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The BCL-2 family member BID plays a role during
embryonic development in addition to its BH3-only
protein function by acting in parallel to BAX, BAK

and BOK
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Abstract

The intrinsic apoptosis pathway, regulated by the BCL-2 protein
family, is essential for embryonic development. Using mice lacking
all known apoptosis effectors, BAX, BAK and BOK, we have previously
defined the processes during development that require apoptosis.
Rare Bok/~Bax/~Bak™/~ triple knockout (TKO) mice developed to
adulthood and several tissues that were thought to require apopto-
sis during development appeared normal. This raises the question if
all apoptosis had been abolished in the TKO mice or if other BCL-2
family members could act as effectors of apoptosis. Here, we investi-
gated the role of BID, generally considered to link the extrinsic and
intrinsic apoptosis pathways, acting as a BH3-only protein initiating
apoptosis upstream of BAX and BAK. We found that Bok /~Bax '~
Bak /~Bid /"~ quadruple knockout (QKO) mice have additional devel-
opmental anomalies compared to TKO mice, consistent with a role
of BID, not only upstream but also in parallel to BAX, BAK and BOK.
Mitochondrial experiments identified a small cytochrome c-releasing
activity of full-length BID. Collectively, these findings suggest a new
effector role for BID in the intrinsic apoptosis pathway.
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Introduction

Apoptosis is a form of programmed cell death (Czabotar
et al, 2014). It is a normal physiological process that occurs in all

, Anne K Voss™*"" & Andreas Strasser™> '

multicellular organisms, and is fundamental for maintaining tissue
homeostasis, eliminating damaged or diseased cells and sculpting
the embryo during development (Vaux & Korsmeyer, 1999; Arya &
White, 2015; Voss & Strasser, 2020). Apoptosis can be divided into
the intrinsic (also known as the mitochondrial or BCL-2-regulated
pathway) and extrinsic pathways (also known as the death receptor
pathway), which ultimately converge on the activation of caspases
that cleave hundreds of cellular targets, leading to ordered cell
demolition (Youle & Strasser, 2008).

The intrinsic apoptotic pathway is regulated by the BCL-2 protein
family, which comprises proteins that share one or more of the four
BH (BCL-2 homology) domains. BCL-2 family members either
promote cell survival (BCL-2, BCL-XL, BCL-W, MCL-1 and Al/BFL-
1) or cell death. The latter group can be further classified into the
multi-BH domain effectors of apoptosis (BAX, BAK and BOK) that
are essential for the execution of apoptosis, and the BH3-only
proteins (BID, PUMA, NOXA, BIM, BIK, HRK, BAD and BMF) that
initiate apoptosis (Czabotar et al, 2014). Under unstressed condi-
tions with ample nutrient supply and growth factors, pro-survival
BCL-2 family members bind to and keep BAX and BAK in an inac-
tive state. Depending on the death-inducing stimuli received, the
levels of different BH3-only proteins are increased by transcriptional
or post-transcriptional processes. The BH3-only proteins bind to and
inhibit the pro-survival proteins, thereby releasing their restraint on
BAX and BAK. Consequently, the unleashed apoptosis effectors
permeabilise the mitochondrial outer membrane (MOM), leading to
the release of cytochrome c and consequent caspase-9 activation,
which in turn proteolytically activates downstream effector caspases
(caspase-3, -6 and -7) (Czabotar et al, 2014). Some BH3-only
proteins, such as truncated BID (tBID), BIM and PUMA, are termed
‘activators’ as they are also reported to directly bind to and activate
BAX or BAK (Ren et al, 2010; Singh et al, 2019).
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The extrinsic apoptosis pathway is triggered by the activation of
membrane-bound death receptors (e.g. FAS, TNFR1) by their
cognate ligands (FASL, TNF) (Strasser et al, 2009; Kaufmann
et al, 2012). Following the recruitment of adaptor proteins (e.g.
FAS-associated death domain, FADD), pro-caspase-8 becomes acti-
vated and in turn proteolytically activates the downstream effector
caspases to cause cell death. The intrinsic and extrinsic apoptosis
pathways can be linked via the BH3-only protein, BID (Wang
et al, 1996). Upon death receptor-induced apoptosis signalling, BID
is cleaved by caspase-8 to yield a C-terminal p15 fragment (tBID)
that migrates to the MOM to drive BAX/BAK-dependent MOM
permeabilisation (MOMP) (Eskes et al, 2000; Billen et al, 2008).
This connection between the intrinsic and extrinsic pathways is
essential for FAS-induced apoptosis in so-called type 2 cells, such as
hepatocytes and pancreatic  cells in which tBID-mediated activa-
tion of the intrinsic pathway is required to generate sufficient
caspase activity for cell Kkilling (Yin et al, 1999; Kaufmann
et al, 2007). Conversely, FAS-induced killing of type-1 cells (mostly
lymphoid cells) does not require the above-outlined signal amplifi-
cation (Scaffidi et al, 1998; Jost et al, 2009).

BID was first discovered in a A phage expression library screen
as a protein that can bind to both BCL-2 and BAX (Wang
et al, 1996). It is most abundantly expressed in the kidney, brain,
spleen, liver and testis. Mice lacking BID are born at the expected
Mendelian frequency with no developmental abnormalities
reported. However, hepatocytes of these animals are resistant to
FAS-induced apoptosis due to their inability to engage the intrinsic
apoptotic pathway (Yin et al, 1999; Kaufmann et al, 2007; Jost
et al, 2009).

Studies utilising mouse model systems have uncovered the prin-
cipal effects and physiological roles of many BCL-2 family members
(Ranger et al, 2001). Gene-targeted mice lacking all identified apop-
tosis effectors of the BCL-2 family—BAX, BAK and BOK—have
revealed the processes that require apoptosis for normal develop-
ment (Lindsten et al, 2000; Ranger et al, 2001; Ke et al, 2018).
These include digit separation in vertebrates, removal of the vaginal
septa, midline fusion of body halves (e.g. the palate, neural tube
and body wall closure), elimination of supernumerary neurons and
maintaining blood cell homeostasis (Voss & Strasser, 2020). Apopto-
sis was undetectable in embryos lacking BAX, BAK and BOK.
However, the fact that other tissues that ordinarily display develop-
mental apoptosis were normal in mice lacking BAX, BAK and BOK
(Ke et al, 2018), raised the question if all apoptosis had truly been
prevented in these triple knockout mice or if another protein could
also act as an effector of apoptosis alongside BAX, BAK and BOK.

