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ABSTRACT Protein degradation pathways are critical for maintaining proper protein
dynamics within the cell, and considerable efforts have been made toward the de-
velopment of therapeutics targeting these catabolic processes. We report here that
isoginkgetin, a naturally derived biflavonoid, sensitized cells undergoing nutrient
starvation to apoptosis, induced lysosomal stress, and activated the lysosome bio-
genesis gene TFEB. Isoginkgetin treatment led to the accumulation of aggregates of
polyubiquitinated proteins that colocalized strongly with the adaptor protein p62,
the 20S proteasome, and the endoplasmic reticulum-associated degradation (ERAD)
protein UFD1L. Isoginkgetin directly inhibited the chymotrypsin-like, trypsin-like, and
caspase-like activities of the 20S proteasome and impaired NF-kB signaling, suggest-
ing that the molecule may display its biological activity in part through proteasome
inhibition. Importantly, isoginkgetin was effective at killing multiple myeloma (MM)
cell lines in vitro and displayed a higher rate of cell death induction than the clin-
ically approved proteasome inhibitor bortezomib. We propose that isoginkgetin
disturbs protein homeostasis, leading to an excess of protein cargo that places a
burden on the lysosomes/autophagic machinery, eventually leading to cancer
cell death.

KEYWORDS autophagy, biflavonoid, drug discovery, proteasome, TFEB

he ability to regulate proteolytic pathways is critical for maintaining proper protein

homeostasis and overall cellular physiology. Two main degradative pathways exist
that regulate the turnover of organelles and proteins within the cell—the ubiquitin-
proteasome system (UPS) and the lysosome-autophagosome pathway. The UPS func-
tions as the primary route of degradation for thousands of short-lived proteins, whereas
autophagy is responsible for degrading long-lived proteins and maintaining amino acid
pools during stress. Substrates destined for the UPS are first covalently conjugated to
ubiquitin through the action of ubiquitin enzymes (E1 to E3) and then targeted for
degradation by the 26S proteasome, a multisubunit protease complex comprised of a
20S catalytic core and a 19S regulatory subunit (1-3). The 81, B2, and 85 subunits of
the proteasome are responsible for caspase-like activity (cleavage after acidic residues),
trypsin-like activity (cleavage after basic residues), and chymotrypsin-like activity (cleav-
age after hydrophobic residues), respectively (4-6). Misfolded proteins in the lumen of
the endoplasmic reticulum (ER) can be shuttled into the cytoplasm for proteasomal
degradation via retrotranslocation in a process known as ER-associated degradation
(ERAD) (7). Given that more than 80% of cellular proteins are degraded through the
UPS, it is not surprising that defects in proteasome function are associated with a
number of diseases, including neurodegenerative diseases and cancer (8).
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Autophagy represents an evolutionarily conserved process that facilitates the recy-
cling of damaged cellular components to promote cell homeostasis (9, 10). The
hallmark of autophagy is the engulfment of macromolecules and organelles into
double-membrane vesicles known as autophagosomes. These vesicles deliver cargo for
degradation via fusion with acidic lysosomes to form autophagolysosomes and pro-
mote the recycling of building blocks such as fatty acids and amino acids. The adaptor
protein p62, also known as sequestosome 1 (SQSTMT1), is essential for autophagic
degradation of cytosolic protein cargo. p62 recognizes polyubiquitinated proteins via
its C-terminal domain and directs them to the autophagosome for degradation through
direct recruitment of the autophagic effector protein LC3 (11-13). While baseline levels
of autophagy are maintained in nutrient-rich conditions, autophagy is dynamically
induced by cellular stresses such as nutrient starvation, oxidative stress, or infection
with intracellular pathogens. The metabolic checkpoint kinase mTOR (mammalian
target of rapamycin) serves as a primary regulator of autophagy in response to
starvation and inhibits autophagy under basal conditions through phosphorylation of
the mammalian autophagy-initiating kinase ULK1 (14).

