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ABSTRACT ESCRT proteins are implicated in myriad cellular processes, including endosome
formation, fusion of autophagosomes/amphisomes with lysosomes, and apoptosis. The role
played by these proteins in either facilitating or protecting against apoptosis is unclear. In this
study, while trying to understand how deficiency of Mahogunin RING finger 1 (MGRN1)
affects cell viability, we uncovered a novel role for its interactor, the ESCRT-l protein TSG101:
it directly participates in mitigating ER stress-mediated apoptosis. The association of TSG101
with ALIX prevents predisposition to apoptosis, whereas ALIX-ALG-2 interaction favors a
death phenotype. Altered Ca?* homeostasis in cells and a simultaneous increase in the pro-
tein levels of ALIX and ALG-2 are required to elicit apoptosis by activating ER stress—associ-
ated caspase 4/12. We further demonstrate that in the presence of membrane-associated,
disease-causing prion protein ©™PrP, increased ALIX and ALG-2 levels are detected along
with ER stress markers and associated caspases in transgenic brain lysates and cells. These
effects were rescued by overexpression of TSG101. This is significant because MGRN1 defi-
ciency is closely associated with neurodegeneration and prenatal and neonatal mortality,
which could be due to excess cell death in selected brain regions or myocardial apoptosis
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during embryonic development.

INTRODUCTION

Endosomal sorting complexes required for transport (ESCRTs) are
key regulatory proteins that guide formation and maturation of the
endocytic compartments and recognize and sort ubiquitinated car-
goes into them (Katzmann et al., 2001; Curtiss et al., 2007; Raiborg
and Stenmark, 2009; Huotari and Helenius, 2011; Mayers and Aud-
hya, 2012). Four complexes—ESCRT-0, -I, -ll, and —lll—along with
several accessory components, in a well-synchronized sequence of
events, sort endocytosed ubiquitinated proteins such as misfolded

plasma membrane proteins, activated growth factors, and hormone
and cytokine receptors in multivesicular bodies (MVBs; Hurley and
Emr, 2006; Williams and Urbé, 2007; Hanson et al., 2009). Ubiquiti-
nated cargo is captured by the ESCRT machinery in the endosomal
pit, followed by deformation of endosomal membrane and break-
ing off of this invasion containing sorted cargoes. Ubiquitin-depen-
dent cargo sorting was first identified in vacuolar protein sorting
(VPS) mutants of Saccharomyces cerevisiae (Katzmann et al., 2001).
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ESCRT proteins are conserved across species, and their depletion
causes impaired formation of intraluminal vesicles, abnormal gene-
sis of MVBs, and inhibition of lysosomal degradation of proteins.

In addition, ESCRT proteins are implicated in maturation of au-
tophagosomes (Lee et al., 2007; Manil-Segalén et al., 2012); they
also affect fusion of vesicles with lysosomes to form autolysosomes
(Luzio et al., 2007; Metcalf and Issacs, 2010). Inactivation of these
proteins is associated with various neurodegenerative diseases, in
which significant aberrations are detected in autophagic pathways
(Rusten and Simonsen, 2008; Lee et al., 2009). In Drosophila
melanogaster, null mutations in the ESCRT-I protein VPS28 causes
accumulation of autophagosomes due to their blocked fusion with
endolysosomes (Rusten et al., 2007). Recently monoubiquitinated
tumor susceptibility gene 101 (TSG101), another ESCRT-I protein,
was reported to potentiate fusion of amphisomes/MVBs and lyso-
somes (Majumder and Chakrabarti, 2015). Expression of mutant
forms of the ESCRT-III protein charged multivesicular body protein
2B (CHMP2B) or depletion of CHMP4B in primary neurons leads to
accumulation of autophagosomes as seen in frontotemporal de-
mentia (Lee et al., 2009). Similarly, loss of function of the ESCRT-III
component mSnf7-2 or mouse CHMP4B causes neuronal cell loss
due to extensive accumulation of autophagosomes and multilamel-
lar bodies.

Further, components of the ESCRT machinery are suggested to
be a bridge between the endolysosomal system and cell death
(Mahul-Mellier et al., 2006; Petiot et al., 2008; Rusten and Stenmark,
2009). Programmed cell death 6-interacting protein (PDCDéIP),
also known as AlP1/apoptosis-linked gene 2 (ALG-2)-interacting
protein X (ALIX), interacts with tumor susceptibility gene 101
(TSG101), an ESCRT-1 protein homologue of the yeast class E VPS
protein complex ESCRT-III (Strack et al., 2003). ALIX was reported to
be enriched in phagosomes (Garin et al., 2001) and exosomes
(Théry et al., 2001). Group-specific antigen protein from membrane-
containing viruses binds to ALIX and uses it in budding of the virus
from the cell surface by recruiting the ESCRT machinery (Martin-
Serrano et al., 2003, Strack et al., 2003, von Schwedler et al., 2003,
Segura-Morales et al., 2005). Several observations also suggested
that ALIX regulates endolysosomal pathway in multiple ways. It can
interact with SRC homology 3 (SH3) domain-containing endophilins
via its C-terminus, thereby inducing cytoplasmic vacuolization
(Chatellard-Causse et al., 2002). The proline-rich domain of ALIX
also interacts with Cbl-interacting protein of 85 kDa (CIN85)/SH3-
encoding expressed in tumorigenic astrocytes/Ruk (Chen et al.,
2000), a protein that in turn regulates endocytosis of ubiquitinated
tyrosine receptors (Petrelli et al., 2002; Soubeyran et al., 2002).
ALIX-CIN85 association sensitizes astrocytes to apoptosis in re-
sponse to DNA damage (Chen et al., 2000). This also suggested a
role of ALIX in regulating cell death.

In this context, the role of ALIX in controlling apoptosis was also
reported via its interaction with the penta-EF-hand calcium-binding
protein ALG-2 (Missotten et al., 1999; Vito et al., 1999), a product of
the PDCDé6 gene (Maki et al., 2011). Inhibiting ALG-2 expression
blocked apoptosis in a T-cell line (Vito et al., 1996) without affecting
caspase 3 activation (Lacana et al., 1997). However, death was not
impaired in T-cells from ALG-2-deficient mice, suggesting that other
proteins of similar function may replace ALG-2 (Jang et al., 2002).
ALIX is also strongly up-regulated in neurons degenerating after
kainate-induced epileptic seizures, demonstrating the involvement
of this protein in cell death (Hemming et al., 2004). Further, ALIX
mutants compromised in their binding to ALG-2 could not elicit
death in neurons after K* deprivation (Trioulier et al., 2004). These
results suggested that the ALIX-ALG-2 complex could be linked to
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the effectors of cell death. Here we show that the presence of up-
regulated protein levels of ALIX and ALG-2 and enrichment of cyto-
solic Ca?* (e.g., by inducing ER stress) are simultaneously required
to elicit predisposition to death. These events individually do not
activate the downstream caspase cascade to eventually lead to
apoptosis.

Mice deficient in the RING domain—containing E3 ligase Mahog-
unin RING finger 1 (MGRN1) have reduced embryonic viability and
also develop adult-onset spongiform neurodegeneration (similar to
Prion diseases; He et al., 2003). Embryonic lethality and enhanced
mortality by weaning age in Mgrn1 mutants may be attributed to a
battery of developmental defects (including heterotaxia and con-
genital heart defects) in mice (Cota et al., 2006; Jiao et al., 2009;
Srivastava and Chakrabarti, 2014; McDowell et al., 2016). Studies
implicate a role of MGRN1 in mitigating stress (Sun et al., 2007;
Chhangani and Mishra, 2013, Mukherjee and Chakrabarti, 2016)
and conversely suggest that lack of MGRN1 leads to up-regulating
stress.

In this study in the course of seeking to understand the mecha-
nism by which MGRN1 depletion predisposes cells to apoptosis, we
unravel a unique mechanism by which the ESCRT- protein, by virtue
of its interaction with ALIX, can mitigate the effects of endoplasmic
reticulum (ER) stress-mediated apoptosis. We show that whereas
TSG101-ALIX interaction prevents predisposition to apoptosis, this
effect is disrupted by deregulating the amount of cytosolic Ca?* and
simultaneously increasing the levels of ALG-2. Increased ALG-2
levels potentiate ALIX-ALG-2 interaction in the presence of high
cytosolic Ca?* and promote cell death. This is significant because
CtmPrP-mediated induction of ER stress and associated increase in
ALIX and ALG-2 levels are rescued by overexpression of TSG101,
thus also making it pathologically relevant. Our analysis identifies a
yet-unidentified role of TSG101 in which it directly participates in
alleviating ER stress-mediated apoptosis.

