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Involvement of CASP9 (caspase 9) in IGF2R/CI-MPR endosomal transport
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ABSTRACT
Recently, we reported that increased expression of CASP9 pro-domain, at the endosomal membrane in 
response to HSP90 inhibition, mediates a cell-protective effect that does not involve CASP9 apoptotic 
activity. We report here that a non-apoptotic activity of endosomal membrane CASP9 facilitates the 
retrograde transport of IGF2R/CI-MPR from the endosomes to the trans-Golgi network, indicating the 
involvement of CASP9 in endosomal sorting and lysosomal biogenesis. CASP9-deficient cells demon
strate the missorting of CTSD (cathepsin D) and other acid hydrolases, accumulation of late endosomes, 
and reduced degradation of bafilomycin A1-sensitive proteins. In the absence of CASP9, IGF2R under
goes significant degradation, and its rescue is achieved by the re-expression of a non-catalytic CASP9 
mutant. This endosomal activity of CASP9 is potentially mediated by herein newly identified interactions 
of CASP9 with the components of the endosomal membrane transport complexes. These endosomal 
complexes include the retromer VPS35 and the SNX dimers, SNX1-SNX5 and SNX2-SNX6, which are 
involved in the IGF2R retrieval mechanism. Additionally, CASP9 interacts with HGS/HRS/ESCRT-0 and the 
CLTC (clathrin heavy chain) that participate in the initiation of the endosomal ESCRT degradation 
pathway. We propose that endosomal CASP9 inhibits the endosomal membrane degradative 
subdomain(s) from initiating the ESCRT-mediated degradation of IGF2R, allowing its retrieval to trans
port-designated endosomal membrane subdomain(s). These findings are the first to identify a cell 
survival, non-apoptotic function for CASP9 at the endosomal membrane, a site distinctly removed 
from the cytoplasmic apoptosome. Via its non-apoptotic endosomal function, CASP9 impacts the retro
grade transport of IGF2R and, consequently, lysosomal biogenesis.

Abbreviations: ACTB: actin beta; ATG7: autophagy related 7; BafA1: bafilomycin A1; CASP: caspase; 
CLTC/CHC: clathrin, heavy chain; CTSD: cathepsin D; ESCRT: endosomal sorting complexes required for 
transport; HEXB: hexosaminidase subunit beta; HGS/HRS/ESCRT-0: hepatocyte growth factor-regulated 
tyrosine kinase substrate; IGF2R/CI-MPR: insulin like growth factor 2 receptor; ILV: intraluminal vesicles; 
KD: knockdown; KO: knockout; M6PR/CD-MPR: mannose-6-phosphate receptor, cation dependent; MEF: 
murine embryonic fibroblasts; MWU: Mann-Whitney U test; PepA: pepstatin A; RAB7A: RAB7, member 
RAS oncogene family; SNX-BAR: sorting nexin dimers with a Bin/Amphiphysin/Rvs (BAR) domain each; 
TGN: trans-Golgi network; TUBB: tubulin beta; VPS26: VPS26 retromer complex component; VPS29: 
VPS29 retromer complex component; VPS35: VPS35 retromer complex component.
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Introduction

Our recent studies have identified non-apoptotic activities for 
CASP9, including its involvement in the initial phase of 
autophagosome formation [1], and in a cell-protective endo
somal membrane function that has not yet been molecularly 
elucidated [2]. Our studies suggest that CASP9 interaction 
with ATG7 is one of the mechanisms by which CASP9 con
tributes to the early phase of autophagy. The ATG7-CASP9 
interaction serves to inhibit CASP9 apoptotic activity and 
enhance autophagosome formation [1]. Recently, a new 
study has confirmed the involvement of CASP9 in autopha
gosome formation [3]. Also, we previously reported the upre
gulated expression of CASP9 pro-domain at the endosomal 
membrane in response to HSP90 inhibition, where CASP9 
mediates a non-apoptotic cell survival function [2] that has

been investigated in the current study. Although the critical 
function of caspases in apoptosis is firmly established, it has 
become evident that certain caspases mediate other cellular 
processes distinct from apoptotic cell death that often still 
require their catalytic activity [4,5]. Thus, two previous studies 
identified non-apoptotic activities for CASP9 that are depen
dent on its catalytic activity, including myotube formation in 
the skeletal muscle [6] and the involvement of CASP9 enzy
matic activity in lysosomal function [7]. However, CASP9 
interaction with ATG7 and its impact on the autophagosome 
formation process are independent of its caspase catalytic 
activity [1]. In the current study, we report a new non- 
apoptotic function for CASP9 that occurs on the endosomal 
membrane impacting lysosome biogenesis, and by extension, 
the late phase of autophagy.
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Lysosomes are membranous organelles that contain more 
than 50 acid hydrolases that function in the degradation of 
proteins and organelles delivered by the autophagic, phago
cytic, and endocytic pathways. As assessed by electron micro
scopy, lysosomes are heterogeneous in size and morphology, 
often with electron-dense content, and sometimes with multi
lamellar membrane whorls [8,9]. Achieving a full understand
ing of lysosomal biogenesis remains challenging, particularly 
with regard to the molecular distinction between the various 
phases of late endosomes, endolysosomes, and reformed lyso
somes [9]. Importantly, all known lysosomal markers, includ
ing LAMP2, are shared by the various precursor membranous 
organelles that participate in the transport to and fusion with 
the lysosomes [10,11]. However, lysosomes are distinguished 
from late endosomes and other intermediaries by the absence 
of mannose-6-phosphate receptors (MPRs) [9]. Two types of 
MPRs, cation-dependent (M6PR) and cation-independent 
(IGF2R), are involved in the major pathway of delivering 
newly synthesized acid hydrolases to the lysosomes via endo
somes [12]. In particular, acid hydrolases that are tagged with 
an endosomal-targeting mannose 6-phosphate sugar bind to 
one of the two MPR types in the trans-Golgi network (TGN) 
and traffic via clathrin-coated vesicles to the endosomes. Due 
to the low pH in the early/late endosomes, the MPR-ligand 
complexes dissociate, and the MPRs recycle back to the TGN 
for further rounds of transport [13]. The retrieval of unoccu
pied MPRs to the TGN involves a retrograde route that is 
mediated by the endosomal membrane transport protein 
complexes that include the retromer, SNX dimers, and desti
nation/cargo-specific sorting nexins (SNX) [14–16]. The 
mammalian retromer is a heterotrimer of VPS26A/B-VPS35- 
VPS29, where VPS35 is the major cargo interacting protein 
[15]. The nexin dimers (SNX-BAR) include the SNX1-SNX5 
and SNX2-SNX6 complexes, where each of the dimer compo
nents contains 2 membrane-binding domains, including 
a BAR domain and a phosphoinositide-binding PX domain 
[14]. The retromer trimer is recruited to the endosomal 
membrane by interactions with both the GTP-bound form 
of the RAB7A GTPase and SNX3 [15,17,18]. The SNX dimers 
and SNX3 are recruited to the endosomal membrane through 
binding between their PX domains and phosphatidylinositol-3 
phosphate (PtdIns3P) in the membrane [15]. PtdIns3P is 
generated by the Class III PtdIns 3-kinase (PtdIns3K), which 
is an indirect interactor with RAB7A-GTP and is dependent 
on RAB7A’s nucleotide cycling activity for its kinase activity 
[19]. The nexin dimers assemble to promote the formation of 
endosomal membrane tubules into which cargo proteins are 
delivered [15]. Accumulating evidence suggests that clathrin, 
whose involvement in the anterograde transport from the 
TGN to the endosomes via clathrin-coated vesicles is well 
established, also has an indirect role in retromer biology 
[20–24]. In contrast to the yeast retromer, where the retromer 
trimer interacts with the nexin dimers, each of these com
plexes appears to have its own transport capacity in mammals 
[25,26]. Multiple previous studies have documented the invol
vement of the retromer trimer in the IGF2R retrieval mechan
ism [27–32]. However, this issue has become controversial, as 
recent studies that utilized CRISPR-Cas9 KO of VPS35, SNX1/ 
2, or SNX5/6 have determined the involvement of the SNX-

BAR dimers, and not VPS35, in the retrograde transport of 
IGF2R [25,26,33,34]. Confoundingly, another recent study has 
determined a selective involvement of the retromer in the 
retrograde sorting of IGF2R, which depends on specific TGN- 
located tethering proteins that capture the IGF2R-retromer 
complex [35].