The fusion of autophagosomes with lysosomes is an essential step toward degrad-
ing cellular waste, and maintenance of proper lysosome function is critical for cell
survival during starvation. The transcription factor TFEB was recently identified as a
master regulator of lysosome biogenesis, which controls the transcription of target
genes involved in lysosomal structure and function, along with a small subset of
autophagy genes (15, 16). The intracellular localization of TFEB is primarily regulated by
mTOR, which phosphorylates TFEB at serine 211, resulting in its recruitment to lyso-
somal surface when nutrients are present (17-19). Upon nutrient starvation, however,
inactivation of mTOR leads to dephosphorylation of TFEB, which promotes rapid
accumulation of TFEB into the nucleus and activation of the coordinated lysosomal
expression and regulation (CLEAR) pathway—a network of genes involved in lysosome
biogenesis, including the LAMP1, LAMP2, and ATP6V1H genes (20, 21). TFEB has also
been shown to respond to ER stress, and it induces transcriptional upregulation of the
ATF4 gene and other genes involved in the unfolded protein response (UPR) (18). It is
worth noting that despite growing evidence suggesting coordination between lyso-
somes and pathways of protein degradation, little is known of the effect of proteasome
inhibition on TFEB activation.

It has become increasingly evident that disruption of proteolytic pathways repre-
sents a promising avenue for targeting cancer cells. The cells within malignant tumors
are known to undergo extremely high rates of translation to maintain their highly
proliferative state. Cancer cells are heavily reliant on the proteasome to meet the
demand for protein turnover and are therefore much more sensitive to proteasome
inhibition than healthy cells. The success of the bortezomib (commercially known as
Velcade), the first ever approved proteasome inhibitor used to treat multiple myeloma
(MM), has paved the way for the development of various second-generation inhibitors
of the proteasome from natural sources. Microbial lactacystin, green tea polyphenols,
curcumin, and medicinal triterpenes, among others, have emerged as sources of natural
proteasome inhibitors that have been shown to act as potent chemotherapeutic agents
(22). While bortezomib has been extremely successful in patients over the past 15 years,
bortezomib resistance in MM cell populations has increased the demand for novel
proteasome inhibitor drugs.

The natural compound isoginkgetin, a member of the biflavonoid family, is derived
from the leaves of the Ginkgo biloba tree and has been reported to possess anticancer
and anti-inflammation properties. Specifically, isoginkgetin impairs the production of
matrix metalloproteinase 9 (MMP-9), a protein involved in tumor invasion and metas-
tasis, via inhibition of the NF-«B pathway and upregulation of the MMP-9 inhibitor
tissue inhibitor metalloproteinase 1 (TIMP-1) in human fibrosarcoma cells (23). Here we
report that isoginkgetin inhibits the activity of the 20S proteasome, leading to a toxic
accumulation of ubiquitinated proteins in the ER and the induction of apoptosis in
cancer cell lines. We found that like other proteasome inhibitors, isoginkgetin also
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inhibits the NF-kB pathway, which relies on proteasomal degradation of the inhibitory
protein IkBa for activation. Moreover, the disruption of proper protein clearance via the
proteasome inhibition results in activation of lysosome regulator TFEB, UPR, and
autophagy pathways. We propose that isoginkgetin disturbs protein homeostasis,
leading to an excess of protein cargo that places a burden on the lysosomes/
autophagic machinery, resulting in cancer cell death.

RESULTS

Isoginkgetin sensitizes cancer cells to nutrient starvation-induced cell death in
vitro. It has been well studied that cancer cells display an inherent capacity to adapt to
conditions of nutrient depletion by modulating their energy metabolism. The ability to
target nutrient-deprived cancer cells and interfere with recycling pathways therefore
represents a viable strategy for drug development. We observed that treatment with
10 uM isoginkgetin displayed little to no toxicity in Hela cells at early time points but
induced apoptotic cell death by 24 h, measured by increased poly(ADP-ribose) poly-
merase 1 (PARP-1) and caspase-3 cleavage and an increased proportion of cells
undergoing classic apoptotic membrane blebbing, quantified via 4',6'-diamidino-2-
phenylindole (DAPI) nuclear staining (Fig. 1A and B; see also Fig. S1A in the supple-
mental material). Notably, isoginkgetin strongly sensitized Hela cells to cell death
under conditions of nutrient starvation, achieved in vitro through incubation with either
Krebs-Ringer bicarbonate (KRB) or Earle’s balanced salt solution (EBSS) (Fig. 1C and Fig.
S1B). The levels of PARP-1 and caspase-3 cleavage upon treatment with the combina-
tion of isoginkgetin and KRB buffer for 6 h were comparable to those observed in cells
treated with 1 uM staurosporine, a known inducer of apoptosis (Fig. 1D). Furthermore,
flow cytometry analysis revealed an increase in the population of annexin V-positive
(annexin V+)/propidium iodide-negative (PI—) cells in nutrient-starved cells treated
with isoginkgetin for 6 h (18.9% compared to the control, KRB alone, or isoginkgetin
alone conditions at 1.8%, 2.8%, and 2.1%, respectively) (Fig. 1E). Last, soft-agar colony
formation assays were performed to investigate the long-term effects of isoginkgetin
on both Hela cells and the aggressive breast cancer cell line MDA-MB-468. By 72 h,
isoginkgetin significantly decreased the colony-forming abilities of both cell lines
compared to that of the dimethyl sulfoxide (DMSO) controls (Fig. 1F), suggesting that
isoginkgetin is capable of reducing cell viability and decreasing the self-renewal
capacity in these cancer cell lines.