RESULTS

Loss of MGRN1 predisposes cells to apoptosis

In Hela cells, small interfering RNA (siRNA)-mediated depletion of
MGRN1 resulted in the activation of a slew of caspases responsible
for intrinsic pathway-mediated apoptosis. A consistent and signifi-
cant approximately twofold increase in the ratio of cleaved to pro-
form of the initiator (caspase 9 [CASP9]) and executioner (CASP3
and CASP7) caspases was detected in these cells compared with the
controls (Figure 1, A and B). Comparable activation of these cas-
pases was detected in SHSY5Y cells (Figure 1, C and D), suggesting
a cell line-independent phenomenon. To avoid the off-target effects
of gene silencing, we depleted MGRN1 in Hela cells using two
other independent siRNAs. Results indicated similar levels of CASP9
cleavage; this could be further rescued by exogenous expression of
MGRN1-green fluorescent protein (GFP; (Supplemental Figure S1,
A and B). No significant change was detected among the proapop-
totic (B-cell/CLL lymphoma 2 [BCL2]-associated agonist of cell
death [BAD] and BCL2-associated protein X [BAX]) or antiapoptotic
(B-cell lymphoma-extra large [BCL-XL] and myeloid cell leukemia 1
[MCL1]) proteins of the BCL2 family or cleaved forms of CASP8
(associated with the extrinsic pathway) under similar conditions
(Supplemental Figure S1, C and D). The fold change in cleaved:pro-
CASP9 ratio was quantitatively lowerthanin ultraviolet (UV)-irradiated
cells (Figure 1, E and F). UV treatment affected CASP9 activation to
similar extent in untransfected cells and those with mock or MGRN1
siRNAs. During the time frame of the experiments, depletion of
MGRN1 was not sufficient to induce death; instead, it predisposed
cells to apoptosis. This was also reflected morphologically in the
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FIGURE 1: Loss of MGRN1 leads to activation of caspases and causes nuclear condensation.
(A) Hela cells treated with mock or MGRN1 siRNAs were lysed and immunoblotted to check for
caspases. Note an increase in active caspases with MGRN1 depletion. The levels of B-tubulin
serve as loading controls. The blots are representative of at least five independent experiments.
Efficiency of knockdown was checked using anti-MGRN1 antibody. (B) The immunoblots in A
were analyzed for the fold change in caspase levels. Results from five independent experiments.
*p < 0.05 and **p < 0.01 using Student’s t test. Error bars, +SEM. (C) SHSY5Y cell lysates were
analyzed as in A. (D) Histograms of immunoblots generated in C. Analyses from three
independent experiments. *p < 0.05 using Student's t test. Error bars, +SEM. (E) Untransfected
Hela cells or those transfected with mock or MGRN1 siRNA were either treated with UVB
radiation (90 J/cm? for 5 min) or left untreated. Cell lysates were immunoblotted against CASP9.
Note ~10-fold increase in cleaved CASP9 levels upon UV treatment, and ~2.5 fold increase

with MGRN1- depleted cells. The levels of GAPDH and MGRNT1 serve as loading controls.

(F) Histogram plotted with data from E. Analyses from six independent experiments. *p < 0.05
using Student's t test. NS, not significant (p = 0.3 and 0.1). Error bars, £SEM. (G) Hela cells
treated with MGRN1 siRNA or mock siRNA or UV radiation were stained with Hoechst 33342
and imaged. Representative three-dimensional projection of single nucleus from each
experimental condition to establish the imaging and analyses criteria used to define them.

(H) Cells similarly treated as in G were imaged. Nuclear boundaries were analyzed using ImageJ.
Note distinct nuclear fragmentation upon UV irradiation, whereas MGRN1 depletion led to
nuclear condensation. Arrowhead, condensed nucleus. Scale bar, 10 pm. (I) Left, histogram
plotting percentage of fragmented nuclei imaged in H. For each condition, 300 nuclei were
analyzed from six independent experiments. **p < 0.01 using Student's t test. NS, not significant
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nuclei of cells stained with Hoechst 33342
(Figure 1G), in which an initial stage of nu-
clear condensation as opposed to total frag-
mentation was observed (Toné et al., 2007).
Here the expression “nucleus” is used to
describe shape of the Hoechst 33342-
stained chromatin. Whereas UV-irradiated
cells showed distinct nuclear fragmentation
(nuclear volume, ~68 pum?3), the nuclei of
MGRN1-depleted cells exhibited minor
condensation. The nuclear volumes were
~295 and ~187 ym? in mock and MGRN1
siRNA-treated cells, respectively (Figure 1,
H and I). However, the number of condensed
nucleiwassignificantly higher (approximately
threefold) than in control cells. This led us to
hypothesize that MGRN1 depletion was a
contributing factor that predisposed cells to
apoptosis without activation of the classic
intrinsic or extrinsic pathways.

Depletion of MGRN1 leads to

onset of ER stress, perturbation in
cytosolic calcium, and accumulation of
ALIX-ALG-2

Recently we demonstrated up-regulation of
autophagic proteins (Beclin1, p62, and LC3
ll) upon functional depletion on MGRNT,
which suggests the involvement of the ge-
netically programmed and evolutionarily
conserved cellular process of autophagy as
the adaptive response to cellular stress
(Majumder and Chakrabarti, 2015). We fur-
ther reported that partial loss of MGRN1
function also led to blocked fusion between
amphisomes/late endosomes and lyso-
somes, thus affecting lysosomal degrada-
tion. This in turn would result in cellular
stress due to accumulation of undegraded
cargo. In another study, we demonstrated
that catalytic inactivation of MGRN1 led to a
higher propensity to mitochondrial depolar-
ization and mitophagy when treated with
carbonyl cyanide m-chlorophenyl hydra-
zone to induce enrichment of cytosolic Ca?*
(Mukherjee and Chakrabarti, 2016). Third, it
was reported that exposure of cells to a
plethora of stresses up-regulated the mRNA

(p=0.1). Inset, percentage of cells with
condensed nuclei. Right, distribution of
nuclear volume among the three
experimental conditions for 70 randomly
selected nuclei from the above set. The
horizontal line in each box shows the median
value, and the white plus sign inside each box
is the mean. The upper and lower boundaries
of individual boxes show the upper and lower
quartiles, respectively; the whiskers are SDs.
Qutlier values are shown outside the
whiskers.

Molecular Biology of the Cell



B Mock siRnA
MGRNT SiRNA

. Untreated

20 N ®
S & 5 © 9o

occupied by the ER

w
o

Percentage of total cell area

Tg (2um)

MGRN1 siRNA

MGRN1 siRNA

Mock siRNA Mock siRNA Tg (400nM) Tg (2uM)
Tg (400nM)
0 D) B Mock siRnA
MGRN1 siRNA
P
Tq (400nM) 3 — 3 Untreated
— - I 5 25
¥ ¥ 2 25 -
ST g - £
S8 £ g€ L M s 2
F& F&O 5% 2
w“@@%"\‘*hhgﬁw = 5 15
Phospho 5 2
-PERK s 1 g
-— o €
78KD ———— | BIP 0 0
27KD | ; i iCHOP Tg(0.4uM) Tg(2uM) Tg(0.4uM) Tg 2uM)
47KD{" = - = w 7| Pro-CASP4 *x X x
35KD~ = = == — |[AccAsPa 4 3
19KD (Faint) 335 I F 25
47KD S S —— £ 3 5
- <
35KD | e |ac-casPs 5 5 &9 2
19KD | - (Dark) ] *% S e
5 2] 5515
6AKD = - S| MGRN1 2 s3
£ 15 = EQ 1
£ o5 205
0 — - 0 S—
Tg(0.4uM) Tg(2uM) Tg(0.4uM) Tg(2uM)
E) F)
47KD-{ Pro-CASP9 3 o . Untreated
PO S ———— =l pcCASPY ™l 79 @oonm)
47KD e == s e = === = | Pro-CASP4 § Tg (400nM)+
35KD— - e y 2 BAPTA (75uM)
Ac-CASP4 2 u
19KD | =t iR &9 BAPTA (75uM)
e - MGRN1 £a
Y&
Ta
35KD-{ GAPDH S 3
- + + - - + + = Tg (400nM) O
- - 4+ 4+ -+ 4+ BAPTA(75uM) <
Mock siRNA MGRN1 siRNA
G) 500 . . Mock siRNA MGRN1 siRNA
. Untreated
B 19 zoonm)
Tg (400nM)+
BAPTA (75uM)

