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Mitochondrial outer membrane permeabilization (MOMP), a key step in the intrinsic apoptotic pathway, is in-
completely understood. Current models emphasize the role of BH3-only BCL2 family members in BAX and BAK
activation. Here we demonstrate concentration-dependent BAK autoactivation under cell-free conditions and pro-
vide evidence that this autoactivation plays a key role in regulating the intrinsic apoptotic pathway in intact cells. In
particular, we show that up to 80% of BAK (but not BAX) in lymphohematopoietic cell lines is oligomerized and
bound to anti-apoptotic BCL2 family members in the absence of exogenous death stimuli. The extent of this con-
stitutive BAK oligomerization is diminished by BAK knockdown and unaffected by BIM or PUMA down-regulation.
Further analysis indicates that sensitivity of cells to BH3 mimetics reflects the identity of the anti-apoptotic proteins
to which BAK is constitutively bound, with extensive BCLX *BAK complexes predicting navitoclax sensitivity, and
extensive MCL1eBAK complexes predicting A1210477 sensitivity. Moreover, high BAK expression correlates with
sensitivity of clinical acute myelogenous leukemia to chemotherapy, whereas low BAK levels correlate with re-
sistance and relapse. Collectively, these results inform current understanding of MOMP and provide new insight

into the ability of BH3 mimetics to induce apoptosis without directly activating BAX or BAK.
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Previous studies have identified an important role for the
intrinsic apoptotic pathway in the response to a variety of
anti-cancer treatments (Kaufmann and Earnshaw 2000;
Johnstone et al. 2002), including DNA-damaging drugs
(Villunger et al. 2003), spindle poisons (Tan et al. 2005), ki-
nase inhibitors (Kuroda et al. 2006; Cragg et al. 2008; Gup-
ta et al. 2012), and BH3 mimetics (van Delft et al. 2006).
This pathway is regulated by BCL2 family members, a
group of structurally related proteins with distinct pro-
and anti-apoptotic roles (Chipuk and Green 2008; Marti-
nou and Youle 2011; Strasser et al. 2011; Czabotar et al.
2014). When the balance of pro- and anti-apoptotic signal-
ing favors cell death, two members of this family, BAX and
BAK, permeabilize the mitochondrial outer membrane
(MOM), leading to cytochrome c release, caspase 9 activa-
tion, and cellular disassembly (Jiang and Wang 2004; Tay-
lor et al. 2008).
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How BAX and BAK are activated has been a matter of
debate. According to one model, their activation is trig-
gered when cellular stresses lead to increased expression
or activity of BH3-only members of the BCL2 family,
such as BIM, PUMA, or BID (Chipuk and Green 2008;
Strasser et al. 2011; Czabotar et al. 2014). Sharing homol-
ogy in a single 15-amino-acid a-helical domain (Czabotar
et al. 2014; Westphal et al. 2014), these proapoptotic pro-
teins bind transiently to the hydrophobic groove of BAX
or BAK (Dai et al. 2011, 2014; Czabotar et al. 2013; Ed-
wards et al. 2013; Brouwer et al. 2014) or a secondary site
on BAX (Gavathiotis et al. 2008; Edwards et al. 2013) to fa-
cilitate BAX/BAK oligomerization (Antonsson et al. 2001;
Cheng et al. 2003) and MOM permeabilization (MOMP).
Evidence in support of this direct activation model in-
cludes direct binding of BH3-only proteins (Kim et al.
2009; Dai et al. 2011, 2014) or BH3 peptides (Walensky
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et al. 2006; Gavathiotis et al. 2008; Czabotar et al. 2013;
Brouwer et al. 2014) to BAX or BAK in vitro as well as
the ability of this binding to trigger BAX/ BAK oligomeri-
zation and membrane permeabilization in cell-free sys-
tems (Kuwana et al. 2002; Letai et al. 2002; Dewson
et al. 2008, 2009; Lovell et al. 2008; Oh et al. 2010; Dai
et al. 2011; Du et al. 2011). Importantly, BAX and BAK
BH3 peptides also bind and activate BAX and BAK in
some contexts in vitro (Llambi et al. 2011; Czabotar
et al. 2013; Brouwer et al. 2014), indicating that this prop-
erty is not unique to BH3 domains of BH3-only proteins.

An earlier model suggested that BH3-only proteins pre-
dominantly neutralize anti-apoptotic family members
such as BCL2, MCL1, and BCLX;, which otherwise bind
preactivated BAX and BAK to prevent MOMP (Willis
et al. 2007). Formulated to account for BAX and BAK acti-
vation in the face of difficulty in detecting complexes be-
tween BH3-only proteins and BAX or BAK in intact cells
(Wei et al. 2000; Willis et al. 2007), this model fell out of
favor as interactions between BH3-only family members
and BAX or BAK were demonstrated through biochemical
(Gavathiotis et al. 2008; Kim et al. 2009; Dai et al. 2011)
and genetic (Merino et al. 2009) approaches. Nonetheless,
earlier studies clearly indicated that anti-apoptotic BCL2
family members neutralize overexpressed BAX (Oltvai
et al. 1993) and BAK (Chittenden et al. 1995) in addition
to BH3-only family members (Willis et al. 2007; Llambi
et al. 2011).

