BAX activation,
culminating in apoptosis. This is consistent with the findings that BIM loss had no impact on
BAX mitochondrial translocation or apoptosis mediated by venetoclax (at toxic
concentrations) as well as with recent studies in human HCT116 colon cancer cells
demonstrating that the BH3 mimetic ABT-737 induces BAX/BAK activation and apoptosis
in the absence of BH3-only proteins Bid, BIM, PUMA, and NOXA (47,48). In any event,
these findings suggest that BIM may not be a reliable determinant of AML cell sensitivity to
venetoclax or venetoclax/GDC-0980.

While the mechanism of AML cells resistance (intrinsic or acquired) to venetoclax is likely
to be multifactorial, the ability of venetoclax/GDC-0980 to kill these cells is significant.
Venetoclax resistance has been linked to low BCL-2/MCL-1-BCL-X, ratios presumably
reflecting loss of BCL-2 dependence, and/or an increase in the protective effects of
redundantly acting anti-apoptotic proteins MCL-1 or BCL-X| (42). While venetoclax alone
failed to promote BAX mitochondrial translocation, GDC-0980 overcame this deficiency,
although longer exposure intervals were required. As MCL-1/BAX binding is well
documented (19,22,49), the possibility that MCL-1 down-regulation by GDC-0980
contributed to this phenomenon appears plausible. Fresquet et al., (44) recently described a
missense mutation in the C-terminal transmembrane domain of BAX (G179E) in human
lymphoma cells exhibiting /in vitro venetoclax acquired resistance. This mutation triggered
diminished BAX mitochondrial binding (44). However, this mutation is not universal as it
was not observed in mouse-derived lymphoma cells which exhibited a BCL-2 mutation
instead (44), arguing that venetoclax-resistance mechanisms may be cell type-specific.
Finally, venetoclax/GDC-0980 effectively induced apoptosis in AML cells in the presence of
a protective stromal microenvironment, which may contribute to leukemia progenitor cell
persistence (50). Collectively, these findings suggest that the present strategy may be
effective in AML cells displaying intrinsic, acquired, or micro-environmental forms of
resistance.

In summary, combined treatment with venetoclax and PI3K inhibitors (e.g., GDC-0980 or
taselisb) exhibited robust and broad anti-AML activity both /n vitroand in vivo, as well as
against multiple forms of venetoclax resistance. These findings provide a clearer
understanding of the molecular mechanisms underlying venetoclax/GDC-0980 activity in
AML, highlighting the important functional contributions of BAX and MCL-1, but not BIM,
to this regimen’s activity. Given encouraging preliminary clinical results for venetoclax in
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AML (17), a combination strategy involving clinically relevant PI3K inhibitors such as
taselisib warrants further consideration in this disease.
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Figure 1. Dual inhibition of BCL-2 and PI3K pathway potently induced apoptosis in AML cells
in association with a pronounced change in BAX conformation

A) western blot analysis in MVV4-11 and MOLM-13 cells displaying inducible knock-down
of BCL-2 following exposure to 1 pug/ml doxycycline (Dox). B) These cells were left
untreated or treated with doxycycline for 48 hr, and then exposed to the PI3K inhibitors
GDC-0980 (500 nM) or GDC-0941 (1 uM) for 24 hr after which cell growth and viability
was assessed by a CellTiter-Glo luminescent assay. Error Bars: S.D of 3 independent
experiments; *, £< 0.05 in each case for values obtained in the presence vsabsence of
doxycycline. C) MV4-11 and MOLM-13 cells were exposed to venetoclax (10 nM) and
GDC-0980 (500 nM) alone or together for the designated intervals after which the extent of
apoptosis was determined by Annexin V staining. D) Various AML cell lines were exposed
to ABT-199 and/or GDC-0980 for 24 hr after which the extent of cell death was determined
employing Annexin V/PI staining. The agent concentrations used were: ABT-199: 2.5 nM
for RS4,11; 10 nM for MV4-11 and MOLM-13; 50 nM for MLL-ENL; 100 nM for THP-1;
and 500 nM for U937 and OCI-AML3 cells. GDC-0980: 1000 nM for U937 and RS4,11
cells; 500 nM for all other cell lines. Error Bars, S.D for at least 3 independent experiments;
P < 0.003 for combined treatment compared to either agent alone for each cells. E) MV4-11
cells were exposed to venetoclax and/or GDC-0980 for 2 hr after which BAX and BAK
conformational changes were assessed (top panel). Western blot analysis was also performed
on input lysates (bottom panel).
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Figure 2. Venetoclax/GDC-0980 inactivates AKT/mTOR/p70S6K, down-regulates MCL-1,
triggers BAX mitochondrial translocation, and effectively Kills primary AML blasts including
CD34%/387/123" AML progenitor but not normal CD34* cells