In the current study, we obtained evidence that CASP9 is 
an effector of endosome-lysosome dynamics. Our findings 
suggest that CASP9 endosomal function involves the retrieval 
of unoccupied IGF2Rs from late endosomes into their retro
grade route in a manner that is not dependent on CASP9’s 
caspase catalytic activity. As deduced from newly identified 
complexes of CASP9 with endosomal membrane transport 
proteins, as well as with the endosomal degradative machin
ery, we propose that CASP9 participates in a crosstalk 
mechanism between the endosomal subdomains that selects 
between retrieval and degradation outcomes for the endoso
mal IGF2R.

Results

Involvement of CASP9 in endosomal maturation

In our efforts to elucidate the autophagic function of CASP9, 
we observed that its knockdown (KD) impacts the cellular 
localization of LAMP2-positive vesicles in a manner similar to 
that of the treatment using saturating doses of the cathepsin 
inhibitors E64D and pepstatin A (E/P, Figure 1A,B). Thus, in 
CASP9-deficient cells, LAMP2-positive vesicles changed their 
cytoplasmic distribution to a substantial accumulation at 
a juxtanuclear area. The juxtanuclear accumulation of 
LAMP2-positive vesicles was confirmed with 3 distinct 
LAMP2-specific Abs, following CASP9 KD, but not CASP8 
KD (Fig. S1 and S2). Co-treatment by CASP9 siRNA and 
saturating doses of E/P demonstrated an additive effect of 
such juxtanuclear accumulation of LAMP2-positive vesicles, 
potentially suggesting the concurrent inhibition of both lyso
somes and pre-lysosomal vesicles that express LAMP2. This 
change in LAMP2 vesicle dispersion was not associated with 
an increase in the LAMP2 cellular level (Figure 1C), suggest
ing lysosomal inhibition and/or a maturation arrest of 
LAMP2-positive vesicles. Of note, LAMP2 is expressed on 
both the late endosomes and lysosomes [11], and blockage 
of either of these maturation/activity phases is expected to 
impact the cell’s overall lysosomal activity.

To start characterizing a potential endosomal maturation 
block, we tested the impacts of CASP9 deficiency on lysoso
mal function [36,37]. To distinguish the cellular lysosomal 
function from a concomitant proteasomal activity, we 
assessed the significance of CASP9 expression for the degra
dation of ubiquitinated proteins in the presence of the protea
some inhibitor, MG132. A concurrent proteasomal inhibition 
was required to block a compensatory proteasomal activity, 
which is usually upregulated upon lysosomal inhibition [38– 
41]. While no difference was detected in 2% SDS-soluble 
ubiquitinated proteins obtained from WT vs. casp9 KO MEF 
(Fig. S3), casp9 KO MEF exhibited an increased level of SDS- 
insoluble ubiquitinated proteins (Figure 1D-L), as determined 
by the filter-trap assay [42–44]. The SDS-insoluble proteins
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Figure 1. CASP9 is involved in lysosome cellular localization and activity. (A) CASP9 KD alters the distribution of LAMP2 in an additive manner to that of cathepsin 
inhibitors. HCT116 cells were treated with CASP9 siRNA or non-target siRNA in the presence of E64D/pepA (10 μM each) or vehicle control. The cells were assessed by 
a confocal microscope for LAMP2 (mouse Ab sc-18822) and DAPI staining. Scale bar: 40 μm. (B) LAMP2 quantification. The data are means±SEM of approximately 50 
cells per treatment in at least 3 independent experiments. *** = p < 0.0001; ** = p < 0.001 (MWU). Staining with additional anti-LAMP2 Abs are shown in Fig. S1 
and S2. (C) Immunoblotting of lysates of the cells used in A. (D-L) CASP9 impacts lysosomal efficiency in the clearance of SDS-insoluble ubiquitinated proteins in 
casp9 KO MEF and CASP9 KO tumor cells. (D-E) casp9 KO MEF (clones I and II) exhibit decreased lysosomal clearance of ubiquitinated aggregates as compared to WT 
MEF. WT and casp9 KO MEFs were treated with MG132 (1 μM) and the resulting SDS-insoluble ubiquitinated aggregates were detected by the filter-trap assay. 
Duplicate spots are shown for each treatment. (E) Densitometric quantification of the immunoblotted SDS-insoluble fractions shown in D. The data are means±SEM 
of four replicates in each of three independent experiments with similar results. The asterisks indicate statistical significance at p < 0.05 (MWU). (F-I) The defect in 
aggregate protein clearance in casp9 KO MEF is reversed by the transfection with a plasmid encoding the murine non-catalytic CASP9C325A mutant. Quantification of 
the results shown in F and H are presented in G and I, respectively, and are means±SEM as described in E. (J) Expression levels of CASP9 in the cells utilized in F and 
H. (K) The reduced lysosomal clearance of ubiquitinated aggregates in CRISPR-Cas9 CASP9 KO A549 cells is rescued by the transfection of plasmids encoding either 
WT CASP9 or non-catalytic CASP9C287A mutant. (L) Expression of CASP9 in one of the A549 cell preparations used in K. (M-N) BafA1-sensitive degradation in parental/ 
WT controls and CRISPR-Cas9 CASP9 KO clonal cell lines, including A549 (M) and HCT116 (N). #1 and #2 indicate independent experiments performed with different 
CRISPR-CAS9 CASP9 KO clones for each of the cell lines. The data are means±SEM of 6 replicates in at least 2 independent experiments. *p < 0.05 (MWU).
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were only detected in the presence of MG132, suggesting that 
the impairment in lysosomal degradation mediated by CASP9 
deficiency is indeed compensated for by the proteasomal 
activity. Transfection of a catalytically inactive murine 
CASP9C325A mutant markedly reduced the levels of these 
SDS-insoluble proteins. These findings were confirmed both 
in casp9 KO MEF transfected with murine non-catalytic 
CASP9C325A mutant (Figure 1D-J) and in a human CRISPR- 
Cas9 CASP9 KO A549 NSCLC clonal cell line transfected with 
either human CASP9 WT or non-catalytic CASP9C287A 

mutant (Figure 1K,L). As the experiments were performed 
in the presence of proteasomal inhibition, these findings sug
gest the involvement of CASP9 in the lysosomal degradation 
of ubiquitinated proteins.