KRB and EBSS starvation buffers are devoid of both amino acids and growth factors
typically added to Dulbecco’s modified Eagle medium (DMEM) in the form of bovine
serum. We next investigated whether isoginkgetin would induce cell death in serum-
free but amino acid sufficient medium, thereby allowing direct analysis of amino acid
versus serum starvation to isoginkgetin-induced cell death. Serum starvation alone
resulted in a significant level of cleavage of both PARP-1 and caspase-3 and a decrease
in overall cell viability upon isoginkgetin treatment (Fig. 1G and H). Notably, the extent
of isoginkgetin-induced cell death was less during serum starvation than KRB treat-
ment, suggesting that both amino acid starvation and serum starvation partially
contribute to the cells’ increasing sensitivity to isoginkgetin. In agreement, addition of
insulin fully protected against apoptosis in isoginkgetin-stimulated cells grown in
serum-free medium and partially protected cells cultured in KRB buffer (Fig. S1C to E).
Moreover, cell death induced by isoginkgetin stimulation was also observed in cells
cultured in low-glucose (1,000 mg/ml) media overnight, albeit to a lesser extent than in
cells cultured in KRB or serum-free media (Fig. 11).

Isoginkgetin induces the accumulation of ubiquitinated protein cargo into
perinuclear aggregates. We hypothesized that the cell death occurring in response to
isoginkgetin treatment could be attributed to impairment of the cellular machinery
responsible for protein degradation, i.e., the autophagic machinery. To explore this, we
performed confocal immunofluorescence microscopy analysis using antibodies against
both ubiquitin and p62/sequestosome 1 (p62), an adaptor protein that recognizes and
targets ubiquitinylated proteins for degradation during autophagy (12). Strikingly,
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FIG 1 Isoginkgetin sensitizes nutrient-starved cancer cells to apoptotic cell death. (A) Quantification of cell death
measured via DAPI stain in Hela cells treated with 10 uM isoginkgetin (Iso) for 24 h, measured as a percentage of
the total number of cells (three experiments [n = 3]; roughly 200 cells quantified per condition). The value for cells
treated with isoginkgetin for 24 h was significantly different (P < 0.001) from the control (CTL) value as indicated
by the bar and asterisks. (B) Western blot analysis of cleaved PARP-1, cleaved caspase-3 (Casp-3), and tubulin
loading control upon treatment with 10 uM isoginkgetin for 0 to 24 h. (C) Quantification of cell death measured
via DAPI stain in Hela cells treated with 10 uM isoginkgetin either alone or in combination with KRB or EBSS for
6 h, measured as a percentage of the total number of cells (n = 3; roughly 200 cells quantified per condition; ***,
P < 0.001). (D) Western blot analysis of the levels of tubulin (loading control), cleaved PARP-1 and caspase-3 in Hela
cells treated for 6 h with KRB and 10 uM isoginkgetin, either alone or in combination, or 20 uM staurosporine
(Stauro.). (E) HeLa cells were stimulated with KRB or 10 uM isoginkgetin for 6 h, followed by staining with annexin
V-FITC and propidium iodide and analyzed via flow cytometry. (F) Soft-agar colony-forming assay of HelLa and
MDA-MD-468 breast cancer cells, treated with either DMSO or 10 uM isoginkgetin for 72 h. (G and H) Quantification
of cell death measured via DAPI stain (G) and Western blot analysis of cleaved PARP-1, cleaved caspase-3, and
tubulin (H) in Hela cells incubated in either DMEM with serum, DMEM without serum, or KRB, with or without the
addition of 10 uM isoginkgetin for 6 h, measured as a percentage of the total number of cells
(n = 3; roughly 200 cells quantified per condition; ***, P < 0.001). () Western blot analysis of cleaved PARP-1,
cleaved caspase-3, and tubulin in HelLa cells incubated in either nutrient-rich DMEM or low-glucose (gluc.) DMEM
for 6 h with or without 10 uM isoginkgetin.