Calcium conc. in nM

Mock siRNA

MGRN1 siRNA

Depletion of MGRN1 perturbs the ER. (A) Hela cells treated with mock or MGRN1
siRNAs transiently transfected with ER-GFP construct were either left untreated or treated with
400 nM thapsigargin (Tg) for 6 h; Tg, untransfected cells treated with 2 uM thapsigargin for 6 h.
Cells were imaged to observe changes in ER morphology under the different conditions. Scale
bar, 15 pm. Approximately 40 cells were imaged for each condition. (B) Histogram plotting
percentage of total cell area occupied by the ER area imaged in A. Mean + SD from three
independent experiments. **p < 0.01 using Student'’s t test. Error bars, SEM. (C) Lysates from
cells treated as in A were immunoblotted for markers of ER stress and CASP4. Western blot
analyses showed activation of ER stress in MGRN1-depleted cells. Note that 400 nM Tg
treatment in MGRN1-depleted cells elicits similar stress response as 2 pM Tg in untransfected
cells. (D) Histogram plotting fold change of all proteins analyzed in C. Mean £ SD from three
independent experiments. **p < 0.01 and ***p < 0.001 using Student’s t test. Error bars, £SEM.
(E) Mock or MGRN1 siRNA-transfected cells were left untreated or treated with Tg (400 nM for
6 h) alone or with BAPTA (75 pM for 6 h) in the indicated drug combinations. Lysates were
immunoblotted using CASP9 and CASP4 antibody. The levels of GAPDH and MGRN1 serve as
loading controls. (F) Histogram plotting fold change in CASP9 levels, analyzing data from E.
Mean £ SD from three independent experiments. *p < 0.05 using Student'’s t test. Error bars,
+SEM. (G) Hela cells with or without MGRN1 depletion were treated with Tg alone or with
BAPTA in the indicated combinations or left untreated. FURA-2AM was loaded, and the
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levels of MGRN1. Conversely, overexpres-
sion of MGRNT1 alleviated cellular stress
(Chhangani and Mishra, 2013). Although
these results implied that loss of MGRN1
would lead to cellular stress and eventually
death, the exact mechanisms remained
elusive.

Knockdown of MGRN1 led to ER expan-
sion, a morphological manifestation of ER
stress (Khaminets et al., 2015; Figure 2, A
and B). Images of cells either left untreated
or treated with 2 pM thapsigargin were used
as representatives for normal and expanded
ER, respectively (Supplemental Figure S2A).
We also observed up-regulation of markers
of ER stress, as detected by increased levels
of phosphorylated PRKR-like endoplasmic
reticulum kinase (PERK), binding immuno-
globulin protein (BIP), C/EBP homologous
protein (CHOP), and cleaved CASP4 com-
pared with control cells (Figure 2, C and D).
Treatment with two other independent siR-
NAs against MGRN1 yielded similar levels of
CASP4 activation (Supplemental Figure S2,
B and C). In addition, the levels of BCL2
were lower than in control cells (Supplemen-
tal Figure S2D). This is plausible because
CHOP is known to negatively regulate BCL2
levels (McCullough et al., 2001; Oyadomari
and Mori, 2004; Liu et al., 2014). In MGRN1
siRNA-treated cells, however, the enhanced
levels of the stress markers were lower than
when cells were treated with 2 pM thapsigar-
gin, a drug that depletes the ER Ca?* pool
while enriching its cytosolic concentration.
Treating MGRN1-depleted cells with 400
nM thapsigarin increased the levels of the ER
stress markers to comparable levels as when
control cells were treated with 2 pM drug. A
titration for different concentrations of thap-
sigargin in HEK and Hela cells showed that
whereas 400 nM drug was adequate to up-
regulate some of the ER stress markers, this
amount was insufficient to elicit CASP9
cleavage (Supplemental Figure S2, E and F).

cytosolic free Ca?* concentration was
measured from the ratio of fluorescence
intensities obtained when samples were
excited at 340 and 380 nm. Ryax and Ryin
were calculated by Triton X-100
permeabilization of FURA-2AM-loaded cells
and by subsequent treatment with ethylene
glycol tetraacetic acid, respectively. The
apparent Ky for FURA-2-Ca was taken as 224
nM. Mean + SD for three independent
experiments, with triplicates measured for
each experiment. *p < 0.05, **p < 0.01, and
***p < 0.001 using Student’s t test. Note that
the concentration of cytosolic free Ca?* is
significantly greater in MGRN1-depleted cells
than in mock cells without any treatment.
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When the stress is robust and persistent, CHOP levels are up-regu-
lated, and, as a consequence, apoptosis occurs (Rutkowski et al.,
2006). An increase in the total protein content at the ER was also
detected in the microsome fractions isolated from MGRN1-knock-
down cells compared with controls (Supplemental Figure 3, A and
B). The total cell lysate or the nuclear/mitochondrial fraction had
comparable protein amounts across both experimental conditions.
Further, increased levels of cleaved or activated CASP4 were also
detected in these cells compared with controls (Figure 2, C and D).
CASP4 is localized to the ER membrane and is cleaved when cells
are treated with ER stress—inducing reagents (Hitomi et al., 2004;
Bian et al., 2009). This indicated a predisposition toward ER stress
and apoptosis when MGRN1 was depleted. Cleaved CASP4 is in
turn known to activate CASP9 (Yamamuro et al., 2011). In MGRN1-
depleted cells, 400 nM thapsigargin treatment led to greater than
twofold increase in cleaved CASP9 levels. This was partially rescued
on exposure to the cytosolic Ca* chelator (1,2-bis(o-aminophenoxy)
ethane-N,N,N’,N'-tetraacetic acid [BAPTA]), either alone or with
thapsigargin. However, in cells with mock siRNA, similar amounts

of thapsigargin or BAPTA did not elicit alterations in the levels of
activated CASP9 and CASP4 (Figure 2, E and F). Untransfected cells
behaved like mock controls (Supplemental Figure 4, A and B). Free
intracellular levels of Ca?* were measured using Fura-2-acetoxy-
methyl-ester (FURA-2AM) in untreated control cells and in those
treated with thapsigargin and/or BAPTA (Figure 2G). Knockdown of
MGRN1 elevated the levels of free intracellular Ca?* but to a lesser
extent than treatment with thapsigargin.

ALG-2 and its interacting protein, ALIX, are implicated in ER
stress—induced apoptosis, which alters Ca?* homeostasis (Rao et al.,
2004; Strappazzon et al., 2010). In MGRN1-depleted cells, protein
levels of ALIX and ALG-2 were increased by approximately twofold
compared with mock controls (Figure 3, A and B). Thapsigargin treat-
ment further increased these levels, whereas addition of BAPTA par-
tially but significantly rescued the amounts of ALIX and ALG-2 (Figure
3, C and D). The increase in ALIX and ALG-2 levels in thapsigargin-
treated, MGRN1-depleted cells is probably due to stabilization of
these proteins in the presence of very high cytosolic Ca?*, as was seen
in mock siRNA-treated cells in the presence of 400 nM drug. We

failed, however, to detect significant changes
in the ALIX or ALG-2 mRNA level under simi-

play a significant role in this process be-

A) B) Q)
- lar experimental conditions (Figure 3E).
& * s .
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MGRN1 siRNA

cause the protein amounts did not change
with addition of the proteasomal inhibitor
MG132 (Supplemental Figure 4, E and F).
Functional loss of MGRN1 is known to
compromise autophagosomal degradation
(Majumder and Chakrabarti, 2015).

Results presented so far suggest that
compromised MGRN1 leads to ER stress—
like conditions and also stabilization of ALIX
and ALG-2 protein levels due to blocked
autophagosomal degradation and altered
calcium homeostasis.

. Untreated
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Predisposition to apoptosis by MGRN1
depletion is rescued by the ESCRT-I
protein TSG101

The ESCRT-I protein TSG101 was the first
substrate identified as ubiquitinated by
MGRNT1 (Kim et al., 2007). More recently, we
showed that overexpression of TSG101 and
its monoubiquitination can rescue blocked

independent experiments. *p < 0.05 and **p < 0.01 using Student’s t test. Error bars, +SEM.