We further compared the BafA1-sensitive lysosomal degra
dative activity of the parental (WT control) and CRISPR-Cas9 
CASP9 KO clones from 2 tumor cell lines (Figure 1M,N). 
A significantly reduced degradation of BafA1-sensitive pro
teins was detected in all tested CASP9 KO clones as compared 
to their WT controls. These findings suggest that CASP9 
deficiency compromises certain lysosomal activities, but they 
neither indicated the exact cellular site nor the specific mole
cular activity involved.

Using transmission electron microscopy, we observed in 
casp9 KO MEF an accumulation of the late endosomes with 
apparent undegraded cargoes, whose per cell number was 
significantly reduced by stable expression of the non- 
catalytic CASP9C325A mutant (Figure 2A,B, and S4).

To further characterize the impact of CASP9 on the poten
tial accumulation of late endosomes, we assessed for the pre
sence of RAB7A-positive vesicles in WT vs. casp9 KO MEF. 
We observed a significant increase in the accumulation pat
tern of RAB7A in casp9 KO MEF as compared to WT MEF, 
and this difference was accentuated in the presence of MG132 
that blocks the proteasomal contribution to the degradation 
process (Figure 2C,D). Transfection of the plasmid encoding 
the CASP9C325A mutant into casp9 KO MEF reduced the 
presence of RAB7A-expressing late endosomes. Also, the 
observed changes in the area occupancy of RAB7A were not 
associated with an increase in its cellular expression level, as 
determined by immunoblotting (Figure 2E). These findings 
suggest that CASP9 has a non-apoptotic function that impacts 
the cellular distribution of RAB7A.

Association of CASP9 with endosomal membrane 
complexes

Since CASP9 is known to function in the cytoplasm as 
a component of the apoptosome, its non-apoptotic impact 
on the endo-lysosomal degradation activity indicates that 
there is a distinct subcellular localization where it is seques
tered from either the cytoplasm or mitochondria [45]. As 
CASP9 impacts the cellular distribution of RAB7A, we tested 
for their potential cellular association. Indeed, when co- 
expressed in casp9 KO MEF, DsRed-CASP9C325A and GFP- 
RAB7A demonstrated a distinct colocalization (Figure 3A). 
A subcellular fractionation assay further confirmed the pre
sence of CASP9 in the P100 pellet that did not include 
COX4I1, a mitochondrial inner membrane protein,

cytoplasmic CASP3, a downstream executioner caspase acti
vated by CASP9, and most of the mitochondrial outer mem
brane (HM). Rather, the P100 CASP9 was associated with 
endosomal proteins, including RAB7A and M6PR (Figure 
3B). Furthermore, the co-presence of CASP9 and RAB7A in 
the same cellular complex was demonstrated by their co- 
immunoprecipitation (co-IP). Endogenous (physiologically 
expressed) CASP9 and RAB7A demonstrated two-way co-IP 
when precipitated from either a cell extract (Figure 3C) or the 
P100 subcellular fraction (Figure 3D). It has been established 
that active RAB7A (RAB7A-GTP) binds to the endosomal 
membrane and recruits the retromer trimer complex (VPS26- 
VPS35-VPS29) by interacting with VPS35 and/or VPS26 [17]. 
The retrieval of cargo proteins into an interaction with their 
transport carriers on the endosomal membrane precedes and 
initiates the retrograde pathway, which recycles the M6PR and 
IGF2R, the major acid hydrolase carriers from the endosomes 
to the TGN [15]. To better evaluate the significance of the 
interaction between CASP9 and RAB7A, we assessed potential 
interactions between CASP9 and M6PR and IGF2R. CASP9 
interacts with both cargo proteins, as suggested by their co-IP 
with CASP9 (Figure 3E,F). Although these interactions may 
be indirect, they place CASP9 at the endosomal membrane in 
association with effectors of the endosome-to-TGN transport.

CTSD (cathepsin D) missorting in CASP9-deficient cells

Based on its interactions with RAB7A, M6PR, and IGF2R, 
CASP9 could potentially have a role in the retrieval mechan
ism and the subsequent retrograde transport of the MPRs. 
Fibroblasts prepared from embryos that lacked the two MPRs 
exhibited a massive missorting of multiple lysosomal enzymes 
and accumulated undigested material in their endocytic com
partments [46–48]. Fibroblasts that lacked either one of the 
MPRs exhibited a milder phenotype of partial impairment in 
endosomal sorting [49]. To test if CASP9 deficiency causes 
defects in IGF2R retrograde transport, we assessed the proces
sing and potential secretion of newly synthesized CTSD, 
a hydrolase that relies on IGF2R for its lysosomal targeting 
[46–49]. CTSD is synthesized in a precursor form that subse
quently evolves into the intermediate and mature forms upon 
reaching the acidic milieu of the endosomal and lysosomal 
compartments. Under normal conditions, CTSD is efficiently 
sorted by the endocytic system, and little is secreted from the 
cells. CTSD missorting is indicated by the accumulation of 
precursor and intermediate CTSD that do not reach the 
lysosomal acidic milieu required for their maturation or by 
their secretion from the cells [29]. Such CTSD missorting was 
observed for cells deficient in components of the endosomal 
transport complexes, including VPS35, SNX1, and DNAJC13/ 
RME-8 [29,35,50–52]. We observed an accumulation of pre
cursor CTSD in casp9 KO MEF chased with cycloheximide, as 
well as in CASP9 KO HCT116 cells (Figure 4A,B) suggesting 
that newly synthesized CTSD does not reach the lysosome, 
where it should be processed into its mature form. 
Furthermore, the CTSD precursor was mis-transported in 
both casp9 KO MEF and CASP9 KO HCT116 cells, as it was 
secreted into the culture medium. We also assessed the impact 
of CASP9 KD, utilizing VPS35 KD as a positive control.
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A similar level of accumulation of the CTSD precursor was 
detected in either CASP9 or VPS35 KD HCT116 cells, repre
senting increased expression levels of the precursor CTSD in 
comparison to the non-target siRNA control cells (Figure 4C).

Additionally, a precursor form of HEXB (hexosaminidase 
subunit beta), an IGF2R-dependent acid hydrolase, accumu
lated in both CASP9 KO HCT116 cells (Figure 4B) and 
CASP9 KD HCT116 cells (Figure 4C). We also detected

Figure 2. The enhanced accumulation of late endosomes in casp9 KO MEF cells is reduced by the transfection of a plasmid encoding the non-catalytic CASP9C325A 

mutant. (A-B) The accumulation of late endosomes in casp9 KO MEF is significantly reduced following the transfection of CASP9C325A. Scale bars: 500 nm. White 
arrows indicate few of the endosomes; arrowheads – lysosomes. (B) Quantification of vesicular endosomes. The data are means±SEM of endosomes in 50 cells in 
each of 3 independent experiments. *** = p < 0.0001 (MWU). (C-D) CASP9 expression alters the distribution pattern of RAB7A in control and MG132-treated MEF. WT, 
casp9 KO MEF, and casp9 KO MEF transfected with CASP9C325A were treated with the vehicle or MG132 (1 μM, 16 h) and assessed by a confocal microscope for RAB7A 
distribution patterns and expression levels. Scale bars: 40 μm. Similar results were obtained with a distinct RAB7A Abs (SC-10,767) that we authenticated against 
CRISPR-Cas9 rab7a KO cells. The data are means±SEM of at least 50 cells in one of three experiments. *** = p < 0.0001 (MWU). (E) Immunoblotting of the cell lysates 
in one of the experiments shown in C.
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reduced GLB1 (galactosidase beta) and GUSB (glucuronidase 
beta) enzymatic activities in casp9 KO MEF and reduced 
GLB1 activity in CASP9 KO HCT116 cells as compared to 
their WT counterparts (Figure 4D). To further establish the 
presence of reduced CTSD activity in CASP9-deficient cells, 
we utilized a fluorescent inhibitor of CTSD, BODIPY-FL- 
pepstatin A, that specifically binds to active CTSD [53]. Live 
staining with this fluorescent inhibitor demonstrated 
a reduced presence of active CTSD in casp9 KO MEF as 
compared to WT MEF, which was significantly rescued by 
transfection of murine catalytic mutant CASP9C325A (Figure 
4E,F). These findings suggest that deficient expression of

CASP9 by its KO or KD, in either murine (fibroblasts) or 
human tumor cells, is associated with the missorting of CTSD 
and other acid hydrolases that are IGF2R-dependent for their 
lysosomal delivery.