Despite the growing consensus that BH3-only family
members can bind BAX and BAK to directly activate
them, the possibility that BAX or BAK is preactivated
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Concentration-dependent BAK autoactivation

within cells, as postulated by the indirect activation mod-
el, has not been systematically examined. Here we show
that purified recombinant BAKATM (BAK lacking its
transmembrane domain to facilitate purification) can
spontaneously oligomerize and permeabilize membranes
under cell-free conditions. We also demonstrate that en-
dogenous BAK is constitutively activated in many lym-
phohematopoietic cell lines, show that the extent of
constitutive BAK activation correlates with BAK expres-
sion levels, and assess the impact of this constitutive
BAK activation on sensitivity to therapeutic agents.

Results

Requirement for BAK activation prior to BCLX;
and MCL1 binding

To provide a background for examining BAK binding and
neutralization in intact cells, interactions between BAK
and anti-apoptotic BCL2 family members were studied
under cell-free conditions. Consistent with earlier results
(Willis et al. 2005), surface plasmon resonance (SPR) indi-
cated that MCL1 bound to immobilized BAKATM protein
or BAK BH3 peptide with similar, low nanomolar affini-
ties (Fig. 1A-D). In the reciprocal experiment, recombi-
nant BAKATM protein bound 100-fold less tightly than
BAK BH3 peptide to immobilized MCL1 (Fig. 1B-D) or
BCLXy (Fig. 1E; Supplemental Fig. S1A).

To confirm that tight binding of BAK to anti-apoptotic
BCL2 family members requires BAK activation, BAKATM
protein was bound to immobilized MCLI in the absence or
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Figure 1. MCLI and BCLX| preferentially bind activated BAK. (A) SPR of 300 nM MCL1ATM binding to immobilized BAKATM or BAK
BH3 peptide. (B) SPR (relative units) of different concentrations of BAK BH3 peptide binding to immobilized MCL1ATM. (C) Direct com-
parison of 320 nM BAKATM and 320 nM BAK BH3 peptide binding to immobilized MCLIATM. (D,E) Based on the SPR assays, the affin-
ities of MCL1ATM (D) and BCLX;ATM (E) for BAKATM and BAK BH3 peptide were calculated. Error bars indicate +sp of three
independent experiments using different chips and different protein batches. (F) SPR of MCL1ATM binding to 500 nM BAKATM,
500 nM BIM BH3, or 500 nM BAKATM + 500 nM BIM BH3. The double arrow indicates increased resonance due to BAK activation.

The box at the top of F indicates peptides used in this figure.
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presence of a low concentration of BIM BH3 domain pep-
tide, which activates BAK (Dai etal. 2011). More BAKATM
bound tightly to MCLI in the presence of the BIM BH3
domain than in its absence (Fig. 1F, arrow), suggesting
that low BAK binding reflects lack of activation. In further
experiments, BAK binding to anti-apoptotic BCL2 family
members was also examined in the absence and presence
of 1% Triton X-100, which artificially activates BAX and
BAK (Hsu and Youle 1997; Llambi et al. 2011), or 1%
CHAPS. Triton X-100 enhanced binding of BAKATM to
immobilized MCL1 (Supplemental Fig. S1B), binding of
BAKAN20ATM to purified MCLI and BCLXy, in solution
(Supplemental Fig. S1C, red box), and recovery of full-
length endogenous BAK with anti-apoptotic proteins in ly-
sates from nonapoptotic cells (Supplemental Fig. S1D, red
box). In contrast, 1% CHAPS did not detectably increase
binding of BAK species to anti-apoptotic BCL2 family
members in these assays (Supplemental Fig. SIB-D), con-
sistent with previous reports that CHAPS fails to activate
BAX in cell lysates (Hsu and Youle 1997).

Constitutive BAK oligomerization varies
among cell lines

In subsequent studies, oligomerization of endogenous
BAK was analyzed by size exclusion chromatography of

CHAPS lysates from 23 human leukemia and lymphoma
cell lines. Purified recombinant BAKATM, which mi-
grates as a monomer, served as a control (Fig. 2A). In sev-
eral lines, including ML-1, Jeko, U937, WSU, and Daudi,
endogenous BAK was predominantly monomeric (Fig.
2B, orange box; Supplemental Fig. S2A B). In contrast,
BAK was more extensively oligomerized in other lines
(Fig. 2B, green box; Supplemental Fig. S2C,D). Similar re-
sults were obtained using lysates prepared in 1% digitonin
(Supplemental Fig. S3), another detergent used when spu-
rious BAK activation is to be avoided (Ma et al. 2013). No
oligomerization of BAX was detectable in the same chro-
matography fractions (Fig. 2B, right panels). Collectively,
these observations suggested that BAK, but not BAX,
might be constitutively activated in some cell lines but
not others.

