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Abstract

Human embryonic stem (hES) cells are highly sensitive to apoptotic stimuli such as DNA damage, which allows for the rapid elimination of
mutated cells during development. However, the mechanisms that maintain hES cells in the primed apoptotic state are not completely known.
Key activators of apoptosis, the BH3-only proteins, are present at low levels in most cell types. In contrast, hES cells have constitutive high
levels of the BH3-only protein, NOXA. We examined the importance of NOXA for enabling apoptosis in hES cells. hES cells deleted for NOXA
showed remarkable protection against multiple apoptotic stimuli. NOXA was constitutively localized to the mitochondria, where it interacted
with MCL1. Strikingly, inhibition of MCL1 in NOXA knockout cells was sufficient to sensitize these cells to DNA damage-induced cell death.
Our study demonstrates that an essential function of constitutive high levels of NOXA in hES cells is to effectively antagonize MCL1 to permit
rapid apoptosis.

Key words: human embryonic stem cells; cell death; DNA damage; NOXA; MCL1.

Graphical Abstract
WT hESCs NOXA KO NOXA KO
e ) hESCs .. hESCs+MCL1i __
DNA damage | DNAdamage | DNA damage
; ~ :
[ ) i ‘@ | [ J
o e® | g%, ° e®
%B | G | F
PARN ' Py AN

L 4 : L 4 ' 4
¢ 9 ) : ¢
ey ey J () ! ~{é
by | @eed 1 Bl
77 L ee® I 3
Rapid Apoptosis I Survival I Rapid Apoptosis

‘MCLI @ NoxA ’MCLli

hES cells express high levels of pro-apoptotic protein NOXA and are highly sensitive to cell death. NOXA-deleted hES cells show remarkable
protection against cell death. NOXA is localized to the mitochondria where it interacts with the anti-apoptotic protein, MCL1. Inhibiting MCL1 in
NOXA-deleted cells restored apoptotic sensitivity, indicating the importance of the NOXA-MCL1 axis for cell death in hES cells.

Significance Statement

Human embryonic stem (hES) cells have the ability to differentiate into all cell types, hence understanding how these cells regulate their
survival and death is important. These cells undergo rapid death in response to DNA damage thereby removing mutated cells from the
developing embryo. We focused on identifying the mechanism underlying the sensitivity of these cells to DNA damage. We discovered
that the protein NOXA is essential for cell death in hES cells. Further, the crucial function of NOXA is to neutralize high levels of antiapototic
protein, MCL1, thus enabling hES cells to respond rapidly to DNA damage.
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Introduction

Cells with varied physiological functions exhibit marked dif-
ferences in their sensitivity to cell death. However, exactly how
these differences in apoptotic thresholds are set in cells re-
main largely unknown. For example, human embryonic stem
(hES) cells are highly sensitive to various genotoxic agents
such as etoposide, a topoisomerase II inhibitor, UV exposure,
and y-irradiation.'® As these cells can differentiate into all cell
types, their ability to undergo rapid apoptosis following DNA
damage is crucial to avoid the propagation of DNA muta-
tions during development. hES cells are also widely used to
generate different types of cells for modeling human diseases.
Therefore, understanding the mechanisms by which the sur-
vival and death of hES cells are regulated is significant for
both development and disease.

Key initiators of apoptosis in cells are the BH3-only
members of the BCL2 family proteins.” These proteins are
activated (eg, transcriptional induction, posttranslational
modification) by extracellular or intracellular apoptotic
stimuli and initiate the cascade of events that result in cell
death. Briefly, the BH3-only proteins fall under 2 categories:
The sensitizer BH3-only proteins (eg, NOXA, HRK, BAD)
bind to and inactivate the anti-apoptotic BCL2 family pro-
teins such as BCL2, BCL-XL, and MCL1. The activator BH3-
only proteins (eg, BIM, BID, PUMA) bind to and directly
activate the pro-apoptotic BCL2 family proteins, BAX and
BAK.® Thus, activation of BH3-only proteins results in the
activation of BAX and BAK which, by forming pores in the
mitochondrial outer membrane, induce the release of cyto-
chrome ¢ (cyt ¢) into the cytosol to trigger caspases to exe-
cute apoptotic cell death.

Interestingly, as the BH3-only proteins consist of many
members, they are thought to be functionally redundant.
Multiple BH3-only proteins can be engaged in response to
a given apoptotic stimuli and several members can act as a
sensitizer or direct activators to activate BAX and BAK.”!"
Consistent with the observation that the BH3-only proteins
are functionally redundant, the knockout of any single BH3-
only protein in mice does not result in complete inhibition
of apoptosis. Indeed, with the rare exception in specific con-
texts, deletion of multiple BH3-only proteins (eg, triple dele-
tion of BIM, BID, and PUMA) is necessary to robustly inhibit
apoptosis.'?