(C) Mock or MGRN1 siRNA-transfected cells were left untreated or treated with Tg (400 nM for
6 h) alone or with BAPTA (75 pM for 6 h). Note that immunoblotting with antibodies against
ALIX and ALG-2 indicates a decrease in their protein levels with BAPTA treatment. The levels of
GAPDH and MGRNT1 serve as loading controls. (D) Histograms analyzing data from C. Mean +
SD from three independent experiments. *p < 0.05 and **p < 0.01 using Student’s t test. Error
bars, +SEM. (E) Total RNA was isolated from mock or MGRN1 siRNA-treated Hela cells.
Quantitative reverse transcription-PCR was performed using Syber Green and primers against
ALIX, ALG-2, and GAPDH. Samples were present in triplicate. The 244t values for each gene are
plotted, with ACt calculated as the Ct of the gene minus the Ct of GAPDH in MGRN1-depleted
cells. AACt was calculated as the ACt of MGRN1-knockdown samples minus that of the mock
cells. The 244t values do not differ significantly between mock- and MGRN1-depleted samples.
Error bars indicate SD. NS, not significant (p = 0.1 and 0.15).
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degradation by the amphisomal-lysosomal
and endolysosomal degradation pathways
when MGRNT1 is depleted (Majumder and
Chakrabarti, 2015). Moreover, it has also
been established that TSG101 and ALIX in-
teract with each other, and this may involve
the presence of ALG-2 (Strack et al., 2003;
von Schwedler et al., 2003; Okumura et al.,
2009). It was hence obvious to see whether
TSG101 could rescue the predisposition-to-
apoptosis phenotype. TSG101 overexpres-
sion reduced the amount of cleaved CASP9,

Molecular Biology of the Cell



CASP7, CASP3, and CASP4 generated when MGRN1 was depleted pases was detected in SHSY5Y cells (Figure 4, C and D), suggesting
to comparable levels as in the mock control cells (Figure 4, Aand B).  a cell line-independent phenomenon. TSG101 also rescued the
A comparable decrease in the ratio cleaved:pro-forms of these cas-  cell-death phenotype, as assayed by terminal deoxynucleotidyl
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transferase dUTP nick-end labeling (TUNEL;
Figure 4E). This was also reflected morpho-
logically in the nuclei of cells stained with
Hoechst 33342. The nuclei of MGRN1-de-
pleted cells exhibited minor but significant
condensation similar to that detected previ-
ously. Overexpression of TSG101 in these
cells partially rescued the phenotype; in
other words, control and MGRN1-knock-
down cells had morphologically similar
nuclei without exhibiting nuclear condensa-
tion (Figure 5, A and B). The nuclear vol-
umes were ~323 and ~281 pm? in mock and
MGRN1 siRNA-treated cells, respectively,
when TSG101 was overexpressed. The ex-
panded ER morphology due to MGRNT1
knockdown was also rescued by overexpres-
sion of TSG101 (Figure 5, C and D).

Depletion of TSG101 recapitulates
MGRN1 knockdown
In Hela cells, sikRNA-mediated depletion
of TSG101 function resulted in enhanced
cleavage and hence activation of CASP9, 7,
3, and 4 (Figure 6, A and B). To corroborate
the effect of TSG101 knockdown on CASP9
and CASP4 cleavage, we also used two
other independent siRNAs (Supplemental
Figure S5, A and B). Consistent and signi-
ficant ~1.6-fold increase in the ratio
cleaved:pro-form of these caspases was de-
tected in TSG101-knockdown cells com-
pared with the controls. The enhancement
in active caspases was similar to that de-
tected with the depletion of MGRN1 (Figure
1, A and B). Morphologically, the nuclei of
TSG101-depleted cells stained with Hoechst
33342 showed minor condensation, similar
to MGRN1 knockdown (Figure 6, C and D).
UV-irradiated cells showed distinct nuclear
fragmentation. The nuclear volumes were
~268 and ~193 pm? in mock and TSG101
siRNA-treated cells, respectively. The ER
morphology was also perturbed in TSG101-
knockdown cells, similar to those with com-
promised MGRN1 function (Figure 6, E
and F). Knockdown of TSG101 elevated the
levels of free intracellular Ca?* as measured
with FURA-2AM (Figure 6G). This was similar
to recent reports that depletion of some ES-
CRT proteins could deregulate Ca?* homeo-
stasis and elicit ER stress (Zhao et al., 2013;
Oshima et al., 2016). This suggested that
the destabilization of the Ca?* homeostasis
by depletion of either MGRN1 or TSG101
was primarily due to onset of ER stress.
Further, siRNA-mediated depletion of
TSG101 also elevated the protein levels of
ALIX and ALG-2 compared with mock
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are reversed by TSG101. (A) Hela cells treated with mock or MGRN1
siRNAs were transiently transfected with empty vector or TSG101,
stained with Hoechst 33342, and imaged. Nuclear boundaries were
analyzed using ImageJ. Note the significant rescue of nuclear
condensation with HA-TSG101 overexpression. Condensed nuclei are
marked by arrowheads. Scale bar, 10 ym. (B) Comparison of
distribution of nuclear volume among the different experimental
conditions. For each condition, 70 nuclei were analyzed from five
independent experiments. The horizontal line in each box shows the
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treated with mock or MGRN1 siRNAs were either transiently
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TSG101. Cells were imaged to analyze perturbations in ER
morphology. Note the recovery in ER morphology upon
overexpression of HA-TSG101. Scale bar, 15 pm. (D) Histogram
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bars, +SEM.
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controls (Figure 7, A and B). The extent of increase in these proteins
was comparable to the depletion of MGRN1. TSG101 knockdown
affects autophagosomal degradation (Filimonenko et al., 2007;
Majumder and Chakrabarti, 2015). No significant changes in the
ALIX or ALG-2 mRNA levels were detected under similar experi-
mental conditions (Figure 7C). Whereas TSG101 and MGRN1 de-
pletion phenotypically closely resembled each other, MGRN1
knockdown did not lead to down-regulation of TSG101 at the
mRNA or protein level (Supplemental Figure 5, C and D).

Ubiquitination of TSG101 by MGRN1 maintains cell viability
We also checked whether the regulation of TSG101 function by
MGRN1 could contribute to the activation of caspases. MGRN1-
mediated ubiquitination of TSG101 was instrumental in regulating
predisposition to apoptosis. For this, cells were transfected with
MGRN1 mutants—either the RING-deleted (MGRN1AR, unable to
ubiquitinate) or the strain with its PSAP motif altered (MGRN1(SRAP),
with compromised ability to interact with TSG101; Figure 8A. Acti-
vation of the indicated caspases was affected. The levels of ALIX
and ALG-2 were elevated, probably due to compromised fusion of
autophagosomes/amphisomes with lysosomes, which eventually
blocked lysosomal degradation (Majumder and Chakrabarti, 2015).
Elevated levels of activated CASP9, ALIX, and ALG-2 upon deple-
tion of MGRN1 could be reversed by exogenous expression of
ubiquitin (Ub) or KO Ub (a lysine-less Ub mutant promoting only
monoubiquitination; Tan et al., 2008; Supplemental Figure 5E). Ex-
ogenous expression of hemagglutinin (HA)-TSG101 equalized the
amounts of ubiquitinated TSG101 (functional protein) in mock- and
MGRN1-depleted cells (Supplemental Figure 5F). MGRN1 deple-
tion severely compromised ubiquitination of TSG101, as evident
when endogenous TSG101 was immunoprecipitated and immu-
noblotted with o-ubiquitin antibody. Reduced TSG101 ubiquitina-
tion was evident even in HA-TSG101-overexpressed samples when
immunoprecipitation was done with anti-TSG101 antibody. This in-
dicated that the amount of functional endogenous TSG101 was less
when MGRN1 was knocked down than with the control samples.
However, such a difference in TSG101 ubiquitination was not obvi-
ous when immunoprecipitation was done with anti-HA antibody
(Supplemental Figure 5F). TSG101 may be ubiquitinated by other
E3 ligases, TAL and MDM2 (Amit et al., 2004; Cheng and Cohen,
2007). It cannot be completely ruled out that it is probably ubiquiti-
nated by one of these ligases when MGRN1 is nonfunctional, as is
evident in the brains of young Mgrn1-null mutant mice. Here ubig-
uitinated TSG101 is detected, although at relatively reduced levels
(Jiao et al., 2009). It is reasonable to extrapolate that whereas
MGRN1 modulates TSG101 function, this ESCRT-I protein is the key
mediator in regulating cell viability in this scenario.

The interaction between TSG101 and MGRN1 affected activa-
tion of the caspases. For this, mock- or MGRN1-depleted Hela
cells were transfected with TSG101 or its mutants that were com-
promised in their interaction with MGRNT1. In the presence of
TSG101, cleaved CASP9 levels, along with those of ALIX and ALG-
2, were comparable between mock- and MGRN1-depleted cells
(Figure 8, B and C). However, when cells expressed A ubiquitin E2
variant (AUEV)-TSG101 or M95R-TSG 101, the levels of cleaved:pro-
CASP9 significantly increased. ALIX and ALG-2 proteins were also
increased in cells expressing TSG101 mutants. The TSG101 UEV
domain binds specifically to P(S/T)AP sequences, but a mutation in
the UEV domain abolishes this binding (Kim et al., 2007). These
mutations also affect the interaction between TSG101 and ALIX
(Pornillos et al., 2002; von Schwedler et al., 2003; Supplemental
Figure 5G).