Consistent with this possibility, we observed that BAK
in cell lines with high levels of oligomerization reacted
with an antibody recognizing an epitope that is rendered
accessible during BAK activation (Supplemental Fig.
S4A), that MCL1 and BCLX} were present with (Supple-
mental Fig. S4B,C) and bound to (Supplemental Fig. S4A)
BAK migrating with greater than monomer molecular
weight on gel filtration, and that addition of antibody to
MCLI1 (Supplemental Fig. S4D) or BCLXy, (Supplemental
Fig. S4E,F) shifted the BAK to even high molecular weight
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fractions. To further examine BAK binding to anti-apopto-
tic BCL2 family members, endogenous BCLX;, MCLI,
and BCL2 were immunoprecipitated from all of the lines.
Blotting for BAK revealed four patterns. First, in some
lines (e.g., ML-1 and WSU) BAK was not detectably bound
to any of the three anti-apoptotic proteins (Fig. 3A; Supple-
mental Fig. S5A), consistent with the paucity of BAK olig-
omers in these cells (Fig. 2B). Second, in several lines (e.g.,
K562) BAK was predominantly bound to BCLXy rather
than MCL1 (Fig. 3B; Supplemental Fig. S5B). Third, in
SUDHL-6 cells, BAK was bound to MCLI in preference
to BCLX and BCL2 (Fig. 3C). Finally, BAK was bound to
multiple anti-apoptotic proteins, including BCLX; and
MCLI, in several lines (Fig. 3D; Supplemental Fig. S5C).
In addition, BAK was extensively bound to BCL2 in RL
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cells (Fig. 3E), which contain a mutant BCL2 protein
with enhanced affinity for proapoptotic BCL2 family
members (Smith et al. 2011), and less extensively but
detectably bound to BCL2 in lines such as DoHH?2, Jeko,
and HL-60 (Supplemental Fig. S5), which contain high lev-
els of BCL2 protein (see below). Collectively, up to 77 % of
BAK was recovered in the BCLX;, MCL1, and BCL2 im-
munoprecipitates, in good agreement with the FPLC assay
for oligomerization (Fig. 3F). Reciprocal immunoprecipi-
tations likewise indicated that BAK is bound to BCLXj,
MCLI, and (in the case of RL cells) BCL2 (Supplemental
Fig. S6A,B). Although BAK is constitutively bound to
VDAC2 in some cell lines (Cheng et al. 2003), we did
not detect VDAC2 in BAK immunoprecipitates in the
cells used in this study.
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Figure 3. BAK is constitutively bound to various anti-apoptotic BCL2 family members. (A-E,G) CHAPS lysates of WSU (A}, K562 (B), Su-
DHL-6 (C), Jurkat (D), RL (E), and Nalm6 (G) cells were immunoprecipitated (IP) with antibodies to BCLXy, MCL1, or BCL2, and compared
with serial dilutions of the input. Pull-downs with normal rabbit IgG served as a control. (F) The relative amount of BAK bound to BCL2 +
BCLXy + MCL1 (% Bound) compared with the relative amount of oligomerized BAK (% Oligomerized), calculated as indicated in Supple-
mental Figure S2. Cell lines used here and in Figure 5 and Supplemental Figure S8 are ML-1 (1), Jeko (2), U937 (3), WSU (4), Daudi (5), KG1A
(6), SKW6.4 (7), SeAx (8), Hs445 (9), HT (10), DoHH2 (11), SuDHL-4 (12), Molt3 (13), SuDHL-6 (14), RL (15), Jurkat (16), H9 (17), Karpas422
(18), MV-4-11 (19), HL-60 (20), CEM (21), Nalm6 (22), and K562 (23). As indicated in the text, Nalmé was excluded from subsequent

calculations.
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Curiously, even though the acute lymphocyte leukemia
cell line Nalmé contained large amounts of BAK oligo-
mers, BAK was not detectable in BCLXy, MCL1, or BCL2
immunoprecipitates (Fig. 3G). Likewise, BAK immuno-
precipitates from Nalmé cells lacked detectable MCLI,
BCLX;, BCL2A1, BCLW, BCL2, BCLB, or VDAC2 (Supple-
mental Fig. S6A), the known BAK binding partners.
Because this cell line might contain an additional, current-
ly unknown BAK binding partner, we excluded this line
from further analysis.

Sensitivity to navitoclax or
A1210477 reflects constitutively
oligomerized BAK

Further experiments examined the impact of constitutive
BAK oligomerization on drug sensitivity. Each lymphohe-
matopoietic line was assayed for sensitivity to three BH3
mimetics (Fig. 4A,B; Supplemental Fig. S7A): navitoclax,
which neutralizes BCL2, BCLX;, and BCLW (Tse et al.
2008); venetoclax (ABT-199), which selectively neutraliz-
es BCL2 (Souers et al. 2013); and A1210477, which prefer-
entially neutralizes MCL1 (Leverson et al. 2015). As
indicated in Figure 4, A and C, cells in which BAK was pre-
dominantly bound to BCLX; (blue symbols) or a combina-
tion of BCLX; and other anti-apoptotic family members