We previously showed that hES cells undergo apoptosis
with DNA damage much more rapidly in comparison to other
cell types. For example, while DNA damage typically induces
cell death in most cells by 24-48 hours, virtually all hES cells
die within 5 hours.! Multiple factor contribute to this apop-
totic priming of hES cells, including increased stabilization of
pS53 after DNA damage,® the maintenance of active BAX at
the Golgi,! and the balance between pro- and anti-apoptotic
BCL2 family proteins.® hES cells are known to express high
levels of multiple BH3-only proteins with NOXA being ex-
pressed at a strikingly 50-fold higher levels as compared to
non-hES cells."?

This constitutive high expression of NOXA suggests that it
could play a crucial role in hES cells. In this study, we exam-
ined the function of NOXA in hES cells by generating hES
cells that were CRISPR-deleted for NOXA. Our results iden-
tify NOXA as an essential mediator of DNA damage response
and emphasize the importance of the NOXA/MCL1 axis in
hES cells.
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Methods and Materials

Cell Culture

Human embryonic stem cell lines H9 (WA09), H14 (WA14),
and WA22 were obtained from WiCell Research Institute.
hES cells were maintained on hES cell qualified matrigel in
mTeSR1 medium. H9 (WAO09) cells were used for CRISPR
gene editing. Human normal skin fibroblasts CCD-1079Sk
were acquired from ATCC and maintained in DMEM with
10% Fetal Bovine Serum and MEM nonessential amino acids.
Cells were maintained at 37°C in 5% CO?2.

For cell death experiments, cells were seeded at a density of
600 000 cells per well in 6-well plates. Approximately after
24 hours, cells were treated with etoposide or tunicamycin.
When MCL1 inhibitors (563845 and AZD5991) were used,
cells were treated with inhibitors in the presence or absence
of etoposide. Cells were either stained with Nuclear Blue to
label cell nuclei for evaluating cell death or were collected
for Western analysis. Images were captured using Leica DMi8
microscope with Leica DFC9000 ¢cMOS camera using the
Leica LASX imaging software. Cell death was quantified
manually on the basis of nuclear morphology (condensed or
fragmented), with an average of more than 800 cells analyzed
per condition. For siRNA transfections, cells were seeded
at 350 000 cells per well in a 6-well plate. Approximately
after 24 hours, control siRNA (MISSION siRNA Fluorescent
Universal Negative Control #1, Cyanine 3) and MCL1
siRNA (GGACUUUUAUACCUGUUAUtt) were transfected
using Lipofectamine 3000 reagent at 50 nM concentration.
Approximately 24 hours post-transfection, cells were treated
with DMSO or etoposide and cell death was quantified as
described above.

Trilineage differentiation assay was performed using
STEMdiff Trilineage differentiation assay kit from STEMCELL
Technologies as per the manufacturer's protocol. RNA was
isolated using high-capacity cDNA reverse transcription kit
from Thermofisher and samples were run on TagMan hPSC
score card panel in 384 wells from Thermofisher.

For karyotyping, cells were seeded in a 6-well plate and
sent to KaryoLogic for analysis.

Genome Editing of NOXA Locus Using CRISPR/
Cas9

Two sgRNAs, TCGAGTGTGCTACTCAACTC and TTCTT
GCGCGCCTTCTTCCC (Thermo Fisher Scientific) were de-
livered into H9 cells along with recombinant True Cut Cas9 v2
using the Neon Transfection system (Thermo Fisher Scientific,
Cat. No MPKS5000). H9 cells (1 x 10° cells) were electropor-
ated with 33 pmols of each sgRNA and 5 pg/mL Cas9 diluted
in 10 pL buffer R. Cells were electroporated using Neon pro-
gram 17 (850V, 30 seconds, 2 pulses). Seventy-two hours after
electroporation, H9 cells were collected. Editing efficiency
was assessed using GeneArt Genomic Cleavage Detection
Kit. Cell pools with good indel percentage were dissociated
into single cells and seeded on 96-well plates coated with
matrigel. After 2 weeks, the genomic DNA of single-cell col-
onies was extracted and the NOXA gene was amplified using
primers flanking the sgRNA target sites. Sanger sequencing
confirmed the gene knockout. Single-cell clones which were
negative for any insertion or deletion at the target site, as per
the sequencing data analysis, were selected as negative con-
trols for the study.
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Western Blot Analysis

For sample preparation, cells were trypsinized using the
TrypLE select enzyme and floating cells were also collected in
experiments where apoptosis was induced. Cell pellets were
lysed using RIPA buffer for 30 minutes on ice followed by
sonication (2x, 10 seconds pulses). Samples were centrifuged
at 13 000 rpm for 20 minutes at 4°C. Supernatants were col-
lected and protein quantification was performed using Pierce
BCA protein assay kit. Lysates (30-50 ng) were loaded on
12% polyacrylamide gel. After transfer on immobilon FL
transfer membrane immunoblotting was performed using
specific antibodies (details provided in the Supplementary
Information). Membranes were imaged using LICOR imaging
system (Odyssey CLx) or chemiluminescence (Amersham
Imager 680).