(A) MV4-11 cells were exposed to 10 nM venetoclax (Ven) and/or 500 nM GDC-0980
(GDC) for 2 hr after which BAX translocation to the mitochondria was assessed using 1X71
Olympus microscope. (B) MV4-11 and MOLM-13 cells were treated with 10 nM venetoclax
(\Ven) and/or 500 nM GDC-0980 (GDC) for the indicated intervals, after which cells were
lysed and the lysates were subjected to western blot analysis. Densitometry analysis was
performed on MCL-1 blots using Image Studio lite Software (Li-Cor Biosciences), and
values were normalized for ERK1/2 loading controls. (C) Assessment of cell viability using
Annexin V/7-AAD or CellTiter-Glo luminescent assays for 17 primary AML specimens
with a preponderance of blasts (= 80%) following 16 hr treatment with venetoclax and
GDC-0980 alone or together. As in the case of cell lines, primary AML samples exhibited
heterogeneous responses to venetoclax. Concentrations of venetoclax were selected based
upon marginal toxicity when administered alone and clinical relevance. Venetoclax
concentrations varied between 10 — 100 nM for patients #1-10, and between 200 — 2000 nM
for patients #11 — 17. GDC-0980 was administered at concentrations varying between 200
nM and 1000 nM. The median values for combined treatment were significantly lower than
values for either agent alone (P < 0.0001 in each case). (D) Primary AML blasts from 6
patients were treated as in (C) for 16 hr after which the extent of the cell death was assessed
selectively in AML progenitor CD34*/CD387/CD123* cells by Annexin V/7-AAD staining.
The median values were significantly lower for combined treatment compared to either
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agent alone (P< 0.0018; P < 0.0135 for venetoclax and GDC-0980 respectively). (E)
Normal hematopoietic mononuclear cells were isolated from umbilical cord blood of 2
subjects (N #1 and N #2) and were exposed to the designated concentrations of venetoclax
and GDC-0980 alone or in combination for 16 hr after which viability was assessed
selectively in the CD34" cell population by Annexin V/7-AAD staining.
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Figure 3. Co-treatment with venetoclax and GDC-0980 exhibits potent in vivo anti-AML activity
NOD/SCID-y mice were inoculated with 3 x 108 luciferase-expressing MV4-11 cells via

tail vein injection. 1 week later, mice were treated with regimens consisting of oral
administration of venetoclax, GDC-0980, or taselisib once every day, 6 days a week as
follow. (A) Mice were treated with venetoclax (80 mg/kg), GDC-0980 (5 mg/kg for 2 weeks,
then 10 mg/kg until day 55) alone or in combination, and AML progression was monitored
by the IVIS 200 imaging system. (B) Survival analysis of mice using Kaplan-Meier survival
plot. These studies involved 5-6 mice/condition; combined treatment significantly prolonged
mouse survival compared to either agent alone (P = 0.0248, and £ = 0.0057 for combination
versus GDC-0980 and venetoclax respectively, log-rank test). (C) Mice (8 mice/condition)
were treated with venetoclax (80 mg/kg) and/or taselisib (2.5 mg/kg), and subjected to IVIS
200 imaging. (D) Kaplan-Meier survival analysis. Venetoclax/taselisib significantly
prolonged mouse survival compared to either agent alone (P=0.0113, and £=0.0392 for
combination versus taselisib and venetoclax respectively, log-rank test). * indicate mouse
accidental death; these mice were excluded from survival analysis. (E) NOD/SCID-y mice
were inoculated with primary AML blasts (5 x 106 cells) isolated from 2 patients with AML.
2 weeks later, mice were treated with venetoclax (80 mg/kg) and/or GDC-0980 (5 mg/kg) po
qd 6 days/week for 3 weeks. Mice were left untreated for additional 3 months after which
they were sacrificed and the percentages of HCD45* cells in the bone marrow were
assessed. Each dot represents an individual mouse (n = 5 — 6 per group). The means of
different groups are statistically different for both patients AML1; £=0.0013; AML2; P=
0.0051; One-way ANOVA.
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Figure 4. Functional roles of BAX, BAK, and BIM in venetoclax activity in vitro and in vivo
(A) western blot analysis in untreated MV4-11 cells in which BAX (BAX "), BAK (BAK