(green symbols) were sensitive to navitoclax, with nine
of 16 cell lines exhibiting ICsy values <500 nM. In con-
trast, lines in which BAK was not bound to BCLXy, exhib-
ited lower sensitivity, with a median IC5q of 3500 nM (Fig.
4A,C, red and yellow symbols). Similarly, lines in which
BAK was extensively bound to MCLI alone (Fig. 4B,D, yel-
low symbols) or in combination with other anti-apoptotic
family members (Fig. 4B,D, green symbols) were sensitive
to A1210477 (median ICsy 4.4 uM) (Fig. 4B,D), whereas
lines in which BAK was not bound to MCLI1 (Fig. 4B,D,
blue and red symbols) were less sensitive (median ICsq
11 pM). Cells with constitutive binding of BAK to
MCL1 were also more sensitive to pharmacological
down-regulation of MCL1 with sorafenib (Rahmani et al.
2005; Yu et al. 2005) than cells with BAK constitutively
bound to BCLX; or not bound at all (Supplemental Fig.
S7C,D). Finally, cell lines with BAK constitutively bound
to BCL2 were also more sensitive to venetoclax (Supple-
mental Fig. S7A,B), although the results were of borderline
statistical significance. Collectively, these results suggest
that cells with constitutive BAKeBCLX; interactions are
sensitive to navitoclax, whereas cells with constitutive
BAKeMCLI interactions are sensitive to MCLI inhibition
or down-regulation, providing functional validation of the
constitutive binding detected in Figure 3 and Supplemen-
tal Figure S5.
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Figure 4. Sensitivities of cell lines to navitoclax and A1210477 correlate with BAK binding status. (A,B) After the cell lines were treated
with navitoclax (A) or A1210477 (B), the percentages of Annexin V-positive cells were assessed by flow cytometry. Graphs show the av-
erage of three independent experiments. Symbols and line colors represent different BAK binding statuses. (Red) No binding; (blue) BAK
bound to BCLXy only; (yellow) BAK bound to MCL1 only; (purple) unknown binding partner; (green) BAK bound to multiple partners.
(C,D) Concentrations of navitoclax (C) or A1210477 (D) required to induce apoptosis in 50% of cells (ICso) grouped according to BAK bind-
ing status as determined in Figure 3 and Supplemental Figure S5. Symbols for each cell line correspond to the key between A and B. Heavy
horizontal lines represent the mean, and error bars indicate the SD of the indicated groups of lines.
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Role of BAK expression level in constitutive
BAK activation

Previous studies suggested that BH3 peptide-induced per-
meabilization of isolated mitochondria (Letai et al. 2002)
reflects displacement of preactivated BIM from anti-apo-
ptotic BCL2 family members, causing BIM to bind and ac-
tivate BAK or BAX (Certo et al. 2006). To assess a possible
relationship between BIM or other BH3-only proteins and
constitutive BAK oligomerization, we examined BCL2
family protein levels (Fig. 5A). There was no correlation
between the extent of BAK oligomerization (Fig. 2B) and
levels of BIM, BID, NOXA, PUMA, BAX, BCL2, BCLX,,
or MCL1 (Fig. 5B,C; Supplemental Fig. S8). Moreover,
knockdown of BIM or BIM + PUMA had no effect on the
amount of BAK constitutively bound to BCLX; or MCL1
(Fig. 6A,B; Supplemental Fig. S9), reinforcing the concept
that constitutive BAK activation does not depend on BIM
or PUMA.

>

Concentration-dependent BAK autoactivation

In contrast, cells with higher total BAK expression had,
on average, a higher degree of BAK oligomerization (Fig.
5D). This correlation was observed when BAK expression
was normalized to either p-Actin (Fig. 5D) or the mito-
chondrial chaperone HSP60 (Supplemental Fig. S8G).

Because these differences in cellular BAK expression
seemed to parallel differences in mitochondrial BAK
content (Supplemental Fig. S10), we examined the possi-
bility that BAK could be activated by increased BAK ex-
pression independently of BH3-only proteins. When
purified BAKATM was increased twofold to fourfold
over concentrations previously used in cell-free assays
(Dai et al. 2011), BAKATM spontaneously oligomerized
(Fig. 6C) and permeabilized vesicles composed of MOM
lipids (Fig. 6D; Supplemental Fig. S11A) in the absence
of BH3 peptides or BH3-only proteins. Likewise, purified
BAKATM permeabilized mitochondria from Bax™/~
Bak™~ double-knockout mouse embryonic fibroblasts
(Supplemental Fig. S11B). These observations suggested
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lysate, determined as described in the Materials and Methods.
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that elevated BAK expression by itself might contribute to of total BAK found in oligomers in CEM cells, whereas
constitutive BAK activation. BIM and PUMA knockdown did not (Supplemental Fig.
To further explore this possibility, cell lysates from S12E).

Jurkat cells with or without BAK knockdown (Fig. 6E, in-
set; Supplemental Fig. S12A, inset) were subjected to

FPLC. BAK knockdown by shRNA (Fig. 6E) or siRNA  Modulating BAK activation for therapeutic

(Supplemental Fig. S12A) diminished the proportion of to- advantage

tal BAK found in oligomers. Likewise, BAK knockdown As indicated in Figure 4, cells that lack constitutively ac-
markedly diminished the percentage of total BAK consti- tive BAK are relatively resistant to navitoclax. In an at-
tutively bound to BCLX; and MCL1 (Fig. 6F; Supplemen- tempt to reverse this resistance, we examined whether
tal Fig. S12B,C, lane 2 vs. 9). Consistent with these results, sublethal BAK activation might sensitize cells. Treatment
BAK knockdown markedly diminished sensitivity to BH3 of U937 and Daudi with the MEK inhibitor CI-1040
mimetics, whereas BIM siRNA or BIM + PUMA siRNA (PD184352) not only up-regulated BIM (Fig. 7A, lanes
had a minimal effect (Fig. 6G; Supplemental Fig. S12D). 7,8; Supplemental Fig. S13A) but also increased the