treatment with 10 uM isoginkgetin resulted in the formation of perinuclear aggregates
that colocalized with both ubiquitin and p62, with approximately 20% of cells positive
for aggregates at 6 h of treatment and nearly 50% by 24 h (Fig. 2A to C). The strong
colocalization between p62 and ubiquitin upon isoginkgetin treatment suggests that
these aggregates are likely composed of protein cargo destined for degradation via the
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FIG 2 Isoginkgetin induces the perinuclear aggregation of p62/ubiquitin-positive protein cargo. (A) Confocal
immunofluorescence analysis of Hela cells treated with 10 uM isoginkgetin for 24 h, stained with ubiquitin (Ub)
and p62 antibodies and DAPI nuclear stain. (B) Quantification of the percentage of Hela cells with p62-positive
aggregates upon treatment with isoginkgetin for 8 or 24 h (n = 3; approximately 100 cells per condition). Values
are significantly different (P < 0.001) from the no-isoginkgetin value by one-way analysis of variance (ANOVA) as
indicated by asterisks. (C) Graph showing the colocalization between ubiquitin and p62 using Pearson’s coefficient
obtained via the Zen Blue software (n = 3; approximately 100 cells per conditions). Values are significantly different
(P < 0.01) by Student’s t test as indicated by the asterisks. (D) Confocal immunofluorescence analysis of HeLa cells
treated with 10 uM isoginkgetin, KRB or 10 uM bafilomycin A1 (Baf A1) for 6 h, stained with p62 antibody and DAPI
nuclear stain. (E) Zoomed-in images from the dashed boxes in panel D. (F) Quantification of the percentage of HelLa
cells with p62-positive aggregates upon treatment with isoginkgetin for 6 h in either complete DMEM or KRB (n =
3; approximately 100 cells per condition). Values are significantly different by two-way ANOVA as indicated by
asterisks as follows: ***, P < 0.001; **, P < 0.01. (G) Confocal immunofluorescence analysis of HeLa cells treated with
isoginkgetin for 24 h and stained with p62 and LAMP2. N, nucleus.

autophagy/lysosome pathway. Consistent with this notion, the autophagy protein LC3,
which is bound to the membranes of autophagosomes to promote their formation and
lengthening, was also found to colocalize to the aggregates (Fig. S2A).

Next, we assessed the effect of nutrient starvation on the formation of these
aggregates during isoginkgetin treatment. Nutrient starvation for 6 h with KRB buffer
resulted in an increase in cytosolic p62 puncta corresponding to an enhanced produc-
tion of autophagosomes following autophagy induction (Fig. 2D to F). Similarly, treat-
ment with bafilomycin A1, an inhibitor of the H* v-ATPase that prevents acidification
of the lysosomes and fusion with autophagosomes, induced a large amount of cytosolic
p62 puncta. Nutrient-starved cells treated with isoginkgetin, however, formed large p62
aggregates localizing to the perinuclear region similar to those observed upon treat-
ment with isoginkgetin alone. Nutrient starvation significantly increased the number of
cells with p62 aggregates during isoginkgetin treatment and increased the size and
area of the aggregates within the perinuclear region (Fig. S2B). Furthermore, staining
with the lysosomal marker LAMP2 revealed lysosomal recruitment to the vicinity of the
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FIG 3 Isoginkgetin induces ER stress, impairs the unfolded protein response, and results in accumulation
of ERAD substrates. (A) Confocal immunofluorescence analysis of Hela cells treated with 10 uM isog-
inkgetin stained with antibodies against ubiquitin, 20S proteasome. or UFD1I. (B) Confocal immunoflu-
orescence analysis of Hela cells treated with isoginkgetin for 24 h, stained with antibodies against Ub
and calreticulin (CRT). (C) Quantitative PCR analysis of the relative mRNA expression levels of ER stress
genes BiP, CHOP, GADD34, and ATF3 upon treatment with 10 uM isoginkgetin or 10 uM thapsigargin
(Thapsi) for 6 h (n = 3). Values that are significantly different by one-way ANOVA test are indicated by
asterisks as follows: *, P < 0.01; **, P < 0.005; ***, P < 0.001. (D) Western blot analysis of the protein levels
of ATF4, ATF3, and tubulin loading control in HeLa cells upon treatment with 10 uM isoginkgetin for 0
to 6 h.