Interactions of CASP9 with endosomal membrane 
transport complexes

Multiple previous studies have concluded the importance of 
VPS35 in the retrograde pathway of IGF2R, identifying 
a potential interaction of IGF2R and VPS35 [27,28,30,31]. 
More recently, CRISPR-Cas9 KO of VPS35 was reported to

Figure 3. Association of CASP9 with endosomal membrane proteins. (A) Colocalization of GFP-RAB7A and DsRed-CASP9C325A co-transfected into casp9 KO MEF. 
A non-transfected negative control cell is included in the bottom panel images. Scale bar: 20 μm. (B) Association of CASP9 with RAB7A and M6PR in the P100 pellet 
following subcellular fractionation of HCT116 cells. (C-D) Co-IP of CASP9 and RAB7A when immunoprecipitated from HCT116 cell lysate (C) or the P100 subcellular 
fraction (D). (E-F) Co-IP of CASP9 with IGF2R/CI-MPR (E) and with M6PR (F). The cells were transfected with a plasmid encoding the 3xFlag-CASP9C287A mutant and 
subjected to IP by anti-CASP9, anti-Flag, anti-IGF2R or anti-M6PR Abs.
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Figure 4. CASP9 expression level impacts the maturation and activation of lysosomal enzymes. (A) Missorting of CTSD in casp9 KO MEF. WT and casp9 KO MEF were 
pre-treated with vehicle control or cycloheximide (CHX, 0.5 μg/ml for 3 or 6 h). Cell lysate and cell culture medium were assessed for the expression of the precursor 
(pCTSD) and mature forms of CTSD. (B) Missorting of CTSD and HEXB in CRISPR-Cas9 CASP9 KO HCT116 cells. (C) Accumulation of pCTSD and pHEXB in VPS35 or 
CASP9 KD cells. HCT116 cells were treated with CASP9 or VPS35 siRNAs for 48 h and then assessed by immunoblotting for the expression of the indicated proteins. (D) 
The specific activities of GLB1/galactosidase beta and GUSB/glucuronidase beta are significantly reduced in casp9 KO MEF as compared to WT MEF. The data are 
means±SEM of 6 replicates for each group in one of 3 independent experiments with equivalent results. * = p < 0.05; ** = p < 0.001 (MWU). (E) Differential 
expression of active CTSD as indicated by live staining with BODIPY-FL-pepstatin A in WT, casp9 KO, and rescued casp9 KO MEF. Scale bar: 60 μm. (F) Quantification of 
live staining with BODIPY-FL-pepstatin A is shown in D. The data are means±SEM of approximately 50 cells in each of 3 independent experiments. *** = p < 0.0001 
(MWU) .
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have no impact on the retrograde transport of IGF2R from 
the endosomes to the TGN, whereas double KO of SNX1 and 
SNX2 or SNX5 and SNX6, which eliminated both SNX1-SNX5 
and SNX2-SNX6 complexes caused the accumulation of 
IGF2R on EEA1 (early endosome antigen 1)-positive endo
somes with a concomitant reduction in IGF2R colocalization 
with TGOLN2/TGN46 [25,34]. These findings implied that 
the SNX-BAR proteins are involved in IGF2R-retrieval trans
port, while the role of VPS35 remains uncertain [33]. To

further analyze the specific function of CASP9 in the observed 
missorting of the lysosomal hydrolases, we assessed for the 
interactions of CASP9 with the VPS35 and the SNX-BAR 
complexes. Endogenous CASP9 demonstrated two-way co-IP 
with endogenous VPS35 when immunoprecipitated from cell 
lysates (Figure 5A). When precipitated from a mixture of 
in vitro translated CASP9 and VPS35, where either CASP9 
or VPS35 were 35S-methionine-labeled, VPS35 IP brought 
along 35S-CASP9 (Figure 5B), and CASP9 IP brought along

Figure 5. Interaction of CASP9 with endosomal transport complexes. (A) Co-IP of endogenous CASP9 and endogenous VPS35 in HCT116 cells. (B) Co-IP of in vitro 
translated 35S-CASP9 with cold in vitro translated VPS35. Input includes the two in vitro translated products. (C) Co-IP of in vitro translated 35S-VPS35 with cold in vitro 
translated CASP9. (D) Co-IP of endogenous CASP9 with endogenous SNX1 in HCT116 cells. (E) Co-IP of endogenous CASP9 with endogenous SNX2 in HCT116 cells. (F) 
Co-IP of in vitro translated 35S-CASP9 with endogenous SNX5 from HCT116 CASP9 KO lysate. Input includes lysate of HCT116 CASP9 KO cells combined with in vitro 
translated 35S-CASP9. (G) Co-IP of in vitro translated 35S-CASP9 with endogenous SNX6 from HCT116 CASP9 KO lysate. Input includes lysate of CASP9 KO cells 
combined with in vitro translated 35S-CASP9. (H-I) Co-IP of in vitro translated 35S-CASP9 with cold in vitro translated SNX6 (H), or in vitro translated 35S-SNX6 with cold 
in vitro translated CASP9 (I). The immunoblotting of the immunoprecipitated SNX5 and SNX6 in (F-I) are not shown because of the similar gel migration of the co-IP 
proteins. Inputs include the two in vitro translated products.

1400 J. HAN ET AL.



35S-VPS35 (Figure 5C). Endogenous CASP9 further demon
strated two-way co-IP with SNX1 and SNX2 (Figure 5D,E). 
Through its interaction with SNX1 and SNX2, CASP9 may 
contact the SNX1-SNX5 or SNX2-SNX6 complexes. In our 
attempt to assess for the potential interactions of CASP9 with 
SNX5 or SNX6, a simple endogenous co-IP experiment did 
not provide clear results due to the comparable molecular 
masses of CASP9 (45 kDa), SNX5 (47 kDa), SNX6 (47 kDa), 
and the Ig heavy chain of the IP Abs (~50 kDa). To overcome 
this issue, we combined in vitro translated 35S-CASP9 with 
a CASP9 KO cell lysate and subjected the mixture to CASP9 
or SNX5 co-IPs (Figure 5F). Immunoprecipitated SNX5 
brought along 35S-CASP9. Likewise, IP of SNX6 from the 
CASP9 KO cell lysates brought along in vitro translated 
35S-CASP9 that was added to the cell lysate (Figure 5G). We 
further assessed the interaction of in vitro translated CASP9 
and in vitro translated SNX6, where only one of the in vitro 
translated products was 35S-methionine-labeled (Figure 5H,I). 
SNX6 IP brought along 35S-CASP9 and CASP9 IP brought 
along 35S-SNX6. These potential interactions of CASP9 were 
also indicated by its colocalization with VPS35, SNX1, and 
SNX2, as assessed by confocal microscopy (Fig. S5). Overall, 
our co-IP and colocalization results suggest that CASP9 inter
acts (directly or indirectly) with the retromer trimer via its 
interaction with VPS35, and also with the SNX dimers, 
including SNX1-SNX5 and SNX2-SNX6. These findings 
place CASP9 on the endosomal membrane in association 
with the two endosomal transport complexes – the retromer 
and the SNX dimers that are involved in the IGF2R retrograde 
transport pathway(s) [25,26,33–35].