Immunofluorescence

For immunofluorescence study, cells were seeded on glass
coverslips coated with matrigel. For staining with pluripotency
markers, cells were incubated at 37°C for approximately 24
hours and then fixed with 4% paraformaldehyde at 4°C for
30 minutes or room temperature for 15 minutes. In cell death
studies, cells were left untreated or treated with DMSO or
etoposide (20 uM) for 5 hours in presence of QVD-OPH
(25 mM, SM Biochemicals), thereafter cells were stained
for p53, cyt ¢, TOM20, or pluripotency markers (OCT4,
SOX2, NANOG). Images were captured on a Leica DMi8
microscope with Leica DFC9000 ¢cMOS camera using the
Leica LASX imaging software. For an unbiased approach
for quantification of p53 and cyt ¢, all images were captured
at the same image settings and counted manually for posi-
tive or negative signals. For localization study, cells were first
transfected with NOXA-GFP plasmid (Vector Builder) using
Lipofectamine 3000 reagent as per manufacturers protocol,
incubated for 24 hours and treated with etoposide for 5 hours
in presence of QVD-OPH followed by fixation and staining
for MCL1, TOM20 and NOXA-GFP. Hoechst 33342 was
used for nuclear staining at all times. For testing cyt c re-
lease in NOXA KO cells, cells were transfected (in presence
of QVD-OPH) with either GFP or NOXA-GFP plasmids
using Lipofectamine 3000 reagent as per the manufacturer’s
protocol. Approximately 24 hours post-transfection, cells
were treated with etoposide (20 uM) for 5 hours in presence
of QVD-OPH (25 mM, SM Biochemicals). Images were cap-
tured on Leica DMi8 microscope and quantified manually as
described above.

Cell Fractionation

Cells, seeded at approximately 1.10¢ cells per well of 6-well
plates 24 hours before treatment, were incubated in 100 pL of
ice-cold CLAMI (Cell Lysis and Mitochondria Intact) buffer
(250 mM sucrose, 70 mM KCI, 137 mM NaCl, 4.3 mM
Na,HPO,, 1.4 mM KH,PO,, 200 pg/mL digitonin, pH 7.2)
containing complete protease inhibitor for 5 minutes on ice.
Samples were pelleted at 1000 g for 5 minutes at 4°C and
supernatants (cytosolic fraction) were collected. Pellets were
incubated in 100 pL of ice-cold IP buffer (50 mM Tris-HCI,
pH 7.4, 150 mM NaCl, 2 mM EDTA, 2 mM EGTA, 0.2%
Triton X100, 0.3% Nonidet P-40) containing complete pro-
tease inhibitor for 10 minutes on ice. Samples were pelleted
at 10 000 g for 10 minutes at 4°C, and supernatants (organ-
elles fraction) were collected. Protein concentrations were
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estimated using Pierce BCA protein assay kit and samples
containing an equal amount of proteins were prepared with
SDS-PAGE sample buffer for Western blot analysis.

Immunoprecipitation

Cells (~5.10° cells) were lysed with 500 pL. CHAPS buffer
(50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 0.1 mM DTT, 1%
CHAPS) containing complete protease inhibitor. Lysates were
sonicated and centrifuged at 16 000 g for 5 minutes at 4°C.
Supernatants were precleared with 40 pL protein A/G beads
for 30 minutes at 4°C. Precleared lysates were incubated
with 40 pL protein A/G beads preconjugated and crosslinked
(5§ mM BS3) with 4 pg normal mouse IgG or 4 pg mouse anti-
MCL1 IgG, mAbD for 4 hours at 4°C. Beads were washed 3
times with CHAPS lysis buffer before being resuspended with
Laemmli buffer for Western blot analysis.

Gene Copy Number Variation (CNV) Assay

qRT PCR-based gene copy number variation assay for
20q11.21 was performed as per the manufacturer’s protocol.
The TagMan assays used were Rnase P and POFUT1 from
Thermo Fisher.