Molecular Biology of the Cell
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Taken together, the results so far suggest
that TSG101 is an important molecular
player in regulating predisposition of cells to
ER stress—mediated apoptosis.

CASP4 activates CASP9 during

ER stress

To establish a direct correlation between
predisposition to apoptosis and ER stress,
we examined the role of CASP4 activation
in this process. Mock and MGRN1- or
TSG101-knockdown Hela cells were trans-
fected with wild-type or mutant CASP4
constructs. CASP-C258A mutant is not
cleaved or activated and hence is incapable
of activating CASP9 (Pallepati and Averill-
Bates, 2011; Yamamuro et al., 2011; Kaji-
wara et al., 2014). Here, although an in-
crease in the levels of ALIX and ALG-2 were
detected in the MGRN1- and TSG101-
depleted samples, CASP9 was not cleaved,
and nuclear condensation was not observed
(Figure 9, A-C).

Interaction between ALIX and ALG-2
predisposes to apoptosis but that of
ALIX with TSG101 protects against

cell death

ER stress-induced cell death is independent
of Apaf-1 and cytochrome ¢ molecules but
recruits  valosin-containing protein and
ALG-2 (Rao et al., 2004). It was proposed
that the ALIX-TSG101 binding is Ca?* de-
pendent and uses ALG-2 as an adaptor pro-
tein (Okumura et al., 2009; Sun et al., 2015).
Further, it was also suggested that cell death
as a result of cytosolic Ca?* increase requires
ALIX- and ALG-2-mediated CASP9 activa-
tion (Strappazzon et al., 2010). Our results
so far indicate that when Ca?" homeostasis
is altered inside cells (such as due to deple-
tion of MGRN1 or TSG101), CASP4 is
cleaved. Simultaneous stabilization of the
ALIX and ALG-2 levels due to blocked deg-
radation at the lysosomes eventually leads
to activation of CASP9. To understand the
significance of each of these molecular play-
ers in regulating the phenotype of predispo-
sition to apoptosis, we transfected cells with
various combinations of TSG101 and ALIX
constructs. The fold change in the levels

using Student’s t test. Error bars, +SEM.

(G) Mock or TSG101-knockdown Hela cells
were loaded with FURA-2AM, and the
cytosolic free Ca?* concentration was
measured using similar experimental
conditions as in Figure 2G. Data represents
mean + SD for three independent
experiments, with triplicates measured for
each experiment. **p < 0.01, Student’s t test.
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of cleaved:pro-CASP9 increased in the
presence of ALIX. Overexpression of
TSG101 significantly reduced this (Figure
10, A and B). However, when ALIX-ATSG101
(a mutant of ALIX compromised in its bind-
ing with TSG101) was present, TSG101
could not rescue the phenotype, and a sig-
nificantly high level of cleaved CASP9 was
detected. Further, expressing ALIX-AALG-2
mutant did not elicit an increase in cleaved
CASP?9 in the presence of TSG101 or AUEV-
TSG101. Our results also showed that the
ALIX-TSG101 interaction was not drastically
altered in the presence of ALIX-AALG-2 or
when ALG-2 was depleted (Supplemental
Figure 6, A—E). This association of ALIX with
TSG101 under ALG-2-binding compro-
mised conditions was verified in different
cell lines. The presence of very low levels of
functional ALG-2 enabling this interaction,
however, could not be completely elimi-
nated. Taken together, these results suggest
that whereas interaction between ALIX and
TSG101 rescued the apoptosis phenotype,
the association between ALIX and ALG-2
supported predisposition to cell death. It
has been suggested that under conditions
of high cytosolic Ca?*, ALIX and ALG-2 in-
teract to promote cell death (Missotten
et al., 1999; Vito et al., 1999).

When ALIX or ALIX-ATSG101 was over-
expressed in cells, a Ca?-dependent in-
crease in the levels of cleaved CASP9 was
observed (Figure 10, C and D), probably
due to stabilization of the ALIX-ALG-2
complex. No discernible Ca?* dependence
was detected when ALIX-AALG-2 or ALIX-
ATSG101-AALG-2 was exogenously ex-
pressed in cells. To further understand why
MGRN1 depletion resulted in predisposi-
tion to apoptosis, we transfected knock-
down cells with ALIX and its mutants and
assayed for the fold change in the levels of
cleaved:pro-CASP9 (Figure 10, E and F).
Here again, expression of ALIX and ALIX-
ATSG101 led to increase in the amounts of
cleaved CASP9, whereas ALIX-AALG-2 be-
haved like the control (with empty vector).
Hence, absence of interaction between
ALIX and TSG101 promoted cell death,
whereas that of ALIX with ALG-2 had the
opposite result. Under conditions of
MGRN1 knockdown, depleting either ALIX

(C) Histograms generated using data from B
show analyses from three independent
experiments. *p < 0.05, **p < 0.01, and
***p < 0.001. NS., not significant (p = 0.2,
0.34, and 0.28) using Student'’s t test. Error
bars, +SEM.
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immunoblotted against the indicated antibodies. Note that loss of MGRN1 and TSG101
predisposed cells to apoptosis (as assessed by CASP9 cleavage) in the presence of CASP4 but
not that of CASP4-C258A. ALIX and ALG-2 levels were elevated upon MGRN1 and TSG101
depletion, irrespective of CASP4 activity. The levels of TSG101, MGRN1, CASP4, and GAPDH
serve as loading controls. Arrow, Myc-Pro-CASP4. (B) Hela cells treated as in A were stained
with Hoechst 33342 and imaged. Nuclear boundaries were obtained using ImageJ. Note that
nuclear condensation closely follows the results of CASP9 cleavage. Boundaries of two random
nuclei in each image are demarcated. Condensed nuclei are marked by arrowheads. Scale bar,
10 um. (C) Histogram comparing the distribution of nuclear volume for the different
experimental conditions in B. For each condition, 30 nuclei were analyzed from three
independent experiments. The horizontal line in each box shows the median value, and the
white plus sign inside each box is the mean. The upper and lower boundaries of individual boxes
show the upper and lower quartiles, respectively; the whiskers are SDs.

or ALG-2 did not elicit an increase in the fold change in the level of
cleaved:pro-CASP9 (Figure 10, G and H), again emphasizing that
ALIX and ALG-2 interaction was crucial in guiding cells to
apoptosis.
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¢mprP-mediated ER stress and
predisposition to apoptosis are
rescued by TSG101

The presence of the aberrant metabolic iso-
form of the ubiquitously expressed cell sur-
face glycoprotein mammalian PrP, referred
to as “™PrP, is associated with elevated ER
stress (Wang et al, 2011). Studies have
shown that increased generation of “mPrP
by the expression of the naturally occurring
human disease mutation (PrP(A117V)) leads
to spongiform neurodegeneration in animal
models (Hegde et al., 1998; Rane et al,
2010). Brain lysates from transgenic mice
expressing “MPrP (PrP(A117V)) showed in-
crease in ER stress markers along with the
levels of cleaved CASP9, ALIX, ALG-2, and
ER  stress—associated, murine-activated
CASP12 compared with nontransgenic con-
trol (Figure 11, A and B). Induction of ER
stress and activation of CASP12 have also
been observed in the presence of the path-
ological form PrP%¢ (Hetz et al., 2003). In
Hela cells, expression of PrP(A117V) simi-
larly resulted in the onset of ER stress and
increased levels of cleaved CASP4, CASP?,
ALIX, and ALG-2 (Figure 11, C and D). In ad-
dition, “mPrP expression is implicated in
depletion of MGRNT1 in cells and selected
brain regions (Chakrabarti and Hegde,
2009). Exogenously expressed TSG101 res-
cued the ER stress and predisposition-to-
death phenotypes by restoring the levels of
CHOP, activated caspases (CASP4 and
CASP9), ALIX, and ALG-2 similar to the PrP
controls (Figure 11, C and D). TSG101 fur-
ther rescued the expanded ER morphology
detected in cells expressing PrP(A117V)
(Figure 11, E and F). Overexpressing PrP did
not affect ER morphology. Here again,
TSG101 partially reversed the effects of
MGRN1 depletion and induction of ER
stress in a more pathologically relevant situ-
ation. We can hypothesize that “"PrP-medi-
ated cytotoxicity involves close interplay
among several ESCRT machinery proteins.