Although most BH3-only proteins (e.g. BIM, PUMA) are intrinsi-
cally unstructured, BID is found to be structurally similar to multi-
BH domain proteins, such as BAX (Chou et al, 1999; Suzuki
et al, 2000) and BCL-XL (Muchmore et al, 1996; Billen et al, 2008).
Moreover, membrane-binding mechanistic studies revealed that
both BAX and tBID exhibited similar binding properties, as well as
similar NMR structures resembling bacterial toxins (e.g. diphtheria
toxin and colicins; Garcia-Saez et al, 2004). We therefore hypothe-
sised that full-length BID may have roles in addition to being the
precursor of cleaved BID (cBID; p7 + p15 fragments) from which
the p15 fragment can bind to other BCL2 family members via its
exposed BH3 domain. For example, BID may participate in the
intrinsic apoptotic pathway without being cleaved, in a manner that
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resembles the actions of BAX and BAK. To test this hypothesis, we
generated Bok™/~Bax~/~Bak™/~Bid~/~ quadruple knockout (QKO)
animals and compared them to Bok™/~Bax~/~Bak ™~ triple knock-
out (TKO) animals that were described in our earlier work (Ke
et al, 2018). Due to their inability to execute intrinsic apoptosis,
most TKO mice do not survive beyond birth and exhibit multiple
developmental abnormalities, including persistent interdigital webs
and vaginal septa, failure of midline fusion of the palate, neural tube
and body wall, supernumerary neural progenitors and blood cells
(Ke et al, 2018). If BID functioned solely as a BH3-only protein that
exerted its effect upstream of BAX- and BAK-dependent apoptosis,
its deletion would have no additional impact on the phenotype of
TKO mice. However, if defects worsened (or improved), it would
imply that BID may have additional non-BH3-only protein roles in
apoptosis, or perhaps even in other processes that impact embry-
onic development.

We discovered that, similar to TKO foetuses, most QKO foetuses
died before weaning and exhibited mostly similar anomalies to age-
matched TKO controls. However, additional tissues manifested
anomalies when all four pro-apoptotic proteins are removed. These
included the kidneys and the female urogenital tract. These findings
and the observation that full-length BID can promote some mito-
chondrial release of cytochrome ¢ suggest that BID may perform
additional functions in cell death during embryogenesis on top of its
known BH3-only protein duties as an initiator of apoptosis.

Results
A large proportion of QKO mice die before weaning

We aimed to investigate whether BID played a role in developmental
apoptosis, apart from its function as a BH3-only protein. The Bid
gene is expressed broadly at low levels during embryogenesis (Diez-
Roux et al, 2011; data accessed 28/04/2022 at http://www.
informatics.jax.org/assay/MGI:4823474#euxassay_006342_01_id).
Bid~/~ mice are viable, fertile and overtly normal (Yin et al, 1999;
Kaufmann et al, 2007). Therefore, a genetic background sensitised
for the detection of such a role for BID was required. We previously
defined the roles of apoptosis in mouse development using Bok ™/~
Bax ™/ "Bak™~ triple knockout (TKO) animals (Ke et al, 2018). These
mice did not show the detectable levels of apoptosis (or necroptosis,
pyroptosis and autophagy) and revealed the organs that relied on
BAX-, BAK- and BOK-mediated apoptosis for morphogenesis.
However, some organs in which apoptosis is evident during embryo-
genesis appeared surprisingly normal in Bok~/~Bax~/~Bak~/~ TKO
mice. Therefore, to determine if there was a role of BID as an effector
of apoptosis alongside BAX, BAK and BOK, we generated
Bok™/~Bax/ Bak/"Bid ™/~ quadruple knockout (QKO) mice, using
Bok™/~Bax~/~Bak ™~ triple knockout (TKO) animals as controls.
Adult QKO mice (> 60 days of age) were obtained at a lower
frequency than the expected Mendelian ratios. Only 2% of mice that
survived to adulthood were QKO mice (10 of 498 animals in total,
Fig 1A) and only 2.6% (15 of 576 total offspring) of animals that
survived to weaning were QKO mice (> 21 days; Fig 1A). TKO
foetuses were modestly significantly underrepresented at E18.5
(16.8% vs. 25%), whereas the frequency of QKO foetuses was
not significantly different from the expected Mendelian frequency

© 2022 The Authors
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Figure 1.

(22% vs. 25%). However, comparing the frequencies of TKO to
QKO foetuses at E18.5 to each other revealed no significant dif-
ference (Pearson’s Chi-square and Fisher’s exact test, P = 0.4). Simi-
larly, the frequencies of TKO and QKO mice were not significantly
different at weaning (P = 0.4) or at reaching adulthood (P = 0.2).
These findings suggest that like TKO mice, the majority of QKO
offspring may harbour developmental anomalies that are incompati-
ble with post-natal survival.

© 2022 The Authors

Therefore, E18.5 QKO foetuses were examined physically and
microscopically. The weight of TKO foetuses was reduced on aver-
age by 7% compared to age-matched WT controls (Fig 1B). Pups
with the additional loss of BID on top of the absence of BAX, BAK
and BOK displayed an 11% reduction in weight compared to WT
controls (Fig 1B). Some QKO pups were already dead upon harvest,
and these animals usually exhibited major abnormalities (Fig 1C,
bottom panel). A portion of QKO mutants displayed dorsal and
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Figure 1. Bok'~Bak~'~Bax'~Bid—/— quadruple knockout (QKO) animals were not produced at the expected Mendelian frequency and displayed

developmental defects.

A Observed and expected (in brackets) offspring genotype numbers from Bok /~Bak~'~Bax"/~Bid~/~ intercrosses at different stages of development.
Bok™'~Bak™~Bax"/~ intercrosses to generate Bok /~Bak'~Bax /" triple knockout (TKO) animals are included as controls. The observed and expected numbers were

compared using a Chi-square goodness-of-fit test.

B Body weights of 21 E18.5 wild-type, 29 TKO and 20 QKO foetuses. Data for individual animals are presented as circles with mean + SEM. Data were analysed by one-
way ANOVA followed by multiple comparison with Benjamini and Hochberg correction.

C Percentages of E18.5 QKO foetuses exhibiting the indicated externally visible developmental defects (numbers above bars represent the number of animals examined).
Age-matched TKO animals are included for comparison. An example of a QKO E18.5 pup presenting with an omphalocele (asterisk), exencephaly (arrow) and spina
bifida (arrowhead) is shown alongside an age-matched WT control. Scale bar = 5 mm.

Source data are available online for this figure.

ventral midline fusion defects, such as exencephaly, spina bifida
and omphalocele, and these phenotypes were also observed at simi-
lar frequencies in TKO animals (Ke et al, 2018). While 23.5% of
TKO foetuses (34 examined in total) exhibited various types of
externally visible facial clefts, this was not observed in the 21 QKO
pups examined (Fig 1C).