Impact of CASP9 on the IGF2R expression level

With abrogated retrograde transport, endosomal IGF2R is even
tually degraded. A reduced IGF2R expression level has been 
detected in cells deficient in retromer components [27–29], but 
these findings have not been consistently corroborated [23,30]. To 
further investigate the crosstalk between CASP9 and the MPRs, 
we tested the impact of CASP9 KD or KO on the expression levels 
of M6PR and IGF2R. Using confocal microscopy, we observed 
a striking reduction in the expression level of IGF2R in CASP9- 
deficient cells (Figure 6A,B, and S6) but did not detect 
a significant impact on the M6PR expression level (Fig. S6). The 
dependence of IGF2R, but not M6PR expression levels on CASP9, 
was also confirmed by immunoblotting of HCT116 cells treated 
with CASP9 siRNA (Figure 6C). Furthermore, the IGF2R expres
sion level was markedly reduced in both CRISPR-Cas9 CASP9 
KO A549 or HCT116 clonal cell lines and rescued in the presence 
of BafA1 (Figure 6D-F). In contrast, the expression level of M6PR 
did not demonstrate dependence on either CASP9 or BafA1. The 
BafA1-mediated rescue of IGF2R expression suggests that in the 
absence of CASP9, IGF2R is directed to a lysosomal degradation 
pathway. As IGF2R degradation is expected to yield impaired 
lysosomes, we tested the possibility that the proteasomal system 
also contributes to the observed IGF2R reduced expression. 
Indeed, IGF2R is degraded by both the proteasomes and lyso
somes since treatments by either BafA1 or MG132 elevate its 
expression level both in WT and CASP9 KO cells (Figure 6D-

G). To further validate the dependence of IGF2R on CASP9, we 
transfected CASP9 KO A549 cells with vector control, WT 
CASP9, or the non-catalytic CASP9C287A mutant (Figure 6H). 
Transfection of either WT or catalytically inactive CASP9 
enhanced the expression level of IGF2R in CASP9 KO cells. 
Importantly, plasmids encoding non-catalytic CASP9 mutants, 
such as murine CASP9C325A or human CASP9C287A transfected 
into the appropriate casp9/CASP9 KO cells, have no dominant- 
negative effect, since these cells do not express CASP9. These 
findings suggest that endosomal CASP9 deficiency enhances the 
degradation of IGF2R, potentially diminishing its retrieval to the 
retrograde transport.

Association of CASP9 with the endosomal degradative 
subdomain

Endosomes serve as the sorting hub for multiple cargoes that are 
directed to either degradation or retrieval mechanisms [54]. 
Cargoes that are destined to degradation are usually sorted by 
the ESCRT family into endosomal intraluminal vesicles (ILVs) 
[55]. Cargo-loaded ILVs fuse with the lysosomes, generating 
endolysosomes that, following cargo degradation, give rise to 
the re-formed lysosomes [56]. The initial linking to the ESCRT 
machinery occurs on an endosomal degradative subdomain 
characterized by the presence of HGS/ESCRT-0/HRS, which is 
stabilized and concentrated by flat clathrin via its interaction 
with the CLTC (clathrin heavy chain) [23,57]. To assess the 
potential involvement of CASP9 in a crosstalk mechanism 
between the retrieval and the degradative subdomains, we tested 
for the interactions of CASP9 with HGS and CLTC. As deter
mined by co-IP, endogenous CASP9 interacts with both compo
nents of the endosomal degradative domain (Figure 7A,B). We 
also observed the colocalization of transduced DsRed- 
CASP9C325A with endogenous CLTC (Figure 7C). Of note, the 
interaction between CASP9 and CLTC has been previously 
identified in a proteomic search for CASP9-interacting proteins 
[58]. Interestingly, CASP9 KO cells demonstrated an increased 
expression of HGS as compared to their WT counterparts, and 
transfection of CASP9 reduced the HGS expression level, sug
gesting functional crosstalk between HGS and CASP9 (Figure 
7D). Likewise, while overexpression of CASP9 resulted in 
a downregulated expression of CLTC (Figure 7E), CASP9 KD 
resulted in the upregulated expression of CLTC (Figure 7F), also 
suggesting the existence of a dynamic crosstalk mechanism 
between CASP9 and clathrin. These findings suggest that endo
somal proteins that initiate the degradation process on the 
degradative endosomal subdomain are also impacted by the 
expression level of CASP9. Potentially, overexpression of 
CASP9, which appears to enhance the retrieval mechanism, 
concurrently reduces the CLTC available for the degradative 
subdomain, while a reduced expression level of CASP9, which 
is associated with increased IGF2R degradation, requires the 
stabilization of the degradative subdomain by increased expres
sion of CLTC. Based on these findings, we propose that endo
somal CASP9 negatively regulates the formation of an active 
degradative endosomal subdomain, thereby blocking the lysoso
mal degradative path for IGF2R.
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Figure 6. Degradation of IGF2R in CASP9 KO clonal cell lines is rescued by BafA1, MG132, or re-expression of either WT or non-catalytic CASP9C287A mutant. (A) Casp9 
KD reduces the expression of IGF2R significantly, as determined by confocal microscopy. Scale bar: 100 μm. (B) Quantification of results shown in A. The data are 
means±SEM of at least 40 cells per treatment in 3 independent experiments. *** = p < 0.0001 (MWU). (C) CASP9 KD reduces the expression of IGF2R as assessed by 
immunoblotting. (D-F) The reduced expression of IGF2R in CRISPR-CAS9 CASP9 KO clonal cell lines (A549 clones 3 and 19; HCT116 clones 4 and 6; Cl.: clone) is rescued 
in the presence of BafA1. A549 CRISPR-Cas9 CASP9 KO clones (3 and 19) were generated by distinct gRNAs. (G) The reduced expression of IGF2R in CASP9 KO A549 
cells is rescued by treatment with MG132 (1 μM, 16 h). (H) The reduced expression of IGF2R in CASP9 KO A549 cells is rescued by transfection of plasmids coding for 
either WT or non-catalytic CASP9C287A mutant.
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Figure 7. CASP9 interacts with the endosomal degradative subdomain proteins HGS and CLTC and alters their expression levels. (A) Co-IP of physiologically 
expressed CASP9 and HGS. (B) Co-IP of CLTC with either physiologically expressed CASP9 (vector control) or catalytically inactive CASP9C287A mutant in stably 
transfected in HCT116 cells. (C) Colocalization of DsRed- CASP9C325A with endogenous CLTC. CLTC was detected by rabbit anti-CLTC and Alexa Fluor 488 anti-rabbit 
Abs. Scale bar: 10 μm. (D) The increased expression of HGS in CASP9 KO cells is reduced by the overexpression of WT or catalytic CASP9C287A mutant. (E) 
Overexpression of the gene encoding the non-catalytic CASP9C325A mutant in casp9 KO MEF reduces the expression of CLTC. Lanes 1,3,5,7,9 were treated with vehicle 
control and lanes 2,4,6,8,10 with MG132 (1 μM, 16 h). To simplify the presentation, the control and MG132 treatments are not indicated in the figure. (F) Upregulation 
of CLTC in response to CASP9 KD. HCT116 cells were treated with non-target control (lanes 1–3), CASP9 (lanes 4–5), or CLTC (lanes 7–9) siRNAs. Lanes 1,4,7 were 
treated with vehicle control; lanes 2,5 and 8 were treated with MG132, and lanes 3,6,9 were treated with bortezomib (100 nM, 16 h). To simplify the presentation, the 
proteasome inhibitors (that did not impact the expression levels of CASP9 or CLTC) are not indicated on the figure.
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Discussion