DISCUSSION

This study elucidated the mechanism by
which MGRN1 depletion predisposes vari-
ous types of cells to apoptosis by up-regu-
lating ER stress and using components of
the ESCRT pathway. This activation of ER
stress is not as robust as when cells were
stimulated with 2 pM thapsigargin. ER
stress—associated CASP4 is cleaved in
MGRN1-depleted cells, and this effect is en-
hanced in the presence of 400 nM thapsi-

gargin. In control cells, however, this amount of thapsigargin is not
sufficient to elicit CASP4 or CASP9 cleavage, although the other
markers of ER stress are increased. The levels of cleaved CASP9,
ALIX, and ALG-2 are also higher in samples with MGRN1 depletion.
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predisposes cell to death. (A) Lysates from Hela cells transiently cotransfected with the indicated
constructs were immunoblotted against the given antibodies. Note that CASP9 cleavage was not
observed when ALIX and TSG101 could interact. The bands used to quantify the fold change of
CASP9 activation are marked by arrows. ALG-2 levels were unaltered across samples. Levels of
ALIX, TSG101, and GAPDH serve as loading controls. (B) Graph plotted with data from A shows
analyses from three independent experiments. **p < 0.01, using Student's t test. Error bars, +SEM.
(C) Hela cells transiently transfected with various ALIX constructs were left untreated or treated
with Tg alone or with BAPTA. Cell lysates were analyzed by Western blots. (D) Histogram plotting
results from C, using results from four independent experiments. *p < 0.05 and **p < 0.01, Student’s
t test. Error bars, £SEM. (E) MGRN1-depleted Hela cells transfected with either empty vector or
various ALIX constructs were lysed and immunoblotted for CASP9 cleavage. GAPDH serves as the
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Arrowhead, FLAG-ALIX; arrow, endogenous ALIX. (F) Graph generated using results of E from three
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**p <0.01 and ***p < 0.001 using Student’s t test. Error bars, +SEM.

Chelating away cytosolic Ca?* partially restores the amounts of ac-
tive CASP9, ALIX, and ALG-2 to the controls cells (mock siRNA-

transfected or untransfected), suggesting that a minor insult can tilt etal., 2010).

2116 | Z Kaul and O. Chakrabarti

the cellular balance toward apoptosis. A
logically justified extrapolation would be
that MGRN1 depletion predisposes cells to
stress and hence apoptosis. The levels of
ALIX and ALG-2 are increased due to im-
paired autophagosomal-lysosomal degra-
dation. TSG101 depletion hence also stabi-
lizes the levels of ALIX and ALG-2. At the
same time, depletion of this ESCRT-| protein
predisposes to ER stress. Increased levels of
free cytosolic Ca?* along with higher protein
quantities of ALIX and ALG-2 favor predis-
position to apoptosis when either MGRN1
or TSG101 is knocked down in cells. How-
ever, when TSG101 is overexpressed, au-
tophagosomal degradation of ALIX and
ALG-2 is restored, and their levels are not
high. This abundance of TSG101 promotes
interaction between ALIX and TSG101, thus
protecting cells against apoptosis. Monou-
biquitination of TSG101 is also able to miti-
gate the proapoptosis phenotype. Contrary
to earlier studies, compromised interaction
between ALIX and ALG-2 does not drasti-
cally affect binding between ALIX and
TSG101. Impaired association of ALIX with
TSG101 instead leads to activation of
CASP9 (Figure 12). This study is significant
because it further shows that ER stress in-
duced by the disease-causing “™PrP mutant
(resulting in increased levels of ALIX and
ALG-2) can be rescued by TSG101 overex-
pression. It is plausible to suggest that
MGRN1 depletion is one of the contributing
factors that predispose to apoptosis; any
additional trigger would lead to final onset
of the process.

Apoptosis is a normal cellular process
and is tightly regulated during the lifespan
of any organism. It plays an important role
during embryonic development, leading to
proper formation of various organs and
structures. Deregulated apoptosis during
embryogenesis is lethal for developing em-
bryos (Brill et al., 1999). It is a highly regu-
lated physiological process during normal
heart development (Fisher et al., 2000;
Barbosky et al., 2006; Sanchis et al., 2008).
However, an increase in myocardial apopto-
sis during embryonic development results in
cardiac dysfunction and congenital heart
defects (Pexieder, 1975; Gittenberger-de
Groot et al., 2005). Of interest, ventricular
septal defects are among the most common
congenital heart defects in children (Smith
et al., 2015). Deficiency of endothelial nitric
oxide synthase is implicated in increased
cardiomyocyte apoptosis during embryonic
heart development and congenital septal

defects (Feng et al.; 2002). It is also speculated that prolonged ER
stress in cardiac tissue ultimately triggers apoptosis (Groenendyk
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CASP4; p=0.41, CASP9; p=0.17, ALIX; and p = 0.67, ALG-2). Error bars, +SEM. (E) Hela cells
transiently cotransfected with wild-type PrP or ©“mPrP-generating mutant (A117V) along with
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About 46-60% mortality by weaning age
is found in mice homozygous for the null al-
lele of MGRN1 (Cota et al., 2006). A signifi-
cant majority of these deaths are due to
complex congenital heart defects, including
atrial and ventricular septal defects, thin-
ning of the myocardium, right aortic arch,
double-outlet right ventricle, unroofed cor-
onary sinus, malposition of the great arter-
ies, retroesophageal left subclavian artery,
abnormal heart situs (mesocardia or dextro-
cardia), and/or pericardial and pleural effu-
sion (Cota et al., 2006; Jiao et al., 2009).
This raised the possibility that loss of ex-
pression of the ubiquitously expressed E3
ligase MGRN1 could also have a role in con-
genital heart defects by up-regulating ER
stress.

The significance of MGRNT1 in alleviating
cellular stress was found in recent studies
showing that functional loss of MGRN1 af-
fected lysosomal degradation and enhanced
propensity to mitochondrial depolarization
and that its overexpression could abrogate
the effects of a plethora of cellular stresses
(Chhangani and Mishra, 2013; Majumder
and Chakrabarti, 2015; Mukherjee and
Chakrabarti, 2016). Increased presence of
cytosolic Ca?* along with the established
markers of ER stress indicate that MGRN1
depletion indeed disrupts intracellular Ca?*
homeostasis and leads to onset of ER stress.
A previous report demonstrated that ER
stress-induced apoptosis involved CASP12
(mouse homologue of human CASP4) to ac-
tivate CASP9 (Rao et al., 2002). We hence
suggest that depletion of MGRN1 results in
predisposition to apoptosis. We cannot ex-
clude the possibility that prolonged ER stress
may also involve mitochondria among other
players in caspase activation and cell death.

Recent work suggests that ablation of
the ESCRT-0 protein Hrs induces hippocam-
pal neuronal cell loss in mouse models. Si-
lencing of Hrs in cell culture systems results
in impaired autophagic clearance and en-
hanced ER stress. This eventually culminates
in apoptotic and neproptotic cell death by
triggering c-Jun N-terminal kinase (JNK) ac-
tivation (Oshima et al., 2016). In yeast cells,
deletion of ESCRT components (Snf7, Snfg,
Stp22, Vps20, Vps25, Vps28, or Vps36)
activates calcium/calcineurin signaling. This
leads to increased accumulation of intracel-
lular Ca?* in response to ER stress in these
mutants and also altered calcium homeosta-
sis (Zhao et al., 2013). Similarly, here we show
that functional depletion of the ESCRT-I pro-
tein TSG101, previously shown to compro-
mise autophagosomal-lysosomal degrada-
tion (Majumder and Chakrabarti, 2015), also
induces ER stress, and this predisposes cells

TSG101 alters apoptosis predisposition | 2117



MGRN1 present

GRN1
’\/ /
g

ALIX

ALG-2
@ /Lys ome

Non-stressed ER

Endolysosomal

Cytosolic Ca?* [
pathway active,

ALIX |
ALG-2 |

ALIX, ALG-2 levels
low

MGRN1 depletion MGRN1 depletion + TSG101 overexpression

TSG101
overexpression

Ac-CASPFAC®CASP3

Endolysosomal
@ Functlonal
=< Death pathway Lysosome TSG101 ALIX
Cytosolic Ca?* T blocked; interaction
ALIX t ALDI‘(‘,.A:'.G-Z
ALG2 T '8

FIGURE 12: Schematic diagram summarizing the results. In healthy cells, when cytosolic Ca?* is
low, MGRN1-mediated ubiquitination of TSG101 promotes lysosomal degradation and helps
maintain low levels of ALIX and ALG-2. MGRN1 depletion leads to ER stress and increase in

TSG101 concentrate at centrosomes and
are recruited to the midbodies of dividing
cells via direct interactions with CEP55,
IQGAP1, and ROCK1 (Morita et al., 2007).
IQGAP1 and ROCK1 regulate cytoskeletal
remodeling (Machesky, 1998; Matsumura,
2005) and possibly also during abscission
(Adachi et al., 1997; Madaule et al., 1998;
Skop et al., 2004). There is no experimental
evidence that the interaction between ALIX
and TSG101 involving CD2AP, CEP55,
ROCK1, or IQGAP requires alteration of
Ca?" homeostasis. These results also sug-
gest that ALIX-TSG101 interaction does not
require ALG-2 as the adapter protein.