All QKO foetuses displayed heart vessel and/or aortic
arch anomalies

E18.5 QKO foetuses were examined under a dissection microscope
to determine whether additional anomalies were present (Fig 2A).
We discovered that QKO mice displayed similar defects to their
TKO counterparts; however, some abnormalities were more
frequently observed in one or the other genotype. Cleft palate
occurred more frequently in TKO compared to QKO pups (Fig 2A
and G vs. D). Curled tail tips (Fig 2A and E vs. B) and excess
tissue protrusions on the anterior or posterior edges of the fore-
limbs were seen more frequently in the QKO compared to TKO
foetuses (Fig 2A and F,I vs. C), whereas the frequency of skin
protrusions on the hindlimbs was similar in the TKO and QKO
foetuses (Fig 2A and E,H vs. B).

Strikingly, all QKO mutants exhibited a developmental defect
in the great vessels of the heart (Fig 2A and J). These consisted
of minor right subclavian artery (RSA) defects—for example, a
very thin RSA resulting from faulty vessel remodelling, aberrant
origin of the RSA, absence of the RSA (Fig 2L vs. K), as well as
severe defects, such as a persistent truncus arteriosus and an
abnormal pulmonary trunk and ductus arteriosus (Fig 2M vs. K).
In the latter condition, the aorta failed to develop an aortic arch.

Oxygenated blood from the lungs is therefore not provided to
the body and, instead, deoxygenated blood circulates. This is
likely to lead to death after birth, at the time when blood
oxygenation via the placenta is replaced by oxygenation via the
lungs.

The additional loss of BID in QKO foetuses led to the retention
of extra tissue in multiple regions of the head compared to
TKO foetuses

E18.5 QKO foetuses (n = 3-4) were examined histologically for
internal developmental abnormalities in comparison to both TKO
(n =3-4) and WT (n = 2) controls. Coronal (head) and transverse
(body) serial sections from all animals were carefully examined and
equivalent rostro-caudal levels were compared.

In general, we observed more tissue mass in various regions
of the head of QKO foetuses compared to the TKO foetuses. In
QKO mutant animals, the forebrain subventricular zone, a region
of the brain populated by neural stem and progenitor stem cells,
was significantly expanded (Figs 3A and D, and EV1A). More
bone and cartilage tissues were observed in the nasal capsule
(Figs 3B and D, and EV1A). QKO mutants had a prominently
larger tongue (Figs 3C and D, and EV1A) compared to the TKO
controls. The olfactory bulbs of QKO mutant animals showed a
tendency to be larger compared to those from both TKO controls
(Fig EV1B).

The embryonic hyaloid vessels in the eye nourish the developing
vitreous body, lens and retina, forming vascular network on the
posterior surface of the lens and throughout the hyaloid cavity (Ito
& Yoshioka, 1999). These vessels then regress to allow for an

Figure 2. Anomalies detected in Bok /~Bak '~ Bax/~Bid~/~ quadruple knockout (QKO) foetuses at E18.5 under a dissection microscope.

A Percentages of E18.5 QKO foetuses exhibiting the indicated defects when examined under a dissection microscope. Age-matched TKO animals are included for com-

parison. Numbers above bars represent number of animals examined.

B-D Images depicting the hindlimbs (HL), tail (T), forelimbs (FL) and ventral view of the palate (P) in a wild-type foetus at E18.5 of development.
E-G Corresponding images of a representative age-matched QKO foetus. Panel G shows a cleft palate (indicated by arrowheads).
H, | Magnified images of panels E and F. Arrows indicate excess tissue at the anterior and posterior edges of the hindlimb and forelimb, respectively, of QKO foetuses.
J Percentages of QKO animals exhibiting various aortic arch abnormalities and great vessel defects (n = 19).
Aortic arch and vessels in a wild-type foetus. A corresponding drawing to explain the images is shown on the right.
L, M Images of QKO foetuses and accompanying illustration of vessel defects. The absence of the right subclavian artery (L) and persistent truncus arteriosus (pTA) with

a right curving pulmonary trunk/ductus arteriosus (PT/rcDA; M).

Data information: Ao, aorta; DA, ductus arteriosus; DeA, descending aorta; PT, pulmonary trunk; PT/rcDA; right curving pulmonary trunk/ductus arteriosus; pTA, persistent
truncus arteriosus; RSA/LSA, right/left subclavian artery; RCCA/LCCA, right/left common carotid artery. The length of the scale bar displayed in B equals 2.7 mm in B, E,

14 mminC F,21 mminD,G,1 mminH,I, 1.1 mm in K-M.
Source data are available online for this figure.
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unobstructed light path and development of optimal visual function.
Apoptotic cells have been observed during hyaloid vessel regression
(Taniguchi et al, 1999). Histological examination revealed that QKO
foetuses displayed an increase in hyaloid vasculature compared to
TKO controls (Fig 4A-D).

© 2022 The Authors
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QKO animals exhibited defects in kidney development
Transverse serial sections of the bodies of E18.5 QKO (n = 4), TKO

(n=4) and WT (n = 2) foetuses were examined. The kidneys of
WT (Fig SA and D) and TKO pups (Fig 5B and E) were not
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Figure 3. Bok '~Bak~/~Bax~'/~Bid—/— quadruple knockout (QKO) foetuses displayed brain and craniofacial anomalies at E18.5.

A-C Heads of E18.5 foetuses were serially sectioned in coronal orientation and stained with H&E. Representative images of rostro-occipital level-matched sections from
age-matched wild-type (n = 2), Bok™/~Bak~~Bax~/~ triple knockout (TKO; n = 4) and QKO foetuses (n = 4) depicting the forebrain, nasal cavity and tongue are
shown. BP, bony palate; Cx, cerebral cortex; ES, epidural space; In, incisor; LV; lateral ventricle; Ma, mandible; MC, mouth cavity; NC, nasal cavity; NS, nasal septum;
St, striatum; SVZ, subventricular zone; To, tongue; WP, whisker follicles. The length of the scale bar displayed in A equals 850 pum in A, 1,200 um in B, C.

D Morphometric assessment of indicated tissue areas. Data of individual animals are displayed as circles with means and standard error of the mean. Data were
analysed by unpaired, two-tailed Student’s t-test. Related data normalised to mean bodyweight are displayed in Fig EV1.

Source data are available online for this figure.

appreciably different. In contrast, kidneys from QKO mice showed the medulla contained expanded regions of stroma and potentially
clear evidence of glomerular cysts characterised by an enlarged shortened or bent papillae (Fig SA vs. C).