Statistical Analysis

For all experiments, the value “»” indicated in the figure le-
gend represents the number of independent replicates. Data
visualization and statistical analyses were performed using
GraphPad Prism v.8.3.1. Error bars represent SEM. Before
conducting statistical analysis, normality was tested using the
Shapiro-Wilk normality test. No data were excluded for the
statistical analysis. For all assays comparing 2 groups with
normal distributions, the Student’s ¢-test (unpaired, 2-tailed)
with a 95% confidence interval (CI) was performed. For mul-
tiple comparison tests, a 2-way analysis of variance (ANOVA)
with post-hoc Dunnett’s multiple comparisons test was
performed.

Additional details are provided in the Supplementary
Materials section.

Results

hES Cells Express High Level of NOXA

NOXA (also called PMAIP1) is a BH3-only gene that is known
to be induced in response to DNA damage in cells.!"!'*15 We
examined the basal expression of NOXA, as well as other
BH3-only proteins (eg, PUMA, BIM, BID, BIK) in hES cells
compared to fibroblasts. Consistent with previous reports,'*!¢
NOXA was present at very high levels in all 3 hES cell lines
(H9, H14, and WA22) as compared to human dermal fibro-
blasts (Fig. 1A, Supplementary Fig. S1A).'>"” Since hES cells
are known to be primed for apoptosis in response to DNA
damage' and NOXA is a key mediator of DNA damage-
induced apoptosis, we considered the possibility that NOXA
could be functionally important for the rapid DNA damage
response in hES cells.

To examine the function of NOXA in hES cells, we util-
ized CRISPR-Cas9 technology to generate NOXA knockout
(NOXA KO) hES cells. Single-cell clone screening was done
by sequencing and Western blot to identify hES cells deleted
for NOXA. Two independent control hES cells (single-cell
clones which were negative for any insertion or deletion at the
target site as confirmed by sequencing analysis were selected


https://academic.oup.com/stmcls/article-lookup/doi/10.1093/stmcls/sxab008#supplementary-data
https://academic.oup.com/stmcls/article-lookup/doi/10.1093/stmcls/sxab008#supplementary-data
https://academic.oup.com/stmcls/article-lookup/doi/10.1093/stmcls/sxab008#supplementary-data
https://academic.oup.com/stmcls/article-lookup/doi/10.1093/stmcls/sxab008#supplementary-data
https://academic.oup.com/stmcls/article-lookup/doi/10.1093/stmcls/sxab008#supplementary-data

52
W
A 2 7 8 @
n O o W
S o w £
L W c ~
e £ J 8
S =
t £ =
10kDa—L MNOXA
50 kDa — i
37 kDa _M B-Actin
c hESCs Control1 Control 2
s o g A [ VR A AT,
: o
B
Hoechst OCT4 Merge
3
(7]
w
(-
5
b
3

Stem Cells, 2022, Vol. 40, No. 1

- N ™
- o« O O O
o B B X X X
o & £ ¥ § I
2 5 533 3
£ 0 0 2 2 2
0 s | — | NOXA
50 kDa — .
37 kDa — — — —--—-——-l B-Actin
D - N ™
- o O O O
5 5 ¥ ¥ X
£ £ I I I
€ & X X X
6 0 O O O
0O 0222
50 kDa —
50 kDa — .
37 kDa _).-—-— ‘ B-Actin
37 kDa —

[om am = === s0x2

50 kDa —
37 Da — [ —— | B-Actin

Hoechst OCT4 Merge

KO1

NOXA NOXA NOXA
KO3 KO2

Figure 1. hES cells express high levels of NOXA. (A) Western blot for NOXA expression in human normal skin fibroblasts (CCD-1079Sk), H9 hES cells
(WAO09), H14 hES cells (WA14), and WA22 hES cells. (B) Western blot for NOXA expression in hES cells (H9), control cells (cells negative for indels),

and NOXA knockout cells generated by CRISPR/Cas9. (C) Bright field images for hES cells (H9), control and NOXA knockout cells. Scale bar 100 um
(representative for all the figures in the panel). (D) Western blot for pluripotency markers OCT4 and SOX2 in control and NOXA knockout cells. (E)
Immunofluorescence staining for the pluripotency marker OCT4 in hES cells (H9), control and NOXA knockout cells. Scale bar 20 um (representative for

all the figures in the panel).

as a negative control for the study) and 3 NOXA knockout
hES cells were selected for further analysis (Fig. 1B).

NOXA knockout hES cells maintained their stem cell char-
acteristics. They exhibited stem cell morphology (Fig. 1C).
Cytogenetic analysis of 2 control and 2 NOXA knockout
cell lines (with 20 metaphase spreads analyzed for each
clone) confirmed normal karyotype (Supplementary Fig. S2).
Also, the expression of pluripotency markers (eg, OCT4,
SOX2, NANOG) (Fig. 1D,E, Supplementary Fig. S3A,B) and
Trilineage-differentiation assay (Supplementary Fig. S4A-C)
confirmed their pluripotent potential. Thus, NOXA dele-
tion alone did not alter the pluripotent status of hES cells.
We also examined and confirmed that the expression of other
BH3-only proteins was unaffected in the NOXA-deleted cells
(Supplementary Fig. S1B).