protein aggregates upon isoginkgetin treatment, suggesting that protein cargo within
the aggregates is actively cleared via the autophagy/lysosome pathway (Fig. 2G).
Notably, the accumulation of these aggregates upon isoginkgetin treatment is unlikely
to occur as a result of its effect on transcription elongation (a previously reported target
of isoginkgetin action [24] as the transcription elongation inhibitor 5,6-dichloro-1--b-
ribofuranosylbenzimidazole [DRB] failed to induce similar aggregates even after 24 h of
treatment [Fig. S2C]).

Isoginkgetin aggregates are distinct from those induced by other proteasome
inhibitors and contain proteins destined for ERAD. We observed that the ubiquitin/
p62/LC3+ aggregates induced by isoginkgetin possess a number of different structural
properties compared to the well-characterized structures induced by the proteasome
inhibitor MG132 that are commonly referred to as aggresomes (25). While the previ-
ously characterized aggresomes form as a result of shuttling ubiquitinated protein
cargo along microtubules into a sequestered region at the microtubule organizing
center (MTOC) near the nucleus, the aggregates induced by isoginkgetin formed near
the perinuclear region in a ring-like structure (Fig. S2D). Notably, both the 20S core of
the proteasome and the ubiquitin fusion degradation 1-like protein (UFD1L) were
found to colocalize strongly to the isoginkgetin-induced aggregates (Fig. 3A). UFD1L is
known to be essential for ERAD and plays a role in the transfer of ubiquitinated proteins
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from the ER to the proteasome for degradation (26). Consistent with this, the aggre-
gates formed upon isoginkgetin treatment appeared to be tightly associated with the
ER (Fig. 3B), suggesting that isoginkgetin may impair the clearance of misfolded
proteins that are destined for the proteasome through the ERAD machinery.

Isoginkgetin treatment induces ER stress and impairs the unfolded protein
response. To investigate whether the impaired protein clearance during isoginkgetin
treatment would activate ER stress pathways, we analyzed the levels of various chap-
erones and transcription factors involved in orchestrating the unfolded protein re-
sponse (UPR). Indeed, treatment of Hela cells with 10 uM isoginkgetin for 6 h signifi-
cantly increased expression of UPR genes ATF3, GADD34, CHOP, and BiP (Fig. 3C).
Furthermore, Western blot analysis showed a significant increase in the protein levels
of both ATF4 and ATF3 upon isoginkgetin treatment (Fig. 3D). Increased CHOP activa-
tion was also observed via confocal immunofluorescence microscopy by an increase in
nuclear translocation (Fig. S3A).

Isoginkgetin activates autophagy and induces lysosomal swelling, reposition-
ing, and acidification. We next aimed to explore whether the increased protein load
induced by isoginkgetin would serve as an excess burden to the lysosomes, resulting
in impaired function. Interestingly, we observed a striking effect of isoginkgetin stim-
ulation on the positioning of the lysosomes within the cytosol via LAMP2 staining.
Isoginkgetin treatment resulted in an increase in peripheral lysosomes at short (6-h)
time points, in contrast to the clustered perinuclear localization of lysosomes under
control conditions (Fig. 4A). By 24 h of isoginkgetin treatment, however, the lysosomes
returned to the perinuclear vicinity but appeared to occupy a much larger proportion
of the cytosol and were completely redistributed to one side of the cell. This finding
was further validated via staining with Lysotracker DND-99, which specifically stains for
highly acidic lysosomes, since we observed a staining pattern very similar to that of
LAMP2 (Fig. S4A). It has been well established that the positioning of lysosomes relative
to the nucleus is linked to their pH and overall function (27, 28). Staining with acridine
orange (AO), a dye that is readily taken up by acidic organelles, revealed increased
acidification of the lysosomes measured by the number of bright cytosolic AO puncta
during isoginkgetin treatment (Fig. 4B). Furthermore, the number of lysosomes was
visibly increased upon isoginkgetin treatment by 24 h of treatment and underwent a
significant amount of swelling, causing them to nearly double in size (Fig. 4C). Notably,
proteasome inhibition by MG132 had no effect on lysosome positioning or swelling,
suggesting that isoginkgetin may elicit the accumulation of a specific subgroup of
protein targets that require clearance via the lysosomes and are unaffected by MG132.
Similarly, treatment with DRB had no effect on the number or size of p62 puncta in
Hela cells (Fig. S4B). Moreover, there was no defect in microtubule formation upon
24-h isoginkgetin treatment compared to cells treated with vinblastine, a drug known
to suppress microtubule dynamics (data not shown). This suggests that the reposition-
ing of lysosomes stems from a higher proteotoxic burden leading to lysosomal stress,
rather than a consequence of microtubule disruption.