Similarly, BAK knockdown diminished the percentage amount of BAK bound to BCLXy (Fig. 7A, lane 2 vs. 5;
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Figure 7. Drug-induced BAK oligomerization sensitizes to navitoclax. (A) After U937 cells were treated with 10 uM CI-1040 for 24 h,
BCLX;, and MCLI1 were immunoprecipitated and compared with 1/10 of input. Normal rabbit IgG antibody served as an immunoprecip-
itation control. (B,D,E) After U937 (B), ML-1 (D), or WSU (E) cells were treated with the indicated drugs for 24 h, apoptosis was detected by
Annexin V staining. (C) Twenty-four hours after ML-1 cells were treated with 12.5 ng/mL TRAIL, CHAPS lysates were subjected to size
exclusion FPLC and blotted for BAK. (F) Clinical acute myelogenous leukemia (AML) samples harvested at initial diagnosis together with
different concentrations of Molm16 cell lines as control were blotted with the indicated antibodies. (+) Attainment of complete remission
(CR); (=) no CR; (NE) not evaluable due to death before remission status determined. (G) Relative BAK expression, calculated as BAK, +
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Supplemental Fig. S13A) and navitoclax sensitivity (Fig. TRAIL concentrations that by themselves induced little
7B; Supplemental Fig. S13B). Similarly, treatment of ML- killing of U937, Daudi, and ML-1 cells but nonetheless
1 cells with TRAIL enhanced BAK oligomerization (Fig. markedly increased navitoclax-induced apoptosis (Fig.
7C) and navitoclax sensitivity (Fig. 7D). Both the in- 7B,D; Supplemental Fig. S13B). Moreover, these effects re-
creased BAK oligomerization and navitoclax sensitization quired expression of BAK and/or BAX. The same treat-
induced by TRAIL were inhibited by BID siRNA (Supple- ment of WSU cells, which express much less BAX and
mental Fig. SI3C-E), implicating BID in these processes. BAK (Fig. 5A), failed to enhance navitoclax-induced apo-
Importantly, sensitization was observed at CI-1040 and ptosis (Fig. 7E).

GENES & DEVELOPMENT 2147



Dai et al.

Relationship between BAK expression and response
in acute myelogenous leukemia (AML)

To begin to assess the relationship between BAK levels
and response in a clinical setting, we examined BCL2 fam-
ily member expression in marrow aspirates (>80% blasts)
from 27 newly diagnosed AML patients, 16 of whom sub-
sequently achieved complete remission (CR), and 11 of
whom did not. As indicated in Figure 7F, BCL2 family
member expression varied among the specimens. Consis-
tent with previous results (Kaufmann et al. 1998; Pan et al.
2014), baseline levels of BCL2, BCLX;, MCL1, PUMA,
BID, BIM, and BAX failed to correlate with therapeutic re-
sponse (Fig. 7F; Supplemental Fig. S14). In contrast, BAK
levels, on average, were twofold higher in samples from
patients who achieved CR compared with those who did
not (Fig. 7G). Further immunoblotting in serial leukemia
samples harvested during the course of disease also dem-
onstrated that levels of BAK, but not BAX, were decreased
at the time of leukemic relapse compared with diagnosis
in three of 10 pairs (Fig. 7H).

Discussion

Although recent studies provide substantial insight into
the molecular alterations that occur during BAK activa-
tion (Dewson et al. 2008, 2009; Moldoveanu et al. 2013;
Brouwer et al. 2014), factors that control BAK activation
in intact cells remain incompletely understood. In the pre-
sent study, we examined the oligomerization state of BAX
and BAK in lymphohematopoietic cells, determined the
binding partners of BAK in cell lines where it is oligomer-
ized, and tested the hypothesis that basal expression of
BH3-only proteins versus other factors governs constitu-
tive BAK activation. This analysis demonstrated that
BAX is monomeric in all cell lines examined, that BAK
shows differences in oligomerization among various lines,
that endogenous BAK expression levels play a major role
in constitutive BAK activation, and that the binding part-
ners of constitutively activated BAK determine sensitiv-
ity to BH3 mimetics.

Previous studies have demonstrated that a fraction of
BAK in various cell lines is constitutively bound to
MCL1, BCLX;, and BCL2 (Willis et al. 2005; Meng et al.
2007; Dai et al. 2009; Llambi et al. 2011). It has been un-
clear whether this reflects partial activation of BAK in
these cell lines as opposed to the intrinsic affinity of unac-
tivated BAK for the anti-apoptotic proteins. In the present
study, SPR and GST pull-down assays both demonstrate
that recombinant human BAK in its native state has low
affinity for BCLX;, MCLI1, or BCL2 (Fig. 1C-E; Supple-
mental Fig. S1C), likely because its BH3 domain is inac-
cessible (Dewson et al. 2008). Instead, BAK is tightly
bound to these proteins only after immobilization for
SPR (Fig. 1A,D,E), activation by BIM BH3 peptide (Fig.
1F), or exposure to Triton X-100 (Supplemental Fig. S1B-
D), which is known to activate BAX and BAK (Hsu and
Youle 1997; Willis et al. 2007; Llambi et al. 2011). These
observations suggest that BAK requires activation in order
to bind anti-apoptotic BCL2 family proteins.
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In further studies, whole-cell lysates prepared from lym-
phohematopoietic cell lines using the nonactivating
detergent CHAPS (Supplemental Fig. S1C) or digitonin ex-
hibited varying degrees of BAK oligomerization (Fig. 2B;
Supplemental Figs. S2, S3). Immunoprecipitation (Fig.
3A-E) indicated that the oligomers reflected a variety of
binding patterns, including predominant BAK binding to
MCL1 (SUDHL-6 cells), BCLXy (K562 cells), multiple
anti-apoptotic BCL2 family members (e.g., Jurkat cells),
or mutant BCL2 (RL cells). Importantly, cells with consti-
tutive BAKeBCLX; complexes were more sensitive tonavi-
toclax (Fig. 4A,C), and cells with constitutive BAKeMCL1
complexes were more sensitive to A1210477 (Fig. 4B,D),
providing functional validation of the constitutive binding
interactions detected by immunoprecipitation.