NOXA-deleted hES Cells Are Resistant to Cell Death

To examine the functional importance of NOXA in mediating
the DNA damage-induced apoptosis in hES cells, we exposed

control and NOXA knockout hES cells to the DNA damage
drug, etoposide. hES cells are very sensitive to DNA damage
with even a low dose of 1 uM etoposide resulting in the
death of 75% of cells within 5 hours of treatment (Fig. 2A,B).
Strikingly, NOXA knockout cells were nearly completely pro-
tected under these conditions. Additionally, even at a much
higher dose of etoposide (20 pM), NOXA knockout cells
were markedly protected with greater than 70% cell survival,
whereas less than 15% of control hES cells were alive at this
concentration (Fig. 2A,B).

To verify that DMSO used as a solvent for etoposide in
this experiment did not have any influence on stem cell
pluripotency or differentiation, we checked for expression
of pluripotency factors (OCT4, SOX2, and NANOG) in the
presence or absence of DMSO and found DMSO alone did
not have any effect on the expression of pluripotency fac-
tors (Supplementary Fig. SSA-C), hence the results we see
on etoposide treatment are not due to differentiation of the
cells.
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survival of hES, control and NOXA knockout cells treated with DMSO or etoposide (1 uM and 20 uM) for 5 hours. Cells were stained with nuclear blue
and cell death was counted on the basis of nuclear morphology (condensed or fragmented). (n = 3 independent replicates; error bars represent SEM,;
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panel). (D) Quantification of the survival of hES, control and NOXA knockout cells treated with DMSO or tunicamycin (300 nM and 5 uM) for 20 hours (n
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To determine if the importance of NOXA in hES cells was
specific to DNA damage mediated apoptosis, we examined
whether NOXA knockout hES cells were also protected in
response to endoplasmic reticulum (ER) stress. We focused
on ER stress since NOXA has been linked to ER stress-
induced apoptosis in various cell lines.'®” Control and
NOXA knockout hES cells were treated with the ER stress-
inducing drug tunicamycin. We found that NOXA deletion
conferred significant protection at both low (300 nM) and
high (5 uM) doses of tunicamycin in hES cells (Fig. 2C,D).
Similarly, NOXA deletion also protected hES cells treated
with the broad-spectrum kinase inhibitor staurosporine (data
not shown). Together, these results identify NOXA as an es-
sential regulator of apoptosis in hES cells.

NOXA-deficient hES Cells Induce p53 but do not
Release cyt ¢ After DNA Damage

To confirm that NOXA deletion protected against mitochon-
drial permeabilization in response to apoptotic stimuli in hES
cells, we specifically probed for 3 events that are known to
occur in response to DNA damage: (1) p53 induction; (2) cyt
¢ release from mitochondria; and (3) caspase-3 activation.
Control and NOXA knockout hES cells were treated with
20 uM etoposide for 5 hours and probed for these events.

We found that p53 expression was comparably induced in
control and NOXA knockout cells (Fig. 3A,B, Supplementary
Fig. S6). This suggests that the upstream pathway is un-
affected in the NOXA knockout cells. However, while cyt
¢ was released in approximately 90% of control hES cells,
only 8% of NOXA knockout cells showed release of cyt ¢
(Fig. 3C,D). Consistent with the cyt ¢ results, while etoposide-
induced robust cleavage of caspase-3 in control hES cells,
only minimal caspase-3 cleavage could be observed in NOXA
knockout hES cells (Fig. 3E). These results confirm that the
pS53 pathway is functional in NOXA knockout hES cells but
these cells are unable to release cyt ¢ and activate caspase-3
activation after DNA damage.