=I7), double BAX/BAK (BAX"BAK™"), or BIM (BIM~'") were knocked out using
CRISPR technology as described in Methods or non-targeting (NT) control cells. (B) These
cell were exposed to 100 nM venetoclax (Ven) for 2 or 6 hr after which cytosolic fractions
were isolated and subjected to western blot analysis. (C) Cells were treated with the
designated concentrations of venetoclax for 24 hr after which the extent of apoptosis was
determined using Annexin V staining. Error Bars, S.D for at least 3 independent
experiments.*, £< 0.05; ns = non-significant for BAK™~ versus NT cells. Values obtained
for BAX ™~ or BAX™'"BAK ™/~ cells before versus after venetoclax treatment were not
significantly different, P > 0.05 in each case. (D-G) NOD/SCID-y mice were inoculated
with 3 x 108 BAX™~, BAK™~, BAX"BAK ™", BIM™~, or NT control MV4-11 cells via
tail vein. One week later, mice were treated orally with 75 mg/kg venetoclax (\Ven) once
every day, 6 days a week. Mouse survival was analyzed by Kaplan-Meier survival plot.
Survival of mice with Bax™'~ or Bax/~Bak~/~-derived xenografts are both included in
Figure 4F. These studies involved 8 mice/condition. Venetoclax significantly prolonged
mouse survival in mice with NT, BAK™~, or BIM™~ cells, #=0.0138, P = 0.0015, and P =
0.0117 respectively. In contrast, no survival benefit was observed in mice with BAX ™'~ or
BAX"BAK™" cells.
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Whole lysates

Cytosolic

Figure 5. Role of BAX, BAK, and BIM in venetoclax/GDC-0980 lethality in venetoclax-sensitive

MV4-11 cells

Cells in which BAX, BAK, double BAX/BAK (A-B), or BIM (C-D) were knocked out

using CRISPR or non-targeting (NT) control cells were exposed to 10 nM venetoclax and/or
500 nM GDC-0980. Cells were either lysed after 2 hr and subjected to western blot analysis
(A-C), or analyzed for the extent of apoptosis at 5 hr using Annexin V staining (B-D). Error
Bars, S.D for at least 4 independent experiments. For B: £=0.0004; £=0.0027; £=0.0002
for BAX™~, BAK™~, or BAX~"BAK ™~ cells respectively compared to NT cells; for D: =

0.1307 for BIM~/~ cells vs NT cells.
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Figure 6. Role of BAX, BAK, and BIM in venetoclax/GDC-0980 lethality in venetoclax-
insensitive U937 cells

Cells exhibiting knockout of BAX, BAK, double BAX/BAK (A-B), or BIM (C-D), or non-
targeting (NT) control cells were exposed to venetoclax (500 nM) and/or GDC-0980 (1.5
uM) for 16 hr. The cells were then lysed, and the lysates subjected to western blot analysis
(A, C). Alternatively, the extent of apoptosis was determined using the Annexin V staining
(B, D). Error Bars, S.D of at least 3 independent experiments. For B: £=0.0005; P=
0.0223; P< 0.0001 for BAX =, BAK™~, or BAX/"BAK ™~ cells respectively compared to
NT cells; for D: P=0.08. (E-F) western blot analysis (E) and CellTiter-Glo luminescent
viability assay (F) on U937 cells ectopically expressing MCL-1 or the empty vector pCEP4
following exposure to venetoclax (500 nM) and/or GDC-0980 (1.5 uM). For (F), Error Bars,
S.D for 4 independent experiments; 2= 0.006.
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Figure 7. Venetoclax/GDC-0980 is effective in AML cells exhibiting various forms of venetoclax
resistance

(A-B) venetoclax-sensitive (MV4-11S, MOLM-13S) or venetoclax-resistant (MV4-11R,
MOLM-13R) cells were exposed to the designated concentrations of venetoclax alone or in
combination with 500 nM GDC-0980 for 24 hr after which cell growth and viability was
assessed using the CellTiter-Glo luminescent assay. Error Bars, S.D for at least 3
independent experiments. A< 0.01 for combined treatment compared to venetoclax alone for
each concentration in each cell line. (C) MV4-11 cells were cultured in the presence or
absence of GFP-labeled HS-5 stromal cells for 48 hr then exposed to venetoclax =
GDC-0980 (10 and 500 nM respectively) for 5 hr after which, cells were stained with 7-
AAD for 30 min and photographed as described in Methods. Alternatively, the extent of
apoptosis was determined in MV4-11 cells (GFP-negative population) using the Annexin V-
APC staining (Fig. 7D). Error Bars, S.D for 4 independent experiments.
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