The direct activation model suggests that oligomeriza-
tion of BAX and BAK results from interaction with activa-
tor BH3-only proteins. Because BID is not constitutively
active (cleaved) in these cells (Meng et al. 2007, 2010),
our studies examined the potential role of BIM and
PUMA. If these activator proteins were responsible for
constitutive BAK activation, one would expect (1) that
BIM and PUMA knockdown would diminish constitutive
BAK activation and (2) that BAX, which is preferentially
activated by these BH3-only proteins (Edwards et al.
2013; Sarosiek et al. 2013), would also be activated. Con-
trary to these predictions, down-regulating BIM and
PUMA had little effect on basal BAK oligomerization
(Fig. 6B; Supplemental Fig. SI2E), and there was no evi-
dence of constitutive BAX activation (Fig. 2B). Instead, a
number of observations pointed to endogenous BAK ex-
pression as a driver of constitutive BAK activation. In par-
ticular, studies under cell-free conditions demonstrated
that BAKATM is able to self-oligomerize, permeabilize
membranes, and cause cytochrome c release from isolated
mitochondria without exogenous BH3-only proteins (Fig.
6C,D; Supplemental Fig. S11), consistent with earlier ex-
periments showing that BAK transfection by itself is suf-
ficient to kill a wide variety of cells (e.g., Chittenden
etal. 1995; Farrow et al. 1995; Dai et al. 2013). Conversely,
BAK down-regulation diminishes not only the total
amount of BAK within cells but also the fraction of that
total found in oligomers (Fig. 6E,F; Supplemental Fig.
S12). These observations suggest that concentration-de-
pendent BAK autoactivation contributes to formation of
the BAK-containing oligomers described here.

Our previous studies (Meng et al. 2007) indicate that
constitutive BAKeBCLX; interactions involve the BH3-
binding groove of BCLX;. On the other hand, biochemical
and crystallographic studies suggest that BAK forms a sym-
metric homodimer, with the BH3 domain of one BAK
monomer occupying the BH3-binding groove of the other,
en route to higher-order oligomers (Dewson et al. 2008;
Brouwer et al. 2014). In the homodimeric configuration,
the BAK BH3 domain would be inaccessible (Dewson
et al. 2008), precluding binding of BAK to anti-apoptotic
BCL2 family members (Sattler et al. 1997). Accordingly,
some other configuration of BAK must be constitutive-
ly bound to BCLXy and MCL1. SPR (Supplemental Fig.
S15) indicates that the affinity of BAKATM for



immobilized BAKATM is similar to that of BAKATM for
BCLX;. Although we cannot rule out the possibility that
immobilization loosens the binding of Bak in dimers, our
affinity measurements raise the possibility that BAK dime-
rization might be somewhat reversible in the absence of
BH3-only proteins, leading to sequestration of BAK mono-
mers by anti-apoptotic BCL2 family members (Fig. 71).

A growing body of literature suggests that sensitivity to
BH3 mimetics and possibly other agents can be assessed
using an assay termed mitochondrial profiling (Certo
et al. 2006; Deng et al. 2007; Ni Chonghaile et al. 2011;
Vo et al. 2012; Pan et al. 2014; Montero et al. 2015). This
assay, which involves assessment of mitochondrial health
after treatment with purified BH3 peptides, indicates that
mitochondria from some cells or tumors appear “primed”
for MOMP. Although this primed state has been attribut-
ed to constitutive binding of BH3-ony proteins such as
BIM to anti-apoptotic BCL2 family members (Deng et al.
2007) or BAX activation (Schellenberg et al. 2013), the pre-
sent results suggest that high levels of endogenous BAK
result in a state that is primed for apoptosis, with high sen-
sitivity to one set of stimuli (e.g., navitoclax or Bad-like
molecules) if BAK is constitutively bound to BCLXy and
high sensitivity to another set (e.g., A1210477 or Noxa-
like molecules) if BAK is constitutively bound to MCL1.
These observations potentially shed new light on the in-
terpretation of BH3-profiling assays.

On the other hand, our results do not exclude the possi-
bility that displacement of direct activators from anti-ap-
optotic BCL2 family members also contributes to BH3
mimetic-induced death. Cells with low endogenous BAK
expression and oligomerization can clearly be killed by
navitoclax and A1210477, although higher concentra-
tions are required (Fig. 4A,B).