It is known that stem cells can acquire genomic aberra-
tion during culture. For example, 20q11.21 is known to
amplify in stem cells and provide resistance to apoptosis
due to overexpression of the anti-apoptotic protein BCL-XL
located in this chromosome region.??! To confirm that the
NOXA KO cells did not exhibit resistance to cell death due
to the gain of chromosome region 20q11.21 or increased
expression of BCL-XL, we performed a qRT PCR based
CNV assay to assess the number of copies of the chromo-
some region 20q11.21 (Supplementary Fig. S7A). CNV re-
sults show no gain of chromosome region 20q11.21 in the
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Figure 3. NOXA-deficient hES cells induce p53 but do not release cyt ¢ after DNA damage. (A) Representative immunofluorescence images of p53 in
control and NOXA knockout cells treated with DMSO or etoposide (20 uM) for 5 hours. p53 (red) and Hoechst (blue). Scale bar 20 um (representative
for all the figures in the panel). (B) Quantification of the cells presenting p53 in the nucleus in Fig. 3A (n = 3 independent replicates; error bars represent
SEM; unpaired, 2-tailed Student’s t-test compared to Ctrl, *»»**P < .0001, ns: P> .05). (C) Representative immunofluorescence images of cyt ¢ in control
and NOXA knockout cells treated with DMSO or etoposide (20 pM) for 5 hours. Cyt ¢ (red), TOM20, mitochondrial marker (green) and Hoechst (blue).
Scale bar 20 um (representative for all the figures in the panel). (D) Quantification of the cells showing cyt c released in Fig. 3C (n = 3 independent
replicates; error bars represent SEM; unpaired, 2-tailed Student’s t-test compared to Ctrl, »»** P < .0001, ns: P> .05). (E) Western blot for cleaved
caspase 3 in control and NOXA knockout cells untreated or treated with DMSO and etoposide (20 uM) for 5 hours (n = 3).

NOXA KO cells. Additionally, NOXA KO cells did not To confirm that the resistance to cell death exhibited by
show increased expression of BCL-XL (Supplementary Fig. NOXA-deleted cells was due to specific deletion of NOXA
S7B). Thus, the increased resistance to cell death observed and not an off-target effect, we overexpressed GFP or

in NOXA KO cells is not due to the overexpression of anti- NOXA-GFP in NOXA-deleted cells and treated these cells
apoptotic protein BCL-XL or gain of 20q11.21 region of the with etoposide. As expected, cells overexpressing NOXA-
chromosome. GFP restored the release of cyt ¢ (Supplementary Fig.
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S8A,B), confirming that the resistance to cell death observed
in NOXA-deleted cells was specific to the lack of NOXA
expression.

NOXA Colocalizes and Interacts with MCL1 at the
Mitochondria in hES Cells

Individual BH3-only proteins regulate cell death by either
neutralizing the pro-survival proteins (eg, BCL2, BCL-XL,
MCL1) or by directly activating pro-apoptotic proteins (eg,
BAX, BAK), or both.” NOXA is an outlier among the BH3-
only proteins because it has limited capacity to interact with
multiple BCL2 family proteins and its best-defined association
is with the pro-survival protein MCL1.2? Thus, we examined
whether NOXA colocalizes and interacts with MCL1 in hES
cells, under normal and apoptotic conditions.

We first tested the localization of NOXA and MCL1 by
immunofluorescence. Since we were unable to identify an
antibody that specifically detected endogenous NOXA by
immunofluorescence in hES cells, we examined the local-
ization of exogenously expressed NOXA-GFP in NOXA
knockout hES cells. We found NOXA-GFP to be localized
to the mitochondria in untreated hES cells as its signal over-
lapped with the mitochondrial marker TOM20 (Fig. 4A).
MCL1 staining also overlapped with NOXA and TOM20
staining indicating that both NOXA and MCL1 were
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present at the mitochondria in untreated hES cells (Fig. 4A).
Importantly, upon etoposide treatment, the mitochondria
appeared aggregated, but both NOXA and MCL1 remained
colocalized to the aggregated mitochondria under these con-
ditions (Fig. 4A).

To confirm the localization of endogenous NOXA and
MCL1, we conducted cell fractionation studies in un-
treated and etoposide-treated hES cells. Analysis of cyto-
solic and mitochondrial fractions confirmed that both
NOXA and MCL1 were present in the mitochondrial frac-
tions of untreated and etoposide-treated hES cells (Fig.
4B). Interestingly, MCL1 levels decreased with etoposide
treatment, an observation that is consistent with the fact
that MCL1 is targeted for degradation in cells undergoing
apoptosis.?>*

To directly examine whether NOXA and MCL1 interact
in hES cells, we conducted immunoprecipitation experi-
ments. Our results show that NOXA is associated with
MCL1 in untreated hES cells (Fig. 4C). This interaction
is initially maintained but subsequently reduced with
etoposide treatment, as MCL1 is targeted for degradation
(Fig. 4B,C). Together, these results show that in hES cells,
NOXA colocalizes and interacts with MCL1 at the mito-
chondria under normal conditions, and this interaction is
disrupted upon etoposide treatment as MCL1 levels de-
crease to permit apoptosis.