Bowman’s space with a compressed glomerulus (Fig 5C and F). In Hydronephrosis is a condition where the renal pelvis and calyces
two of the four QKO foetuses examined, the renal papilla was either are dilated as the result of an obstruction in the urinary tract,
absent or severely reduced in size (Fig 5C, indicated by asterisk*). affecting the normal drainage of urine. This can be caused by a

Instead of a normal rounded cone projecting into the renal pelvis, downstream obstruction but is also associated with intrinsic

6 of 18 The EMBO Journal ~ 41: €110300 | 2022 © 2022 The Authors
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Figure 4. Anomalies in the eyes of Bok/~Bak'~Bax~'~Bid—/— quadruple knockout (QKO) foetuses at E18.5 of development.

A-C Representative H&E-stained coronal serial sections of the eye from E18.5 wild-type (n = 2), Bok~/~Bak™~Bax™/~

Bok™~Bak~'~Bax~'~Bid~/~ quadruple knockout (n = 3) foetuses.

triple knockout (n = 3) and

D Densitometry of hyaloid cavity tissue section as an assessment of blood vessel endothelial cells present. Data of individual animals are displayed as circles with
means and standard error of the mean and were analysed by unpaired, two-tailed Student’s t-test.

Data information: HC, hyaloid cavity (future vitreous body); HV, hyaloid vessels; Le, lens; NC nasal cavity; NR, neural retinal; PR, pigmented retina; UM, upper molar. The

length of the scale bar displayed in A equals 1,470 um in all figure panels.
Source data are available online for this figure.

Wildtype

Bok/'Bak/'Bax/' TKO

Bok/'Bak/'Bax/'Bld/' QKO

Figure 5. Bok~'~Bak~'~Bax '~ Bid—/— quadruple knockout (QKO) foetuses displayed abnormal kidney morphology.

A-F Representative, rostro-caudal-level-matched sections selected from H&E-stained serial sections at the level of the kidneys from E18.5 wild-type (n = 2), Bok™'~
Bak~'~Bax~/~ triple knockout (TKO; n = 4) and QKO foetuses (n = 4). Wild-type foetus (A, D). Bok~'~Bak™'~Bax~ triple knockout foetuses (B, E).

Bok~'~Bak~'~Bax~'~Bid~/~ quadruple knockout foetuses (C, F).

Asterisks (*) in Fig C indicate the absence of a normal renal papilla, arrowheads indicate blood filled spaces. Arrows in panel F denote the presence of glomerular cysts.
Gl, glomeruli; Pa, papilla; RC, renal cortex; RM, renal medulla; RP, renal pelvis. The length of the scale bar displayed in A equals 1,270 um in A-D, 1,590 pum in E, 1,430 um

in F.

developmental defects within the metanephros itself. It most
commonly affects one Kkidney but can also involve both
kidneys. Among the offspring of Bok™/~Bax™/~Bak™/~ intercross
matings, we observed a rare case of hydronephrosis (1 in 681).
In contrast, when BID was lost in addition, we observed 11

hydronephroses in both kidneys among 464 offspring of

© 2022 The Authors

Bok™/~Bax'/"Bak™/~Bid™/~ intercross matings, a 16-fold higher
incidence (Fisher’s exact test, P = 0.0003; Fig EV2). This suggests
that the loss of BID specifically may compromise urinary tract devel-
opment when BOK and BAK are absent. The observed glomerular
cysts in QKO pups (Fig 5F) indicate a level of congestion in urine
drainage downstream that could give rise to hydronephrosis, as

The EMBO journal  41:e11030012022 7 of 18



The EMBO Journal

observed at higher frequency in animals lacking BID, BOK and BAK
(Fig EV2).

QKO female foetuses exhibited abnormalities in urogenital
tract development

In E18.5 WT female pups (Fig 6), bilateral paramesonephric ducts
(also known as Mullerian ducts) form the future uterine horns. They
descend towards the midline and pass in front of the ureters, meet-
ing behind the neck of the bladder (Fig 6A and B). Only the caudal
portions of lumina of the ducts fuse to form a common cervical
canal (i.e. the future cervix; Fig 6C and D). The left and right ureters
extend from the collecting system of the kidneys and enter the blad-
der, where urine is stored until it is excreted from the body via the
urethra. In female mouse foetuses, the vaginal-vulval opening is
blocked by the sino-vaginal bulb at E18.5 (Georgas et al, 2015) and
does not open to the skin until after birth (Fig 6E and F).

In age-matched TKO female pups (n = 2; Fig 7), we discovered
that although the paramesonephric ducts are directed towards the
midline and become apposed, their lumina remained separated by
intervening walls (Fig 7A). The ducts then moved further apart,
with the left duct ending blind first (Fig 7B and C), followed by the
right duct (Fig 7D-F). In both female TKO animals examined, a
region of the urethra that may correspond to the level of the prostate
gland in males, contained unusually enlarged tissue for a female
(Fig 7E, indicated by white arrowhead). We also noted the presence
of aberrant tube-like tissue on the outer side of both parameso-
nephric ducts (blue arrows in Fig 7D-H). These excess tubes could
reflect remnants of the sexually indifferent state that should have
regressed in females at this stage of development (e.g. meso-
nephric/Wolffian ducts, which would develop in males to form the
epididymis and vas deferens).

Like TKO foetuses, all QKO foetuses (n = 3; Figs EV3, EV4, and
8) examined also displayed defects in paramesonephric duct fusion,
an excess tissue mass in the urethra (indicated by white arrow-
head), extra tubules, as well as additional structural anomalies in
urogenital tract development. There were some differences between
the individual QKO mutants examined, but their defects were gener-
ally more severe compared to those seen in the TKO animals.

One of the female QKO foetuses had bilateral paramesonephric
ducts that remained further apart than in all TKO and the other two
QKO animals examined (Fig EV3A and B). The failure of the bilat-
eral ducts to fuse into a single canal resulted in the formation of an
unusual cervical structure; the two tissue structures surrounding the
paramesonephric ducts remained distinct (Fig EV3C). The right duct
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was not fully canalised throughout its length, from the observation
of epithelial tissue in the middle of the lumen (Fig EV3B). Similar to
TKO animals, the left paramesonephric duct terminated prior to the
right (Fig EV3C vs. D), and parallel to the right paramesonephric
duct was an additional tube that was connected to the urethra (blue
arrows in Fig EV3E-K). In addition, this specimen displayed a
profound distension of the left ureter, which abnormally fused over
an extended area not only with the bladder but also ectopically with
the urethra (Fig EV3A-C).