Here we provide the first evidence that
whereas predisposing cells through ER
stress mediates apoptosis, interaction be-
tween ALIX and ALG-2 and between ALIX
and TSG101 are independent of each other
but are both potentiated in the presence of
cytosolic Ca?*. MGRN1 depletion results in
onset of ER stress (and Ca?* disrupted ho-
meostasis) and simultaneously leads to in-
creased protein levels of ALIX and ALG-2.
These two events together would tilt the
balance to ALIX-ALG-2 interaction and cul-
minate in apoptosis. On the other hand, if
TSG101 levels were exogenously increased,
ALIX-TSG101 interaction would be more fa-
vored in protecting cells from activating cas-
pases and initiating cell death. We specu-
late that blocked lysosomal degradation

cytosolic Ca?*, ALIX, and ALG-2 protein levels and facilitates the ALIX-ALG-2 interaction. ER
stress—associated CASP4 is cleaved; this in turn activates CASP9 in the presence of high ALIX
and ALG-2 levels. In the presence of excess TSG101, the concerted effect of multiple factors
protects against apoptosis; lysosomal degradation resumes along with interaction with ALIX.
Blocked pathways are indicated by red lines; EE, early endosome; MVB, multivesicular body; ER,

endoplasmic reticulum; red dots, Ca?*; yellow ovals, ubiquitin.

to apoptosis. MGRN1 depletion affects TSG101 function and per-
turbs lysosomal degradation. The present study finds an increase in
the ER protein load in MGRN1-depleted samples, indicating onset
of ER stress. Blocked clearance of lysosomal cargo could hence be a
factor promoting ER stress and destabilizing cytosolic Ca?*, although
the exact mechanism requires further study.

The Ca?* binding to ALG-2 induces a conformational change
that allows it to interact with the multifunctional adaptor protein
ALIX (Vito et al., 1999). ALIX and ALG-2 act upstream of CASP9 ac-
tivation after cytosolic Ca?* increase (Strappazzon et al., 2010). Fur-
ther, ALIX has also been shown to interact with TSG101 using ALG-2
as an adapter protein in a Ca?*-dependent manner (Okumura et al.,
2009). This mediates sorting at MVBs (Sun et al., 2015). The associa-
tion between ALIX and TSG101 may also be mediated through one
of the adapter proteins involved in cytokinesis—CD2-associated
protein (CD2AP), centrosomal protein 55 (CEP55), Rho-associated
coiled-coil-containing protein kinase 1 (ROCK1), or IQ motif-con-
taining GTPase-activating protein (IQGAP). CD2AP is best charac-
terized as an adaptor protein that functions in various stages of en-
docytic protein trafficking and actin remodeling (Wolf and Stahl,
2003). Reductions in CD2AP levels affect MVB biogenesis (Kim
et al., 2003), as well as abscission (Monzo et al., 2005). ALIX and
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probably induces ER stress on one hand,
and ER stress can then affect cytosolic Ca?*
levels. On the other hand, lack of lysosomal
degradation also leads to accumulation of
ALIX and ALG-2. We speculate that con-
certed action of these events ultimately cul-
minates in cell death.

Finally, our study linking components of the ESCRT machinery
via their involvement with MGRN1 may highlight a key event in reg-
ulating ER stress—mediated apoptosis that may guide early develop-
ment of the cardiovascular system, and an excess of which translates
into complex congenital heart defects, as well as lead to neurode-
generation in at least a subset of prion diseases.

MATERIALS AND METHODS

Constructs, antibodies, and reagents

MGRN1, MGRN1AR, PrP, PrP(A117V), and MGRN1-GFP constructs
have been described (Chakrabarti and Hegde, 2009), as has
MGRN1(SRAP) (Majumder and Chakrabarti, 2015). HA-tagged
TSG101 was a gift of Juan S. Bonifacino (National Institutes of
Health, Bethesda, MD); FLAG-tagged ALIX, ALIX-AALG-2, ALIX-
ATSG101, and ALIX-ATSG101-AALG-2 were gifts of Rémy Sadoul
(Grenoble Institute of Neurosciences, France); Myc-tagged CASP4
and CASP4-C258A were gifts of Hans-Dietmar Beer (University
Hospital Zurich, Switzerland); ER-GFP construct was a gift of Erik L.
Snapp (Janelia Research Campus); HA-tagged wild-type Ub was a
gift of Rafael Mattera (National Institutes of Health, Bethesda, MD);
and KO Ub mutant was a gift of Kah-Leong Lim (Duke-NUS Medi-
cal School, Singapore). HA-AUEV-TSG101 was generated using
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standard cloning and mutation techniques, and HA-M95R-TSG101
was generated by standard site-directed mutagenesis methods.

Antibodies were from the following sources. Cell Signaling Tech-
nology: caspase 9 (9502P), cleaved caspase 9 (7237P), caspase 7
(9492P), cleaved caspase 7 (8438P), caspase 3 (9662P), cleaved cas-
pase 3 (9664P), phospho-PERK (3179S), PERK (683P), CHOP
(2895P), BIP (3177P), MCL1 (5453P), BCL-XL (2764P), BCL2 (2370P),
and B-catenin (9562). Thermo Scientific: p62/SQSTM1 (PA5-20839).
Sigma-Aldrich (St. Louis, MO): monoclonal anti-glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) clone GAPDH-71.1 (G8795).
Abcam: TSG101 (ab83), BAD (ab32445), ALG-2/PDCD6 (ab109181),
ALIX (ab117600), B-tubulin (ab7792), caspase 4 (ab22687), caspase
8 p10 (ab2553), and BAX (ab7977). Novus: VDAC1T (15895) and Ub
(NB300-130). The MGRN1, GFP, Myc, PrP, FLAG, TRAP-0, and HA
antibodies were gifts of Ramanujan S. Hegde (MRC Laboratory of
Molecular Biology, Cambridge, United Kingdom).

MG132, thapsigargin, FURA-2AM, bafilomycin A1, and BAPTA-
AM were from Sigma Aldrich; Universal FastStart Syber Green Mas-
ter (Rox) was from Roche; Hoechst 33342 was from Cell Signaling
Technology; 4’,6-diamidino-2-phenylindole (DAPI) was from USB;
and TRIzol reagent was from Invitrogen. Drug treatments were as
follows: MG132 (25 pM, 6 h), bafilomycin A1 (300 nM, 6 h), thapsi-
gargin (400 nM, 6 h; 200 nM, 6 h; 2 uM, 6 h), and BAPTA-AM (75 uM,
6 h). For thapsigargin titration experiments, drug treatments were
done for 6 h. In situ BrdU-Red DNA Fragmentation (TUNEL) Assay
Kit (ab66110) was from Abcam.

Cell culture and transfection

Cell lines used for the experiments were Hela (human cervical can-
cer cell line), SHSY5Y (human neuroblastoma cell line), and HEK293T
(human embryonic kidney cell line). Maintenance of cells in culture
was as before (Srivastava and Chakrabarti, 2014). Briefly, cells were
grown in 10% fetal bovine serum (FBS; Life Technologies, Grand Is-
land, NY)/DMEM (Himedia, Mumbai, India) at 37°C and 5% CO,.
SHSY5Y cells (a gift of Debashis Mukhopadhyay, Saha Institute of
Nuclear Physics, Kolkata, India) and HEK293T cells (a gift of Subrata
Banerjee, Saha Institute of Nuclear Physics, Kolkata, India) were
grown under standard cell culture conditions.

For transfections of cells, Lipofectamine 2000 (Invitrogen, Carls-
bad, CA) was used per the manufacturer’s instructions. At 24 h post-
transfection, cells were lysed in suitable buffers.