C
2.5% mouse MCL1
input IgGIP IP
Etoposide (20uM): Oh 2h 4h Oh 2h 4h Oh 2h 4h
15 kDa —
10 kDa — | === NOXA
50 kDa — —
37 kDa — | S === MCL1

Figure 4. NOXA colocalizes and interacts with MCL1 at the mitochondria in hES cells. (A) Representative images of immunofluorescence staining

of NOXA, MCL1, TOM20 in NOXA knockout cells transfected with NOXA-GFP plasmid in presence of caspase inhibitor QVD. Cells were either left
untreated or treated with etoposide (20 uM) for 5 hours. Cells were immunostained with antibodies to GFP (NOXA; green), TOM20, (cyan), MCL1
(red), and Hoechst (blue). Scale bar 10 pm (representative for all the figures in the panel). (B) Cytosolic and mitochondrial fractions of cells treated with
etoposide (20 uM) for indicated period of time. Fractions were probed for NOXA, MCL1, BCL2, and BCL-XL. GAPDH was used as marker for cytosolic
fractions and TOM20 as a marker for mitochondrial fraction. (C) Immunoprecipitation of endogenous MCL1 in hES cells treated with etoposide (20 pM)
for indicated period of time. Membranes were probed for both NOXA and MCL1.
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MCL1 Inhibition Permits Apoptosis in NOXA
Knockout hES Cells

Our results with the NOXA knockout cells show that NOXA
is essential for apoptosis in hES cells (Fig. 2). We considered 2
possible mechanisms by which NOXA could promote apop-
tosis in hES cells. While it is generally considered to act as
an inhibitor of MCL1, NOXA can also bind to BAX and
function as a direct activator of BAX.?’ Thus, the function of
NOXA in hES cells could be inhibition of MCL1 or activa-
tion of BAX.

To evaluate the specific function of NOXA in hES cells, we
examined whether inhibition of MCL1 can restore apoptosis
in NOXA-deficient hES cells. Control and NOXA knockout
hES cells were treated with the MCL1 inhibitor S63845%¢
either in the absence or presence of etoposide. Our results
show that MCL1 inhibition in NOXA knockout cells strik-
ingly enabled these cells to undergo apoptosis with DNA
damage (Fig. 5A,B). To confirm these results, we conducted
similar experiments with a second, more recently described,
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MCL1 inhibitor (AZD5991%). Here too, MCL1 inhibition
permitted the NOXA-deficient hES cells to undergo apoptosis
with DNA damage (Fig. 5C). We also evaluated the expression
of MCL1 in presence of MCL1 inhibitors or etoposide and ob-
served no significant difference in the level of MCL1 in pres-
ence of MCL1 inhibitors (Supplementary Fig. S9A,B). Lastly,
as an independent approach to inhibit MCL1, we utilized
siRNAs to knockdown MCL1. Our results show that treat-
ment with MCL1 siRNA, but not control siRNA, restored the
capability of NOXA knockout cells to undergo apoptosis with
DNA damage (Fig. 5D, Supplementary Fig. S10). Together,
these results indicate that the important function of NOXA
in hES cells is to inhibit MCL1 and inactivation of MCL1 is
necessary for apoptosis to proceed in hES cells.

Discussion

In this study, we report that the BH3-only protein NOXA is
essential for rapid apoptosis in hES cells. We find that NOXA
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Figure 5. MCL1 inhibition permits apoptosis in NOXA knockout hES cells. (A) Quantification of the survival of control and NOXA knockout cells in
presence of DMSO or MCL1 inhibitor (S63845). Cells were either left untreated or treated with etoposide (20 uM) for 3 hours, as shown. Cells were
stained with nuclear blue and cell death was counted on the basis of nuclear morphology (condensed or fragmented). (n = 3 independent replicates;
error bars represent SEM; Dunnett’s multiple comparison test compared to DMSO, NOXA KO1 MCL1 Inh ** P = .0037 NOXA KO2 MCL1 Inh *+ P =
.0011, ==+ P < .0001, ns P> .05). (B) Representative bright field images for Fig. 5A. Scale bar 100 um (representative for all the figures in the panel). (C)
Quantification of the survival of control and NOXA knockout cells in presence of DMSO or MCL1 inhibitor (AZD5991). Cells were either left untreated
or treated with 20 uM etoposide for 5 hours, as shown (n = 3 independent replicates; error bars represent SEM; Dunnett’s multiple comparison test
compared to DMSO, **** P < .0001, ns P> .05). (D) Quantification of the survival of control and NOXA knockout cells transfected with control siRNA
or MCL1 siRNA in presence of DMSO or etoposide (20 uM) for 7 hours, as shown (n = 3 independent replicates; error bars represent SEM; Dunnett’s
multiple comparison test compared to Ctrl sSiRNA DMSO; NOXA KO2, DMSO, MCL1 siRNA * P = .0229; NOXA KO1, Etop, Ctrl siRNA *+ P = .0011;