The second female QKO foetus similarly displayed abnormal
paramesonephric ducts (Fig EV4A) and abnormal duct-like struc-
tures with a distinct epithelium, which were peripheral to the para-
mesonephric ducts (blue arrows in Fig EV4B-K) and connected to
the urethra. This animal harboured an additional tube, which
emanated from the left kidney parallel to the left ureter. Where the
ureter fused with the bladder, this additional tube continued parallel
to the paramesonephric duct, then fused to the urethra (pointed out
with green arrow in Fig EV4A-H). The course of the additional tube
suggested it was a ureter duplication. Ureter duplications occur as
common upper urinary tract malformations in humans (Smith &
Dunn, 1979).

The last female QKO foetus we examined exhibited the most
severe urogenital tract malformation. The left paramesonephric duct
failed to form a consistent single channel (Fig 8A) and ended very
prematurely (Fig 8B vs. C). We also noted the presence of superflu-
ous oddly shaped tubes (blue arrows in Fig 8C-F). The openings of
the intestinal, genital and urinary tracts were fused to form a single
common cavity (Fig 8F and G), resulting in a persistent cloaca
(Fig 8H and I).

Overall our data show that the anomalies observed in the
urogenital tract were more severe in the QKO mice than in TKO
mice.

High levels of BID can trigger partial cytochrome c release from
isolated BAX/BAK/BOK-deficient mitochondria

To explore the mechanism by which BID might contribute to the
additional anomalies observed in QKO mice compared to TKO mice,
we investigated if different forms of recombinant human BID can
release cytochrome c from mitochondria in mouse fibroblasts lack-
ing the pore-forming BCL2 proteins, BAX, BAK and BOK. To
measure even minor release of cytochrome c, flow cytometry was
performed on fixed cells co-stained with antibodies against cyto-
chrome ¢ and TOM20, the latter a protein in the mitochondrial outer
membrane. In addition, BID proteins were added at levels estimated

Figure 6. H&E-stained serial sections of the urogenital region in a female wild-type foetus at E18.5 of development.

Schematic drawings (from left to right) depict orientation of the sections and ventral and oblique lateral aspects of the kidneys, ureters, bladder (*), ovary, right (R) and

left (L) paramesonephric ducts, urethra (Ur) and rectum (#).

A, B The left (L) and right (R) paramesonephric ducts are directed caudally and towards the midline (compare panel A-B). Black arrows indicate the ureters that descend
(and open into the lumen of the bladder indicated by asterisk *). Black arrowhead in panel B denotes the site of apposition of both paramesonephric ducts. #,

Rectum.

C Paramesonephric ducts fuse in the midline, posterior to the bladder. Dashed oval outlines the future cervix (caudal region of the fused L and R ducts). Ur, urethra.
D, E Paramesonephric ducts have fused to form a single lumen that gradually terminates as the sections proceed caudally. Dashed oval outlines the future cervix

(caudal region of the fused L and R ducts). Ur, urethra.

F The reproductive tract lumen ends blind (indicated by red arrowhead). Opening of the vaginal cavity to the skin occurs later in development.

Data information: Representative images of selected levels of serial section are shown. The length of the scale bar displayed in A equals 580 pum in A-C, 540 pum in D-F.
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to be > 10-fold higher than that in cultured human leukaemia cells
(Fig 9A). We compared the full-length protein (FL-BID) with
caspase-8-cleaved BID (cBID) that retains both the p15 (tBID) and
p7 fragments (Li et al, 1998; Luo et al, 1998; Chou et al, 1999; Zha
et al, 2000).

© 2022 The Authors

As positive controls, permeabilised DKO MEFs manipulated to
express human BAK were incubated with 30 nM of the BIM BH3
peptide, cBID or FL-BID. As expected, staining for cytochrome c was
greatly decreased in all cells (Fig 9B), indicating that BIM BH3 peptide
and cBID had activated BAK to trigger cytochrome c release from all
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Figure 7. H&E-stained serial sections of the urogenital region in a female Bok'~Bak~'~Bax—/— TKO foetus at E18.5 of development.

Schematic drawings (from left to right) depict orientation of the sections and ventral and oblique lateral aspects of the ureters, bladder (*), right (R) and left (L)

paramesonephric ducts, urethra (Ur), rectum (#) and excess ducts (blue).

A The left (L) and right (R) paramesonephric ducts are directed towards the midline but do not fuse. Arrows indicate the ureters. Ur, urethra; #, rectum.
B, C The left (L) paramesonephric duct decreases in diameter and ends before the right (R) paramesonephric duct. Dashed oval outlines where the future cervix should

be caudal region of the L and R ducts.

D—F The lumen of the right (R) paramesonephric duct gradually diminishes and ends as the serial sections progress caudally and have terminated by panel F. Blue
arrows indicate excess ducts (possibly remnant Wolffian ducts). White arrowhead indicates the presence of excess tissue in the urethra (Ur).
G-I Fusion of excess ducts with the urethra. Blue arrows indicate excess ducts (possibly remnant Wolffian ducts).

Data information: Representative images of selected levels of serial section are shown. The length of the scale bar displayed in A equals 1,300 um in A, B, G-I, 1,200 pm

in C, 730 um in D, 650 um in E, 640 um in F.

mitochondria within all cells. FL-BID was also effective at activating
BAK, perhaps due to partial unfolding of the protein to expose its BH3
domain. TOM20 levels remained unchanged, consistent with BAK
(and BAX) porating the outer membrane without causing loss of the
membrane or the proteins embedded within it (Fig 9C).

When TKO MEFs were treated in the same way, little change in
cytochrome c¢ staining was observed, even if BIM BH3 peptide or
BID were added at 300 nM (Fig 9B). However, if FL-BID was
supplemented with the BIM BH3 peptide or with cBID, a small
decrease in cytochrome c content of most cells was evident, with no
decrease in TOM20 staining (Fig 9B and C). These findings suggest
that a subpopulation of mitochondria within each cell were porated
by the combination of FL-BID with an ‘activator’, such as the BIM
BH3 peptide or cBID.

Discussion

We have previously shown that the absence of all identified effec-
tors of apoptosis, BAX, BAK and BOK, abrogated detectable develop-
mental apoptosis (Ke et al, 2018). We defined the developmental
processes that require apoptosis as brain and retina cell homeosta-
sis, blood cell homeostasis, removal of interdigital tissue and fusion
of the midline body wall, palate and lower parts of the bilateral
Miillerian ducts at the level of the corpus uteri (Ke et al, 2018).
However, the development of other organs, such as the metane-
phros (Koseki et al, 1992), cloaca (Sasaki et al, 2004) and the inser-
tion of the ureters into the bladder (Batourina et al, 2005), had
previously been proposed to require apoptosis. This left open the
possibility that although the absence of BAX, BAK and BOK abro-
gated detectable developmental apoptosis, other BCL-2 family

members might contribute to developmental apoptosis in a rela-
tively subtle but essential manner.