Finally, the present results indicate that endogenous
BAK levels vary widely among cases of newly diagnosed
AML (Fig. 7F) and correlate with response to induction
chemotherapy (Fig. 7G). If high BAK levels sensitize cells
to chemotherapy, then one would predict that BAK might
sometimes be down-regulated in chemoresistant cells
that repopulate the bone marrow at relapse. Consistent
with this possibility, we observed BAK down-regulation
at relapse (Fig. 7H) that was mutually exclusive with the
MCL1 up-regulation previously reported (Kaufmann
et al. 1998). These observations identify endogenous
BAK levels as a potentially important determinant of
AML chemosensitivity that requires further study.

In short, the demonstration that BAK can oligomerize
in the absence of active BH3-only proteins provides addi-
tional insight into one of the roles of anti-apoptotic
BCL2 family members, identifies a previously unappreci-
ated source of apoptotic drive when cells are treated with
BH3 mimetics, and suggests a new factor that affects AML
sensitivity to chemotherapy.

Materials and methods
Materials

Reagents were obtained as follows: glutathione (GSH)-agarose
from Thermo Scientific, Ni**-NTA-agarose from Novagen, navi-

Concentration-dependent BAK autoactivation

toclax and venetoclax from ChemieTek, A1210477 from Active
Biochem, digitonin from Sigma-Aldrich, and obatoclax from Sell-
eck Chemicals. BAK BH3 and BIM BH3 peptides were produced
by solid-phase synthesis in the Mayo Clinic Proteomics Core.
All other reagents were obtained as described (Dai et al. 2011,
2014).

Antibodies were from the following suppliers: murine mono-
clonal anti-cytochrome ¢ from BD Biosciences; murine monoclo-
nal anti-BCL2 from Dako; goat anti-p-Actin and rabbit anti-
PUMA antibodies from Santa Cruz Biotechnology; rabbit anti-
BAK, mouse anti-BAK Ab-1, and rabbit anti-VDACI from Milli-
pore; mouse anti-BCLB and rabbit monoclonal anti-BCL2A1
from Abcam; and rabbit antibodies to BAX, BCLX;, BIM,
MCL1, BCLW, VDAC2, HSP60, GAPDH, and GEP from Cell Sig-
naling Technology. Anti-S peptide antibody was raised as de-
scribed (Hackbarth et al. 2004). Rat monoclonal anti-BID
antibody was a kind gift from David Huang (Walter and Eliza
Hall Institute, Melbourne, Australia).

Protein expression and purification

c¢DNAs encoding BCL2ATM, BCLX;ATM, or MCL1ATM were
cloned in-frame with GST in pGEX-4T-1 as described (Smith
et al. 2011). Plasmids encoding BAKATM (residues 1-186; Gen-
Bank accession no. BC004431) in pET29b(+) and pGEX-4T-1 (Mol-
doveanu et al. 2006) were subjected to site-directed mutagenesis
to yield BAK 21-186 (BAKAN20ATM). All alterations were veri-
fied by automated sequencing.

Escherichia coli BL21 harboring the plasmids were grown to op-
tical density 0.8, incubated in 1 mM isopropyl 1-B-p-thiogalacto-
pyranoside for 24 h at 16°C, washed, and sonicated on ice in
calcium- and magnesium-free Dulbecco’s phosphate-buffered
saline (PBS) containing 1 mM PMSF (GST-tagged proteins) or
TS buffer (150 mM NacCl containing 10 mM Tris-HCl at pH 7.4,
1 mM PMSF, Hiss-tagged proteins). All further steps were
performed at 4°C. Hisg-tagged proteins were applied to Ni2*-
NTA-agarose and washed with aliquots of TS buffer containing
0 and 40 mM imidazole before elution in TS buffer containing
200 mM imidazole. GST-tagged proteins were incubated with
GSH-agarose for 4 h at 4°C and then washed with PBS and eluted
with PBS containing 20 mM GSH.

Affinity measurements by SPR

Proteins for SPR were further purified by FPLC on a Superdex
$200 size exclusion column, concentrated using a 10-kDa cut-
off (Centricon, Millipore), dialyzed against Biacore running buff-
er (10 mM HEPES at pH 7.4, 150 mM NaCl, 0.05 mM
EDTA, 0.005% [w/v] Polysorbate 20), and stored for <48 h at 4°C
before use.

Binding assays were performed at 25°C on a Biacore 3000 or
T200 biosensor (Biacore). Hiss-tagged BAKATM or BAK BH3 pep-
tide was immobilized on a CM5 sensor chip. After washing with
Biacore running buffer, GST-MCLIATM, GST-BCLX ATM, or
GST was injected at 30 pL/min for 1 min. Bound polypeptide
was allowed to dissociate in Biacore running buffer at 30 uL/min
for 10 min. Residual bound proteins were desorbed with 2 M
MgCl,. Binding kinetics were derived from sensorgrams using
Biacore BIA evaluation software.