NOXA KO2, Etop, Ctrl siRNA #* P = .0011; #+** P < .0001, ns P> .05).
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knockout hES cells are resistant to multiple apoptotic stimuli
including DNA damage and ER stress. NOXA was also re-
cently identified in a genome-wide CRISPR screen where its
deletion was found to improve hES cell survival in response to
targeted double-stranded breaks.!” Interestingly, while BH3-
only proteins are typically induced with apoptotic stimuli,
NOXA is constitutively present at high levels and exists in
a complex with MCL1 at the mitochondria even in healthy,
untreated, hES cells. Our results show that NOXA-mediated
inactivation of MCL1 is a crucial event for apoptosis to occur
in hES cells, as MCL1 inhibition permitted apoptosis to occur
in NOXA-deficient hES cells. Although the BH3-only proteins
are generally considered to function redundantly in cells, our
results highlight the importance of a single BH3-only protein,
NOXA, for apoptosis in hES cells.

NOXA is well recognized as a p53-induced gene upon
DNA damage in most cells.” In hES cells, p53 is induced with
DNA damage and required for apoptosis.? Strikingly, how-
ever, its transcriptional activity is not required.> This is con-
sistent with the observation that NOXA shows constitutive
high expression, and its levels do not substantially increase
with DNA damage in hES cells. Interestingly, we have shown
previously that p53 is required for the translocation of active
BAX from the Golgi to mitochondria.! Thus, p53 function in
hES cells appears atypical, where it is not required to tran-
scriptionally induce NOXA and activate BAX.

In contrast to other BH3-only proteins that interact with
multiple BCL2 family proteins, NOXA primarily binds to only
MCL1 with high affinity.'*?* This ability of NOXA to interact
with and inhibit MCL1 is important in contexts where the in-
activation of MCL1 is necessary for apoptosis to proceed. For
example, NOXA is induced in response to multiple apoptotic
stimuli including DNA damage, ER stress, hypoxia, and a
viral infection where it is important for apoptosis.'*!*-2$30 hES
cells not only express high levels of NOXA but also MCL1,%%!
both of which co-exist at the mitochondria and interact with
each other under normal and apoptotic conditions (Fig. 4).
Importantly, however, MCL1 is targeted for degradation with
apoptotic stimuli,?* including in ES cells.’® Exactly how the
apoptotic stimulus promotes MCL1 degradation in hES cells
remains unknown. In hematopoietic cells, where NOXA is
constitutively expressed,®* or in gastric epithelial cells infected
with Helicobacter pylori, where NOXA is induced, NOXA is
found to be phosphorylated and localized to the cytoplasm.3?
The model proposed is that dephosphorylation of NOXA re-
sults in its localization to mitochondria, where it interacts with
MCL1 and promotes its degradation. It is unclear if a similar
mechanism is engaged in hES cells since NOXA and MCL1
are constitutively at the mitochondria and interact even in
untreated conditions. Previous studies have shown that apop-
totic stimuli can also cause the phosphorylation of MCL1 that
results in its degradation.** Thus, we hypothesize that DNA
damage likely induces either a posttranslational modification
in NOXA or MCL1 or could activate an interacting protein
that promotes the degradation of MCL1 in hES cells. Our
finding that MCL1 inhibition is sufficient to permit apoptosis
in NOXA-deficient hES cells indicates that the key function
of NOXA in hES cells in the context of cell death is the inhib-
ition of MCL1. These results also indicate that NOXA does
not function as a direct activator of the proapoptotic proteins
in these cells, since DNA damage-induced apoptosis can pro-
ceed in the absence of NOXA with MCL1 inhibition alone.
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Examples of cells that constitutively express elevated
levels of NOXA are rare. hES cells express NOXA at
nearly 50-fold higher levels as compared to other cells.!3 An
interesting question here is why are NOXA levels constitu-
tively high in hES cells? In hematopoietic cells where NOXA
is also strongly expressed, it functions to increase glucose
flux via the pentose phosphate pathway.’? As ES cells are
known to be highly glycolytic,>® NOXA could be important
for maintaining their high glycolytic state. Additionally,
the levels of MCL1 are also high in hES cells where it was
found to have non-apoptotic activity for the maintenance
of pluripotency.’! Even though maintaining high levels of
MCL1 is physiologically important for hES cells, the ability
of hES cells to undergo rapid apoptosis in response to DNA
damage is equally crucial to prevent the propagation of
mutations during early embryonic development. Thus, the
constitutive high levels of NOXA in hES cells may serve to
effectively counteract the anti-apoptotic activity of MCL1
and enable rapid apoptosis. Together, these results highlight
the finding that levels and activities of apoptotic proteins
are fine-tuned not only to enable their specific non-apoptotic
functions in different cell types but also to set the precise
apoptotic thresholds that are physiologically appropriate
for those cells.
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