In this study, we have investigated whether the pro-apoptotic
BCL-2 family protein BID plays a role, independent from its function
as a BH3-only protein, in developmental apoptosis. We assessed the
role of BID on a sensitised Bok/~Bax~/~"Bak™~ background
comparing Bok~/~Bax~/~Bak™/~Bid/~ QKO to Bok/~Bax~’/~
Bak™~ TKO animals, because mice lacking BID are viable and
fertile and do not show overt anomalies (Yin et al, 1999; Kaufmann
et al, 2007). Our results reveal that BID is likely to contribute to
developmental apoptosis in a way not previously appreciated. Simi-
lar to TKO mice, QKO mice showed defects in brain and retina cell
homeostasis, removal of interdigital tissue and fusion of the midline
body wall, and lower parts of the bilateral Miillerian ducts. The
frequency of occurrence of these anomalies varied to some extent
between QKO and TKO mice, but no strong trend was discernible.
However, while an excess in the size of the brain region containing
neural stem and progenitor cells was already observed in Bax ™/~
Bak™'~ DKO (Lindsten et al, 2000) and TKO mice (Ke et al, 2018),
this neurogenic region containing neural stem cells and rapidly
dividing neuronal progenitor cells was substantially greater in QKO
mice. Importantly, QKO mice showed a completely novel pheno-
type: major anomalies of the urogenital tract, including abnormal
Mullerian duct fusion, kidney anomalies including glomerular cysts
and anomalous papillary formation, partially penetrant double
ureter, mis-insertion of the common nephric duct into the neck of
the bladder and hydronephrosis. These findings suggest a role of
BID in developmental apoptosis in the urinary tract and the female
genital tract. These major organ systems affected in QKO mice in
addition to those affected in TKO have not been examined in detail
in Bid”/~ single KO mice. However, intercrosses of Bid”~

Figure 8. H&E-stained serial sections of the urogenital region in a female Bok /~Bak~/~Bax~/~Bid—/— QKO foetus at E18.5 of development.

Schematic drawings (from left to right) depict orientation of the sections and ventral and oblique lateral aspects of the ureters, bladder (*), right (R) and left (L)

paramesonephric ducts, urethra (Ur), rectum (#) and excess ducts (blue).

A Black arrows indicate ureters. The bladder is indicated by an asterisk *. #, Rectum; L, left paramesonephric duct; R, right paramesonephric duct.

B,C

D-G

H, |

The left (L) paramesonephric duct ends before the right (R) paramesonephric duct. Blue arrows from panel C onwards indicate excess ducts. B, Dashed oval black
outlines where the future cervix should develop (caudal region of the L and R ducts).

The lumina of the right (R) paramesonephric duct and the rectum gradually approach the urethra and fuses with the urethra. Blue arrows indicate excess ducts
(possibly remnant Wolffian ducts). White arrowhead indicates the presence of excess tissue in the urethra (Ur). The rectum (#) fuses with the urethra (Ur). Dashed
yellow outline indicates the fused tissue mass of rectum, paramesonephric duct and urethra (F, G).

After fusion of the right paramesonephric duct, rectum and urethra, a common orifice, known as a persistent cloaca (cloacal deformity), remains. Dashed yellow
outline indicates the fused tissue mass of rectum, paramesonephric duct and urethra.

Data information: Images of selected levels of serial sections are shown. Further Bok~'~Bak~'~Bax~'~Bid~/~ QKO female foetuses are depicted in Figs EV3 and EV4. The
length of the scale bar displayed in A equals 1,230 um in A, 1,320 um in B, 1,070 pm in C, G-I, 1,000 pum in D, 800 pum in E, 760 pum in F.

© 2022 The Authors
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Figure 9. BID can trigger partial cytochrome c release from isolated BAX/BAK/BOK-deficient mitochondria when applied at high levels.

A Estimation of BID protein levels in TKO MEFs. DKO MEFs manipulated to express human BAK, TKO MEFs and two human leukaemia cell lines RS4;11 and MV4;11
were lysed and analysed by Western blot for BID levels, using a rat monoclonal antibody raised against human BID (anti-hBID clone 2D1) that also recognises
mouse BID. Also present are samples of the human full-length (FL)-BID protein added at the equivalent concentrations used in (B) and (C). On the right gel, dupli-
cate samples of DKO and TKO cells and permeabilised DKO and TKO cells (from B and C) showing that endogenous mouse BID is cytosolic in these cells. Data shown

are representative of two independent experiments.

B, C Partial cytochrome c release by FL-BID from mitochondria of TKO MEFs when combined with BIM BH3 peptide or cBID. DKO MEFs manipulated to express human
BAK or TKO MEFs were permeabilised, and then, the cells incubated with the indicated concentrations of Bim BH3 peptide, cBID or FL-BID, alone or in the indicated
combinations, at 30°C for 30 min. Cells were then co-stained for cytochrome ¢ and TOM20 and analysed by flow cytometry. The left hand panels show median fluo-
rescence data from replicate experiments (squares denote experiment 1, circles denote experiment 2). Right hand panels show histograms of cytochrome c staining
and TOM20 staining from experiment 2 (treatments are as listed in the left-hand panels).

Source data are available online for this figure.

heterozygous mice yielded the expected portion of Bid ™ offspring,
Bid™~ mice live a normal lifespan and Bid ™~ males and females
are fertile (Kaufmann et al, 2007) and so it is highly likely that any
anomalies that might occur in the Bid ™~ single KO upper urinary
tract or female genital tract would at most be minor. These consider-
ations suggest that this role of BID is redundant with BAX, BAK and
BOK and only revealed in their absence.

Of note, the observed additional anomalies in QKO mice are in
an organ system requiring tissue remodelling processes previously
proposed to involve apoptosis (Glucksmann, 1951). The most
prominent kidney anomaly were glomerular cysts. While less
common than genetic cystic disease, such as polycystic kidney
disease or nephronophthisis, glomerular cysts have been described
in some forms of genetic renal dysplasia, including in association
with HNFIB (Bingham et al, 2001) and UMOD mutations (Bolar
et al, 2016). However, they can also indicate the presence of
hydronephrosis. Hence, it is not clear if this abnormality is arising
due to an inherent defect in apoptosis within the kidney or from
anomalies downstream around ureter insertion.