The current study has identified an unexpected player – 
CASP9 – in the molecular crosstalk between endosomal subdo
mains that determine the retrieval or degradation of IGF2R. 
Notwithstanding the surprising nature of this discovery, the 
evidence for placing CASP9 at the endosomal membrane is 
substantial. In essence, endogenous CASP9 interacts, in either 
a direct or indirect manner, with multiple components of the 
endosomal transport mechanism. Most of these interactions are 
demonstrated by confocal colocalization, and further, by two- 
way co-immunoprecipitation between physiologically expressed 
CASP9, and physiologically expressed endosomal proteins. The 
unexpected locality of the endosomal membrane for the identi
fied non-apoptotic activity of CASP9 potentially enables its 
exclusion from the cytosolic apoptosome triggered by the mito
chondrial-released cytochrome c and ensures distinct cellular 
localizations between its apoptotic and non-apoptotic activities. 
Not only the distinct cellular localizations but also post- 
translational modifications of CASP9, such as ubiquitination or 
phosphorylation, may determine its apoptotic vs. non-apoptotic 
cellular contribution; however, this issue requires further inves
tigation. The significance of the interactions of CASP9 with 
endosomal proteins is indicated by the negative impact that 
CASP9 deficiency exerts on endosomal maturation and lyso
some quality in an array of cells, including murine normal 
fibroblasts and human tumor cells. The reduced lysosomal cap
ability of CASP9-deficient cells is indicated by the impaired 
lysosomal transport of acid hydrolases known to be 
IGF2R-dependent, reduced lysosomal degradative efficiency for 
BafA1-sensitive proteins, and a reduced capability as compared 
to CASP9-expressing cells, in compensating for proteasomal 
inhibition by enhanced lysosomal degradation of ubiquitinated 
proteins.

The ubiquitin-proteasome system (UPS) and lysosomes (in 
service of either autophagy or endocytic transport) are the two 
major degradative systems in eukaryotes. The UPS is respon
sible for the degradation of short-lived proteins and soluble 
misfolded proteins, whereas autophagy degrades insoluble 
protein aggregates or impaired organelles. A compensatory 
relationship between the two systems was revealed by the use 
of specific inhibitors [38–40]. Thus, a defect in one of the two 
degradation systems has led to upregulation in the other [40]. 
Ubiquitination commonly serves both systems in directing 
substrates to the proper degradation pathway but also med
iates interconnections that allow the shifts between the two 
systems [40]. In the current study, deficiency in CASP9 inhib
ited the ability of the lysosomal system to compensate for the 
inhibition of the UPS by the proteasome inhibitor, MG132. 
Thus, the upregulation of autophagic activity, previously 
demonstrated for multiple UPS inhibitors (MG132, bortezo
mib, lactacystin, etc.) [40], was negated in the absence of 
CASP9. In the same vein, deficiency in CASP9 increased the 
overall degradation of IGF2R, but it was now mediated by 
both lysosomal and proteasomal activities.

The interaction of CASP9 with endosomal proteins is dis
tinctive, as it interacts with endosomal proteins involved in 
the IGF2R retrieval toward the retrograde transport, as well as 
with those involved in the IGF2R degradation. It has been

demonstrated that endosomes contain large non-overlapping 
membrane microdomains [59], including those that are 
marked by HGS and clathrin and are separated from those 
marked by EEA1 [23,24,60]. In line with a potential separa
tion between retrieval and degradative subdomains [54,61], 
we propose that CASP9 carries out a crosstalk(s) with VPS35, 
SNX1, SNX2, SNX5, SNX6, and RAB7A on the retrieval sub
domain that complements its impact on HGS and CLTC on 
the degradative subdomain (Figure 8). CASP9 interaction 
with these functionally opposing endosomal subdomains 
impacts their dynamics. Thus, CASP9 alters the expression 
pattern of RAB7A, which is involved in both the retromer and 
the SNX dimer recruitment to the endosomal membrane. To 
initiate a retrieval activity, active endosomal RAB7A (GTP- 
bound) recruits the retromer to the endosomal membrane 
[17], while the PX domain present in both SNX1/2 binds 
PtdIns3P to recruit the SNX dimers to the endosomal mem
brane [62]. As indicated, PtdIns3P is generated by PtdIns3K 
(also known as VPS34/PIK3 C3), which is an indirect inter
actor with RAB7A-GTP, and is dependent on RAB7A’s 
nucleotide cycling activity for its kinase activity [19]. It is, 
therefore, possible that CASP9-mediated changes in the cel
lular distribution of RAB7A affect the latter’s ability to recruit 
the retromer or the SNX dimers to the endosomal membrane.

On the degradative subdomain, CASP9 interacts with 
and alters the expression levels of HGS and CLTC. In 
contrast to other studies that have investigated the TGN 
vs. the endosomal ends of the retrograde pathway, our 
study focused on two contrasting endosomal functions: 
degradation on the one hand, and rescue from degradation 
(retrieval) on the other. CASP9 appears to be involved in 
these two opposing endosomal mechanisms that determine 
the outcome for IGF2R: being degraded or retrieved. The 
interactions of CASP9 with endosomal transport complexes 
indicate its specific involvement in the IGF2R transport by 
these complexes. However, the exact molecular mechanism 
utilized by CASP9 to enhance IGF2R retrieval for the retro
grade transport remains unknown and requires further 
investigation. The identified crosstalk between CASP9 and 
components of the degradative subdomain suggests an 
active involvement of CASP9 in the dynamics of the degra
dative endosomal subdomain. Substantial evidence suggests 
that clathrin is recruited to the endosomal membrane by 
HGS and that it is required for efficient ILV formation and 
eventual cargo degradation [23,24]. Our results place 
CASP9 not only at the retrieval endosomal subdomain but 
also at the degradative subdomain, where it impacts the 
expression level of HGS and the recruitment level of 
CLTC. The interactions of CASP9 with components of 
both the retrieval and degradation pathways for IGF2R 
suggest that while enhancing IGF2R retrieval, CASP9 inhi
bits its degradation. The efficient IGF2R degradation 
observed in conjunction with complementary changes in 
the expression of HGS and CLTC upon CASP9 deletion, 
together with concomitant changes in RAB7A dynamics, 
suggests that CASP9 functions on both ends of the cross
talk occurring between the opposing endosomal subdo
mains, thus contributing to the selection between IGF2R 
retrieval and degradation.
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The non-apoptotic activity of CASP9 on the degradative 
endosomal subdomain appears to resemble the endosomal 
activity of DNAJC13 that interferes with the organization of 
endosomal clathrin and ESCRT to prevent cargo from sorting 
toward degradation [61]. The interaction of DNAJC13 with

SNX1 provides a mechanism for the segregation between the 
SNX dimer-containing subdomain and the ESCRT/CLTC 
subdomain [22]. As indicated, loss of either CASP9 or 
DNAJC13 results in cargo missorting and impaired lysosomal 
activity, as reported for components of the IGF2R retrieval

Figure 8. A model illustrating the interactions of CASP9 with components of the endosomal degradative subdomain (HGS, CLTC) and with the retrieval subdomain 
(retromer or SNX-BAR complexes) that regulate the retrograde transport of IGF2R from endosomes to the TGN.
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mechanism, including the retromer (VPS35 and VPS26) and 
SNX-BAR (SNX1 and SNX6) [30,63,64].