Alternatively, MCL1ATM or BCLX; ATM (cleaved by thrombin
from GST-MCLIATM or GST-BCLX;ATM) was immobilized on
a CM5 chip. Hisg-tagged BAKATM or BAK BH3 peptide was in-
jected at 30 pL/min for 1 min, and dissociation was allowed for
10 min.
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Cell culture and drug sensitivity

Leukemia and lymphoma cell lines were obtained from the sourc-
es indicated in Supplemental Table S1. All cell lines were main-
tained at densities below 10° cells per milliliter in RPMI 1640
containing 100 U/mL penicillin G, 100 pg/mL streptomycin,
2 mM glutamine, and 15% FBS (SeAx, H9, and Hs445) or 10%
FBS (all other lines). Jurkat sublines stably expressing BCL2,
BCLXy, or MCL1 with an N-terminal S peptide tag were generat-
ed by electroporation followed by selection in 800 pg/mL geneti-
cin, cloning by limiting dilution, and analysis by immunoblotting
(Meng et al. 2007).

Log-phase cells were treated for 24 h (navitoclax or venetoclax)
or 48 h (A1210477 or obatoclax), washed twice with PBS, and
stained with APC-coupled Annexin V. After 20,000 events were
collected on a BD Biosciences FACSCanto II flow cytometer,
Annexin V-positive cells were quantitated using BD CellQuest
software.

Analytical gel filtration

Aliquots containing 5 x 107 log-phase cells were lysed in CHAPS
lysis buffer (1% [w/v] CHAPS, 20 mM HEPES at pH 7.4, 150 mM
NaCl, 1% [v/v] glycerol, 1 mM PMSF, 10 pg/mL leupeptin, 10 pg/
mL pepstatin, 100 mM NaF, 10 mM sodium pyrophosphate,
1 mM sodium vanadate, 20 nM microcystin) for 30 min at 4°C.
Samples (200 pL; 10 mg of protein per milliliter) were injected
onto a Superdex S200 size exclusion column, and 500-pL frac-
tions were collected for immunoblotting. In some experiments,
digitonin lysis buffer (1% [w/v] digitonin, 20 mM Bis-Tris at pH
7.4, 50 mM NaCl, 10 mM EDTA, 10% [v/v] glycerol with the
same protease and phosphatase inhibitors as CHAPS lysis buffer)
was substituted. Molecular markers (Sigma-Aldrich) were dis-
solved in the same buffer and chromatographed on the same
column.

Immunoblotting

Whole-cell lysates (Kaufmann et al. 1997), pull-downs, or column
fractions were subjected to SDS-PAGE and immunoblotting with
enhanced chemiluminscent detection (Kaufmann 2001). Where
indicated, films were scanned on a Hewlett-Packard Scanjet 4C
and quantified using Image] software (http://rsb.info.nih.gov).
Protein levels were compared with serial dilutions of Molt3 or
Molm16 lysate as indicated in the figures and then normalized
based on the levels of housekeeping protein. Thus, in Figure 5A,
relative BAK levels were calculated according to the formula
BAK,/Actiny, where BAK, and Actin, are the BAK and f-actin
levels in cell line X as determined by comparison with a standard
curve constructed using values from the serial dilution of Molt3
cells (Fig. 5A). An identical approach was applied to BAX and
BH3-only proteins.

S protein pull-down assay

Log-phase Jurkat cells growing in antibiotic-free medium were
transiently transfected with plasmids encoding S peptide-tagged
BCL2, BCLX;, and MCLI1 (Meng et al. 2007; Smith et al. 2011) us-
ing a BTX 830 square wave electroporator delivering a 10-msec
pulse at 240 mV. After a 24-h incubation, cells were lysed in
CHAPS lysis buffer for 30 min at 4°C and sedimented at
14,000g for 15 min. S protein-agarose beads were added to the su-
pernatants and incubated overnight at 4°C. Following four wash-
es with isotonic wash buffer containing 1% CHAPS, bound
proteins were solubilized in SDS sample buffer.
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Immunoprecipitation

All steps were at 4°C. Log-phase cells were lysed in CHAPS lysis
buffer for 30 min. After removal of insoluble material at 14,000g
for 15 min, lysates were precleared by incubation for 1 h with pro-
tein G-agarose beads. Precleared lysates (600 pg of protein) were
incubated overnight with antibodies to BCL2, MCLI1, or BCLX,
that were precoupled to protein G-agarose using dimethyl pime-
limidate (Cliby et al. 2002). Following four washes with isotonic
wash buffer containing 1% CHAPS, bound polypeptides were sol-
ubilized at 65°C in SDS sample buffer for immunoblotting. The
amounts of BCL2, BCLX;, and MCLI bound to BAK were com-
pared with a serial dilution of whole-cell lysates and calculated
as described previously (Dai et al. 2009).

SiRNA transfection

Log-phase cells growing in antibiotic-free medium were tran-
siently transfected with siRNAs targeting BIM, PUMA, BID,
or BAK (Supplemental Table S2) at 1 uM by electroporation at
280 V for 10 msec in a BTX830 square wave electroporator. Stud-
ies using FAM-labeled nontargeting siRNA demonstrated a trans-
fection efficiency of >95%.

Statistical analysis

The relationships between constitutively oligomerized BAK and
levels of BCL2 family proteins or percent BAK bound were ana-
lyzed using Spearman’s rank correlation. Differences between
groups were analyzed using Student’s t-tests with n —2 degrees
of freedom. The correlations between clinical response and
BCL2 family protein in AML were analyzed by ANOVA.
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