The formation of the permanent kidney, the metanephros,
requires reciprocal induction events between the Wolffian duct/
mesonephric  duct and the  metanephric  mesenchyme
(Dressler, 2009; Little & McMahon, 2012). In response to the secre-
tion of glial-derived neurotrophic factor (GDNF) from the meta-
nephric mesenchyme, the nephric duct expressing the GDNF
receptor RET swells to form a ureteric bud, which extends to the
mesenchyme before commencing dichotomous branching and
giving rise to both the ureter and the collecting ducts of the kidney.
The position and number of ureteric buds are controlled via BMP,
WNTS5A and ROBO expression from the mesoderm adjacent to the
nephric duct, with an imbalance in signalling or mutations in a
number of genes causing ureter bud duplication, for example., Spry1
(Basson et al, 2005, 2006); Robo2 (Wainwright et al, 2015). Ureter
duplications are the most common upper urinary tract malformation
in newborn humans (Smith & Dunn, 1979). Apoptosis in kidney
development has previously been reported (Koseki et al, 1992);
however, its requirement in this tissue has not been clearly revealed
by the combined deletion of Bax and Bak (Lindsten et al, 2000) or
even Bax, Bak and Bok (Ke et al, 2018). Conversely, excessive
apoptosis in the developing kidney has been observed as a result of
the absence of pro-survival BCL-2 (Veis et al, 1993; Nakayama
et al, 1994; Kamada et al, 1995; Sorenson et al, 1995), which can
be rescued by concomitant loss of one or two alleles of the Bim gene
(Bouillet et al, 2001). Similarly, loss of specific transcription factors,
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transcriptional co-activators or growth factors required for metane-
phros development can cause excessive apoptosis in the developing
kidney (e.g. WT-1 (Kreidberg et al, 1993); GDNF (Sanchez
et al, 1996); Eyal (Xu etal, 1999); Salll (Nishinakamura
et al, 2001)). However, there appears to be no report of the conse-
quence of too little apoptosis in kidney development.

The defects observed in QKO mice suggested the presence of
glomerular cysts and at least one example of an apparently aberrant
or shortened papilla. Kim et al (1996) have shown in the rat that
the final elongation of the loops of Henle to form the thin ascending
limbs occurs postnatally and is associated with apoptosis at remod-
elling of the existing thick ascending limb. Hence, it is possible that
both the cystic glomeruli and the short papilla arise due to a lack of
apoptosis in final kidney maturation. The presence of hydronephro-
sis at a higher rate in mice lacking BOK, BAK and BID than in geno-
types containing BID appears to be related to anomalies in the
insertion into the bladder neck, a process also known to require
apoptosis (Batourina et al, 2005). The observations that combined
loss of Bax, Bak, Bok and Bid caused malformation of the kidney,
and that deletion of the Bid gene could in some mice (also lacking
Bak and Bok) cause hydronephrosis even in the presence of one or
two functional alleles of Bax suggest that BID is particularly
involved in executing apoptosis in the developing kidney.

Overall, based on the tissue localisation of the additional anoma-
lies, particular roles for BID emerge in developmental apoptosis in
the kidney/urinary tract, lower female reproductive tract and neural
stem and progenitor cells. However, these roles appear to be redun-
dant with BAK and BOK, as Bid knockout alone is not sufficient to
cause these dysfunctions. In this context, BID does not act as a
protein upstream of and activating BAX and BAK as a BH3-only
protein, but as an effector parallel to BAX and BAK; otherwise, the
absence of BAX and BAK would not have revealed these functions
of BID. Our biochemical studies revealed that relatively high levels
of full-length BID can promote a small release of mitochondrial cyto-
chrome ¢ when combined with a BIM BH3 peptide or cBID. This
supports the notion that certain cells in TKO mice may still be able
to benefit from this effect of BID to undergo developmentally
programmed apoptosis. Whether, like BAX and BAK, FL-BID
converts to an unfolded conformer to generate dimers and oligomers
requires further investigation. A recent study provided evidence that
the p15 fragment of BID (tBID) can also promote mitochondrial
release of cytochrome ¢ in a manner similar to BAX, BAK and BOK
(Flores-Romero et al, 2022). Collectively, this work, older studies
and our findings indicate that BID may promote MOMP through

© 2022 The Authors
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three processes: (i) as a canonical BH3-only protein that after cleav-
age by caspase-8 inhibits pro-survival BCL-2 proteins and/or
directly activates BAX and BAK directly, (ii) by permeabilising the
mitochondrial outer membrane as the caspase-8 processed p15 form
or (iii) as a full-length protein that structurally resembles BAX, BAK
and BOK.

Finally, as observed for TKO mice (Ke et al, 2018), the rare
survival of QKO mice suggests once again that developmental apop-
tosis may play a more restricted role than previously thought.

Materials and Methods
Mice

All animal experiments were performed with the approval of The
Walter and Eliza Hall Institute Animal Ethics Committee and accord-
ing to the Australian code of practice for the care and use of animals
for scientific purposes (approval numbers: 2021.046, 2022.014).
The generation of Bok™/~Bax™/"Bak™~ triple knockout (TKO) mice
on a C57BL/6 background has been described previously (Ke
et al, 2018). Bok™/"Bax~/"Bak™/~Bid™/~ quadruple knockout
(QKO) animals were derived by crossing Bok™/~Bax'/~Bak™~ mice
with Bid~~ mice (also generated on a C57BL/6 background) (Kauf-
mann et al, 2007). Following subsequent rounds of breeding,
Bok™/~Bax™/~Bak~/~Bid/~ animals were intercrossed to generate
Bok™/~Bax~/"Bak™/~Bid~~ QKO animals.

For timed matings, noon of the day on which the vaginal plug
was first observed was defined as embryonic day 0.5 (E0.5). Mouse
foetuses were recovered at E18.5 (just before birth) by Caesarean
section. Animals were weaned between 19 and 23 days after birth
and deemed adults at 60 days of age. Mice were genotyped by PCR
as described previously (Kaufmann et al, 2007; Ke et al, 2012,
2013). Sequences of primers used for PCR genotyping will be
provided upon request.

Mice were kept in microventilated cages (AirLaw) at 21°C
and ~ 55% relative humidity on a 14 h light/10 h dark cycle and
were fed y-irradiated breeder cubes (Barastoc, Ridley AgriProducts)
and filter-sterilised water adjusted to pH 5.