The degradation of IGF2R in CASP9 KO cells is likely to be 
tied to the observed missorting of the acid hydrolases in 
CASP9-deficient cells. This missorting is expected to impact 
the quality of the lysosomes formed under such conditions, 
thus explaining the harnessing of the proteasomal system for 
the effective degradation of IGF2R.

Materials and methods

Reagents

CASP9 Abs included Santa Cruz Biotechnology (SC) sc-8355 
and sc-7885 (immunoblotting) and sc-17784 (immunostain
ing). Additional SC Abs included TUBB (tubulin beta) sc- 
9104; ACTB (actin beta) sc-47778; and ubiquitin sc-8017. 
RAB7A Abs included sc-376362 (immunoblotting), Abcam 
ab214806 and sc-10767 (staining and immunoblotting), and 
Cell Signaling Technology 9367 (immunoblotting). VPS35 
Abs included sc-374372 (staining and immunoblotting), and 
Novus Biologicals NB100-1397 (immunoblotting). SNX1 Abs 
included sc-376376 (staining) and sc-292684 (immunoblot
ting). Additional anti-SNX Abs included SNX2 sc-136072 
(staining and immunoblotting); SNX5 Abcam ab180520; and 
SNX6 sc-365965. LAMP2 Abs included ABL-193 from 
Developmental Studies Hybridoma Bank (DSHB http://dshb. 
biology.uiowa.edu); mouse sc-18822 and rabbit sc-5571 
(staining and immunoblotting). M6PR Abs included 22d4 
from DSHB, Abcam ab134153 and sc-365196 (staining and 
immunoblotting). Additional Abs included HEXB (hexosami
nidase beta) sc-376781; IGF2R/CI-MPR Abcam ab124767 
(staining and immunoblotting); COX4I1 4844 and CLTC 
2410 from Cell Signaling Technology; and FLAG 3165 from 
Sigma. CTSD Abs included human-specific AF1014 Ab and 
mouse-specific AAF1029 Ab from RD Systems. Fluor 488 or 
594 conjugated anti-rabbit or anti-mouse Ig were from Alexa 
(A11008 and A11005). Pepstatin A, MG132, and DAPI were 
from Sigma (P5318, 474790, D9542); E64D was from 
Calbiochem (324890); BODIPY FL-pepstatin A was from 
Invitrogen (p12271). Plasmids from Invitrogen included 
pCR3.1 (K3000-01); pcDNA4/TO, pcDNA4/TO/lacZ 
(V1020-20); and pcDNA6/TR (V1025-20).

Plasmids

Generation of expression plasmids for mouse CASP9C325A, mouse 
N-terminal 3X Flag CASP9C325A, human WT CASP9, and 
CASP9C287A were previously described [1]. Human N-terminal 
3X Flag CASP9C287A was produced using the human CASP9C287A 

plasmid as the template for PCR with the following two primers: 
5ʹ- CGCGGATCCGCCATG GACTACAAAGACCATGACG 
TGATTATAAAGATCATGACATCGATTACAAGGATGACG
ATGACAAG ATGGACGAAGCGGATCGG-3ʹ (forward) and 
5ʹ-ACGCGTCGACTGCAA 
GATAAGGCAGGGTGAG-3ʹ (reverse). All other reaction condi
tions and processing were as previously described [1]. Mouse 
DsRed-monomer CASP9C325A was generated using the above- 
described mouse CASP9C325A-encoding plasmid as a template

for PCR using the following primers: 5ʹ- 
ACGCGTCGACATGGACGAGGCGGACCGGCAG-3ʹ (for
ward) and 5ʹ- CGGGGTACCCTTCGGAGAGAATA 
ATGAGGC-3ʹ (reverse). The mutant casp9 amplicon was purified, 
digested with restriction endonucleases KpnI and SalI (New 
England Biolabs) and ligated to the pDsRed-Monomer-Hyg-C1 
vector (Clontech, 632495) also predigested with KpnI and SalI, all 
as described for the CASP9C325A construct above. Randomly 
picked putative DsRed-monomer Casp9C325A clones were 
sequenced by the University of Pittsburgh Genomics and 
Proteomics Core Laboratories for sequence verification. The 
VPS35 plasmid used for in vitro translation was obtained from 
Dharmacon (MHS6278-202806093;IMAGE iD 30340379). The 
SNX6 plasmid utilized for in vitro translation was from the 
Harvard Plasmid Repository (HSCD00452472). pDest-EGFP- 
Rab7a plasmid was previously described [65]. The CRISPR-Cas9 
plasmid for human RAB7A KO was from Sigma 
(HSPDD000046457).

Cell lines

A549 cell lines were obtained from ATCC (CCL-185). The 
HCT116 cell line was obtained from Bert Vogelstein (The 
Ludwig Center at Johns Hopkins). HCT116 cells expressing 
CASP9C287A or 3XFlag-CASP9C287A were previously described 
[1]. WT and casp9 KO MEF (I and II) were obtained from 
Richard Flavell (Yale University) and Tak W. Mak (University 
Health Network, Toronto, Ontario, Canada), respectively. 
Tumor cell lines and WT or casp9 KO MEF were grown in 
Dulbecco’s modified Eagle’s medium (Invitrogen, 11965092) 
containing 10% fetal calf serum (Invitrogen, 26140079), 
20 mM L-glutamine (Invitrogen, 25030164), and 100 units/ 
ml each of penicillin and streptomycin (Invitrogen, 
151401220).

Transfection

Transfections were carried out with Lipofectamine 3000 
(Invitrogen, L3000015) according to the manufacturer’s 
instructions using non-linearized plasmids for transient 
expression and linearized plasmids for stable expression. All 
procedures involving linearization, transfection, and stable 
clone selection were carried out as we previously described 
[66,67].

Generation of CRISPR-Cas9 KO cells

CASP9 KO cells were generated using the GeneArt CRISPR 
Nuclease Vector with OFP (orange fluorescent protein) 
Reporter Kit (Invitrogen, A21174), as we previously described 
[2]. This expression vector system contains both a Cas9 nuclease 
expression cassette and a guide RNA (gRNA) cloning cassette to 
generate the target-specific CRISPR RNA. The following two 
distinct CASP9 target-specific (Exon2) double-stranded oligo
nucleotides (Invitrogen) were generated and ligated to the line
arized GeneArt CRISPR nuclease vector following the included 
kit instructions:

Site1: Top Strand – 5ʹ- ACACCCAGACCAGTGGACA 
TGTTTT- 3ʹ; Bottom Strand – 5ʹ- ATGTCCACTGGTC
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TGGGTGTCGGTG – 3ʹ; and Site2: Top Strand – 5ʹ- 
ACCAGAGATTCGCAAACCAGGTTTT – 3ʹ; Bottom Strand – 
5ʹ- CTGGTTTGCGAATCTCTGGTCGGTG – 3ʹ.