Al tissue culture plastic ware used for microscopy were from
Nunc (Roskilde, Denmark), and bottom coverglass dishes were from
SPL Life Sciences (Gyeonggi-do, South Korea).

siRNA-mediated knockdown
For siRNA-mediated knockdown, ON-TARGETplus SMARTpool siR-
NAs from Thermo Scientific (Dharmacon Products, Lafayette, CO)
were used, consisting of a mixture of four individual siRNAs against
MGRN1 (L-022620-00-0020), human TSG101 (L-003549-00-0005),
human ALIX/PDCDéIP (L-004233-00-0005), human ALG-2/PDCé (L-
004440-00-0005), nontargeting siRNA (D-001810-01-20), and GFP
(D-001300-01-20). Ambion Silencer Select Pre-designed (Invento-
ried) siRNAs (Life Technologies) consisting of single siRNAs were
also used against human TSG101 (s14441 and s14439, referred to
as TSG101 siRNA1 and siRNA2, respectively) and human MGRN1
(s23496 and s23495, referred to as MGRN1 siRNA1 and siRNA2,
respectively). siRNAs were transfected using Lipofectamine 2000
following the manufacturer’s instructions.

Cells knocked down for 48 h were transfected with indicated
constructs if required. They were used for experiments 20-24 h
posttransfection.
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Double siRNA-mediated knockdown was done by combining
two SMARTpool siRNAs in equal amounts, keeping the total con-
centration the same, as recommended by the manufacturer.

UV treatment of cells

Subconfluent cells were washed with phosphate-buffered saline
(PBS) and exposed to UV light. Vilber Lourmat Bio-Link BLX Cross-
linker (BLX-E312), which emits UVB rays with an emission peak at
312 nm, was used for irradiating the cells in PBS. Cells were irradi-
ated with a dose of 90 J/cm? for 5 min. After this, PBS was dis-
carded, and cells were maintained in fresh culture medium for 24 h
at 37°C and 5% CO,. Cells were then harvested for biochemical
analyses or used for imaging. Control cells were treated similarly
without being exposed to UV.

Hoechst 3342 staining

After specific treatment, cells were fixed with 4% formaldehyde.
They were then permeabilized using PBS/0.1% Triton X-100 (Sigma-
Aldrich) for 25 min, followed by staining with a working concentra-
tion of Ty g/ml Hoechst 33342. The samples were then imaged us-
ing a fluorescence microscope.

Western blotting and immunoprecipitation

The protocol for Western blotting was as described before
(Srivastava and Chakrabarti, 2014). We used 7.5, 10, or 12% Tris-tri-
cine gels for SDS-PAGE, followed by Western blotting.

For immunoprecipitation, cells were lysed in lysis buffer
(142.5 mM KCI, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid [HEPES], 0.2% NP-40, 50 pM CaCl, pH 7.4) by passage
through a 25-gauge needle 20 times. Unlysed cell debris was re-
moved by spinning at 1500 x g. CaCl, at 50 uM was used in most
experiments, unless otherwise indicated. Immunoprecipitation was
performed using standard protocols.

Quantification of Western blots was done using Bio-Rad Quantity
One software. The data were tabulated in Microsoft Excel and used
to generate the histograms. At least three independent experiments
were performed, and band intensities were normalized to loading
control. The p values were determined using Student’s t test.

Fold change in caspase activation is calculated as

Active caspase in experimental siRNA sample
Pro-caspase in experimental siRNA sample

Active caspase in mock siRNA sample
Pro-caspase in mock siRNA sample

Microsome isolation protocol

Cells were lysed in microsomal isolation buffer containing 0.3 M su-
crose and 10 mM HEPES (pH 7.0) by passage through a 25-gauge
needle attached on a 1-ml syringe 30 times. This was centrifuged at
1500 x g to pellet unlysed cell debris. Nuclear and mitochondrial
fractions were removed by centrifuging the supernatant at 12,000 x
g. Microsomal fraction was enriched by centrifuging the supernatant
at 43,000 rpm.

Quantitative PCR

After specific treatment, cells were harvested for immediate RNA
extraction. Total RNA was prepared using TRIzol reagent (Invitro-
gen) according to the manufacturer’s protocol. Quantitative PCR
was used to compare the expression of human ALIX (forward primer,
5-CTG ACA AAA TCA ATC GTG CC-3’; reverse primer, 5-CC AAA
GAC TGC TGT ACT GAC-3’), human ALG-2 (forward primer, 5-TTC
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CAG AGG GTC GAT AAA GAC-3’; reverse primer, 5-CGT GCG
GAA GAC GTT CTG CCA-3'), and human TSG101 (forward primer,
5-CCA AAT ACT TCC TAC ATG CCA-3’; reverse primer, 5-ATC
CCT ACT GGG ACC AAC AGT-3') genes.

Determination of free intracellular Ca?*

After specific treatments, free intracellular Ca** was measured
in cells as before (Mukherjee and Chakrabarti, 2016). Briefly, the
cytosolic free Ca?* concentration was measured using FURA-2AM.
The ratio of fluorescence intensities was obtained for samples ex-
cited at 340 and 380 nm. Ry, and Ry, were calculated as previ-
ously described (Pérez et al., 1998; Grynkiewicz et al., 1985). The
apparent Ky for FURA-2-Ca was taken as 224 nM. We used a Multi-
skan GO Microplate Spectrophotometer (Thermo Fisher Scientific).

Imaging and analysis

For fluorescence microscopy, cells were grown on coverslips or bot-
tom-coverglass dishes and fixed after each experiment with 4% para-
formaldehyde for 10 min. Cells were permeabilized with 0.1% sapo-
nin and 10% FBS in PBS for 1-2 h. Subsequently the coverslips/plates
were incubated in a wet chamber with primary antibody solution
overnight at 4°C. The next day, cells were washed with wash buffer
containing 10% FBS in PBS and then incubated with secondary an-
tibody solution for 1 h. Coverslips/dishes were finally washed three
times with wash buffer and then observed under microscope.

Fluorescence imaging was performed using the Nikon ATR+
Ti-E with N-SIM and FCS microscope systems. For imaging, a
100x/1.4 numerical aperture (NA) oil immersion objective was used
for Figures 1, Gand H, 2A, 5, Aand C, 6, Cand E, 9B, and 11E and
Supplemental Figure S2A, and a 40x/0.9 NA dry objective was used
for Figure 4E. An Ar-ion laser was used for excitation of Hoechst
33342 and DAPI at 405 nm, with band pass (BP) 425-475 nm (emis-
sion filter 495LP), excitation of GFP at 488 nm, with BP 500-550 nm
(emission filter 560LP), excitation of Alexa Fluor 546 at 561 nm, with
BP 570-620 nm (emission filter 640LP), and excitation of Alexa Fluor
633 at 638 nm, with BP 663-738 nm (emission filter 640HP).

For quantitative analyses and comparisons between multiple
samples, images were collected using identical excitation and de-
tection settings. The detector gain settings were chosen to allow
imaging of the desired cells within the linear range of the photomul-
tiplier tube without saturating pixels, unless otherwise specified.

Image analysis was done using ImageJ software. Eight-bit im-
ages were converted to black and white using the threshold func-
tion; the free-hand selection tool was used to demarcate the nuclear
perimeter (as indicated in the bottom parts of the figures). The vol-
ume of nuclei was measured using three-dimensional projections.

ER area measurements

Hela cells were transfected with the indicated constructs along with
ER-GFP (Snapp et al., 2006). After each experiment, cells were fixed
and imaged. ER area was measured using ImageJ as described pre-
viously (Khaminets et al., 2015). In short, the background threshold
was manually defined and set for all images. Borders of each cell
were drawn, and the ER area was calculated; it is presented as a
fraction of the total cell area.

TUNEL assay protocol

Mock or MGRN1 siRNA-treated Hela cells were transiently trans-
fected with an empty vector or TSG101-HA; untransfected cells
were treated with UVB radiation (90 J/cm? for 5 min). TUNEL stain-
ing was carried out as per manufacturer’s protocol. In short, cells
were washed in 1x PBS thrice and fixed with 4% paraformaldehyde
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for 10 min. These were then permeabilized with 0.1% Triton X-100
in PBS for 10 min. The cells were incubated in the dark at 37°C with
terminal deoxynucleotidyl transferase and BrdUTP for 1 h and then
stained with anti-BrdU-red antibody for 30 min at room tempera-
ture. Cells were then counterstained with 0.1 pg/ml DAPI for 5 min
and imaged under a fluorescence microscope.

In vivo ubiquitination assay

The in vivo ubiquitylation assay was performed as previously
described (Srivastava and Chakrabarti, 2014). Mock- and MGRN1-
depleted Hela cells transfected with either empty vector or
HA-TSG101 were lysed in immunoprecipitation buffer and immuno-
precipitated under denaturing conditions with anti-HA or anti-
TSG101 antibody. Ubiquitinated TSG101 was detected by immu-
noblotting with anti-Ub antibody.
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