Histology and microscopy

E18.5 foetuses were euthanised by immediate decapitation following
Caesarean section and heads and bodies were placed in Bouin’s fixa-
tive. Samples were embedded in paraffin and 5-pm coronal serial
sections (head) and transverse serial sections (body) were obtained.
Slides were stained with haematoxylin and eosin (H&E) and images
were photographed using a digital camera (AxioCam HR, Carl Zeiss)
on a dissecting microscope (Stemi 2000-C, Carl Zeiss, Germany).
For detailed post-mortem examination, E18.5 foetuses were sacri-
ficed by cooling. Dissections were performed using a dissecting
microscope (Stemi 2000-C, Carl Zeiss, Germany), and photographs
were taken with a digital camera (AxioCam HR, Carl Zeiss).

Quantification and statistical analysis

obtained from inter-crosses of
and Bok/“Bax"/~"Bak™/~ mice at

The ratio of offspring
Bok™/~Bax"/~Bak™/~Bid ™/~

© 2022 The Authors
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different stages was analysed by the Chi-square goodness-of-fit test
using Stata/SE softwarel6.1 (StataCorp, Texas). Morphometric
assessment of tissue area or density was conducted using NIH Image
J2 Version 2.3.0/1.53p. Morphometric area data are supplied as raw
data (Fig 3) and normalised to the mean body weight per genotype
(Fig EV1). Graphs were prepared, and data analysed using
GraphPad Prism software 9.0. The statistical tests used are stated in
the figure legend. The number of replicates (n) is defined as number
of animals and stated in the figures or figure legends.

The number of animals needed to be able to detect changes with
statistical significance was determined based on previous studies of
a similar nature. Mice were used in order of birth and distributed to
experimental groups according to their genotypes. Mice were exam-
ined at recovery, at or shortly before birth and before genotyping
such that the operator was blinded with respect to the experimental
group. No animals or samples were excluded. Where possible,
experimental results were obtained by automated methods (e.g.
flow cytometry).

Western blot assessment of BID protein levels in cell lines

Lysates of mouse or human cells (DKO, TKO MEFs, RS4;11 or
MV4:11 cell lines) or of DKO and TKO cells that had been perme-
abilised as described below were prepared by resuspending 1 x 10°
cells in a volume of 200-pl reducing SDS sample buffer (150 mM
Tris pH 6.8, 1.2% (w/v) SDS, 30% (v/v) glycerol, 0.018 mg/ml
bromophenol blue, supplemented with 50 ul 2-mercaptoethanol per
ml). Recombinant FL-BID protein dilutions (30 nM, 100 nM or
300 nM) were prepared in Sucrose Buffer (100 mM sucrose, 20 mM
HEPES-NaOH pH 7.5, 100 mM KCl, 2.5 mM MgCl,, 4 mg/ml
Pepstatin A (Sigma-Aldrich, St. Louis, MO, USA) and Complete
protease inhibitor cocktail (Roche, Castle Hill, NSW, Australia)),
then an equal volume of reducing SDS sample buffer added.

For reducing SDS-PAGE analysis, samples were boiled at 100°C
for 5 min before loading 10 pl on 12% TGX gels (BioRad) and
resolving at 200 V for 30 min, followed by a wet transfer to PVDF
membrane at 30 V for 150 min. Membranes were blotted for BID
using rat monoclonal antibody, clone 2D1 (1:1,000; Kaufmann
et al, 2007) followed by the secondary horseradish peroxidase-
conjugated goat anti-rat antibody (3010-05, Southern Biotech, RRID:
AB_619911). Horseradish peroxidase was detected with Luminata
Forte (WBLUF0500, Millipore, Billerica, MA, USA), and images
captured with the ChemiDoc System (Bio-RAD, Hercules, CA, USA).

Cytochrome c release from mitochondria

SV40-transformed mouse embryonic fibroblasts (MEFs) were gener-
ated from Bak™/~Bax™/~ double knockout (DKO) mice (Willis
et al, 2007) or Bok/~Bax/"Bak™’~ triple knockout (TKO) mice
(Ke et al, 2018). Cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% (v/v) foetal calf serum, 250 mM
L-asparagine and 55 pM 2-mercaptoethanol at 37°C with 10% CO,.
Human BAK was stably expressed in DKO cells with retroviral infec-
tion (Dewson et al, 2008). Cell lines were confirmed mycoplasma
negative.

The human BIM BH3 peptide (**'DMRPEIWIAQELRRIGDEF-
NAYYARR'®, sequence as per (Robin et al, 2015)) was purchased
from Mimotopes (Notting Hill, VIC, Australia). Full-length human
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BID (FL-BID) was produced in-house (WEHI) as described previ-
ously (Kluck et al, 1999), and caspase-8 cleaved BID (cBID) then
generated by incubation with 5 pg/mL recombinant caspase-8 (BD
Pharmingen, 556481) for 4 h at 37°C without purification from the
caspase-8.

For cytochrome c release experiments, 500,000 cells per treat-
ment condition were harvested. Cells were washed in PBS and then
resuspended at a concentration of 1 x 10 cells/ml in Sucrose Buffer
supplemented with 0.025% w/v digitonin (Calbiochem, Merck,
Darmstadt, Germany). Cells were incubated for 10 min on ice to
allow the digitonin to permeabilise the cell membrane but leave the
mitochondrial membrane intact. The permeabilised cells were then
collected by centrifugation at 16,000 g for 5 min and the super-
natant discarded. Pelleted cells were resuspended in the sucrose
buffer and placed on ice before the addition of vehicle, BIM BH3
peptide, cBID or FL-BID. Following treatment additions, cells were
moved to 30°C for 30 min and then returned to ice before washing
twice with sucrose buffer. Cells were treated with fixation solution
(eBioscience) on ice for 30 min, then washed twice with permeabili-
sation solution (eBioscience). Cells were stained with an antibody
against TOM20 (1:500, Santa Cruz sc-11415, rabbit polyclonal) for
30 min on ice and washed once with permeabilisation solution.
Next, cells were stained with a rabbit IgG-specific secondary anti-
body conjugated to AF488 (1:500, Invitrogen #A10034) and an anti-
body against cytochrome c conjugated to APC (1:50, clone REA702,
cat. no. 130-111-368; Miltenyi Biotec) and washed once with perme-
abilisation solution. Cells were assessed by flow cytometry (LSR
Fortessa x20, BD Biosciences) and analysed using FlowJo 10.8.1
(BD Biosciences). Cells were gated for TOM20 positivity (1D, histo-
gram) to exclude cells that were incompletely permeabilised. Histo-
grams for TOM20 staining (TOM20-positive only) and cytochrome ¢
staining (cytochrome c gated on TOM20-positive cells) were gener-
ated using FlowJo 10.8.1 (BD Biosciences). Median fluorescence
intensity (MFI) was plotted for duplicate experiments with Prism 9
(GraphPad LLC).

Data availability

This study includes no data that would need to be deposited in
external repositories.

Expanded View for this article is available online.
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