Following transformation (Escherichia coli DH5a; 
Invitrogen) plasmids from randomly picked colonies under
went DNA sequence analysis (University of Pittsburgh 
Sequencing Core Facility) to confirm gRNA sequence 
integrity.

RNAi

CASP9 siRNAs were obtained from Dharmacon as the 
siGENOME SMARTpool, which consists of 4 nonoverlapping 
siRNAs. The matching negative control from Dharmacon was 
the siGENOME Non-Targeting siRNA Pool 2. Additionally, 3 
distinct CASP9 siRNAs were obtained from Invitrogen as the 
Stealth Select RNAi CASP9 Set along with their matching nega
tive controls – the Stealth RNAi Negative Controls LO and Hi 
GC. All RNAi results obtained by the Dharmacon siGENOME 
SMARTpool were confirmed by at least an additional distinct 
CASP9-specific siRNA. The cells were plated in a 6-well plate 
and following 16 h (at 20% confluence) were transfected with 
25–100 nM siRNA in Opti-MEM medium (Invitrogen, 
31985070) without fetal calf serum using oligofectamine reagent 
(Invitrogen, 12252011) according to the manufacturer’s trans
fection protocol. After 4 h, fetal calf serum was added to a final 
concentration of 10%.

Immunoblotting and immunoprecipitation

Cell lysates were prepared with 1% Nonidet P-40 (Sigma, 
N6507), 20 mM Tris-HCl, pH 7.4 (Bio-Rad, 1610716), 
137 mM NaCl (Fisher Scientific, BP358212), 10% glycerol 
(Fisher Scientific, 15514011), 1 mM PMSF (phenylmethylsul
fonyl fluoride, Fisher Scientific, 36978), 10 μg/ml leupeptin 
(Sigma, L3884), and 10 μg/ml aprotinin (Sigma, A1153). The 
immunoblotting and immunoprecipitation procedures were 
described in our previous publications [66–69]. All immuno
precipitation procedures were controlled by a sham procedure 
with nonspecific matching immunoglobulin. Quantification of 
scanned protein bands was performed by the US-SCAN-IT 
Gel software (Version 7.1 for Windows. Silk Scientific, Inc. P. 
O. Box 533 Orem, UT 84059 USA).

Filter-Trap assay

The assay was performed as previously described [42]. A total 
cell lysate in SDS lysis buffer (10 mM Tris pH 8.0, 150 mM NaCl, 
2% SDS (Bio-Rad, 1610302), 10 µg/ml PMSF (Fisher Scientific, 
36978) and 10 µg/ml pepstatin A (Sigma, P5318) was fractio
nated by centrifugation at 16,000 g. The supernatants were 
removed and the pellets were resuspended in equal volumes of 
lysis buffer. Equal volumes of total cell lysate, supernatant and 
pellet fractions were then analyzed by western blot or filter-trap 
assay. All pellet fraction samples underwent a further 1:3 dilution 
in 2% SDS before vacuum filtration through a 96-well dot-blot 
apparatus (Bio-Rad, 1706543) containing 0.45 µm nitrocellulose 
membranes (Bio-Rad, 1620115). The resultant membranes were

washed twice with 2% SDS wash buffer and immunoblotted as 
described for western blots. Filter-trap equal loading was ascer
tained by equal ACTB expression in the immunoblotting of 
matching supernatants.

BafA1-sensitive protein degradation

The assay was based on a previously described method [70]. 
The cells were incubated for 24 h at 37°C with 0.2 mCi/ml 
L-[14 C] valine (PerkinElmer, NEC291EU050UC). The cells 
were washed 3 times with PBS (Fisher Scientific, 17516F) and 
transferred to fresh complete medium containing 10 mM cold 
valine (Sigma, V0500) for 1 h. The medium was then replaced 
with fresh medium containing 10 mM cold valine, in which 
the cells were treated with vehicle or 100 nM BafA1 for 
5–16 h. At the end of the incubation period, the culture 
medium was subjected to precipitation in 10% trichloroacetic 
acid (TCA, Sigma, T9159) at 4°C, and the radioactivity of the 
supernatant (released amino acids) was determined by liquid 
scintillation counting. The cells were washed twice with cold 
TCA and dissolved in 0.2 M NaOH. Protein degradation was 
determined by the ratio of acid-soluble radioactivity in the 
medium to total radioactivity recovered from both medium 
and cell pellet fractions.

Cell microscopy and image acquisition

Confocal images were obtained with a confocal laser scanning 
microscope (Olympus, FV1000) and the companion software 
FV10-ASW1.6. Images were acquired with the use of the same 
setting at a resolution of 1020 × 1024 pixels. Morphometric 
measurements were performed using Metamorph (Universal 
Imaging) on at least 50 cells per condition.

For transmission electron microscopy, cells were fixed with 
2% paraformaldehyde and 2% glutaraldehyde in 0.1 M phos
phate buffer (pH 7.0), followed by 1% OsO4. After dehydra
tion, thin sections were stained with uranyl acetate and lead 
citrate for observation under a JEM 1011 CX electron micro
scope (JEOL, Peabody, MA). At least 50 cells per treatment 
were utilized for quantification of all digitally acquired micro
scopic images.

Subcellular fractionation

Cells were suspended in the mitochondrial buffer (MIB) 
composed of 0.3 M sucrose (Sigma, S7903), 10 mM MOPS, 
1 mM EDTA, 4 mM KH2PO4, pH 7.4, and subjected to 
Dounce homogenization as we previously described [2]. 
Briefly, nuclei and debris were removed by 10-min centrifu
gation at 650 g, and a pellet containing mitochondria (HM) 
was obtained by 2 successive spins at 10,000 g for 12 min. To 
obtain the S100 cytosolic fraction and the microsomal pellet, 
the post mitochondria supernatant was further centrifuged at 
100,000 g for 1 h at 4°C.

Secretion assay

CTSD secretion was detected as previously described [71]. 
The tested cells were incubated in serum-free DMEM
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containing cycloheximide (100 μg/ml) at 37°C for the indi
cated time points. Medium samples were collected, concen
trated by 10% TCA at 4°C overnight. Precipitated proteins 
were pelleted at 16,000 x g for 10 min at 4°C, washed in ice- 
cold acetone twice, air-dried, resuspended in SDS sample 
buffer, separated by SDS-PAGE, and immunoblotted. Equal 
loading was determined by immunoblotting of the cell lysates.

Enzyme activity assays

GUSB (glucuronidase beta) enzymatic activity was tested with 
a BioVision fluorometric assay kit (K514) according to the 
manufacturer’s protocol. In principle, the assay uses a specific 
substrate that is cleaved by GUSB into a fluorescent product. 
The GLB1 (galactosidase beta) activity was determined with 
a Thermo Scientific fluorometric assay kit (75,707).

Statistical analysis

All immunoblot analyses are representative of at least three 
experiments. Images are representative of approximately 50 
cells from at least three repeats. Quantification by Metamorph 
was performed on at least 50 cells per treatment, and the results 
were confirmed in 3 independent experiments. Error bars repre
sent means ± SEM. Statistical analysis was performed by 
GraphPad Prism 8 software, utilizing either the parametric 
Student’s t-test or the nonparametric Mann-Whitney 
U (MWU) test, as appropriate. Statistical significance is denoted 
as follows: *** = p < 0.0001; ** = p < 0.001; * = p < 0.05.
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