We next addressed whether isoginkgetin treatment induces a compensatory cata-
bolic response through activation of the autophagy-lysosome pathway as a means of
relieving the proteotoxic burden induced by impairment of the UPS. As mentioned
previously, we observed that LC3-positive autophagosomes localized near the ER-
associated p62/ubiquitin aggregates during isoginkgetin treatment. Analysis of the
conversion of LC3 | to LC3 Il revealed that there was a decrease in the levels of LC3 |
over a 6-h period of isoginkgetin treatment to a level similar to that of the KRB positive
control (Fig. 4D). Transfection of Hela cells with an LC3-GFP-RFP probe reporter, which
consists of a pH-insensitive red fluorescent protein (RFP) and a pH-sensitive green
fluorescent protein (GFP), revealed that autophagosome-lysosome fusion remained
functional (Fig. S4C). In fact, we observed a decrease in the total number of GFP puncta
relative to RFP puncta compared to control conditions, suggesting heightened levels of
autophagic flux upon isoginkgetin treatment. Last, to highlight that autophagy is
activated in response to isoginkgetin treatment, we analyzed the levels of apoptosis in
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FIG 4 Isoginkgetin induces lysosomal stress and activation of transcription factor TFEB. (A) Confocal immunoflu-
orescence microscopy of Hela cells stained with LAMP2 upon treatment with 10 uM isoginkgetin for the indicated
times. Cytoplasm in each cell is outlined by a dashed line. (B) Hela cells treated with KRB, 10 uM isoginkgetin, or
1 uM bafilomycin A1 for 6 h, followed by acridine orange (AO) staining for 30 min and visualization via immuno-
fluorescence microscopy and quantification of the acridine orange puncta in each of the conditions. Values that are
significantly different by Student’s t test are indicated by asterisks as follows: ***, P < 0.001; **, P <0.01. (C)
Confocal immunofluorescence of Hela cells treated with either 10 uM isoginkgetin or 10 uM MG132, stained with
DAPI and LAMP2, and quantification of the total lysosome cluster area per cell upon 24-h isoginkgetin treatment
(n = 3 with approximately 50 cells per condition; ***, P < 0.001 by Student'’s t test). Bars = 5 um. (D) Western blot
analysis of the levels of LC3 | and Il in Hela cells treated with 10 uM isoginkgetin over an 8-h period or with KRB
for 6 h compared to a tubulin control. (E) Confocal immunofluorescence microscopy analysis and quantification of
the levels of nuclear TFEB in HeLa and HCT-116 cell lines. ***, P < 0.001. (F) Quantification of the percentage of HelLa
cells with nuclear TFEB upon treatment with 10 uM isoginkgetin for 24 h. (G) Western blot analysis of TFEB
expression in nuclear (N) fractions versus cytoplasmic (C) fractions in HeLa cells incubated with nutrient-rich DMEM
or KRB buffer for 6 h with or without 10 uM isoginkgetin compared to fractionation controls lamin A (nuclear) and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (cytoplasmic).

HCT-116 cells deficient in the autophagy protein ATG16L1 via flow cytometry staining
for annexin V/PI (Fig. S4D). We observed nearly twice as many cells in the annexin
V+/Pl+ late apoptotic population upon starvation with isoginkgetin (11.9%) versus
starvation alone (4.1%) in ATG16L1-deficient cells compared to wild-type cells, sug-
gesting that autophagy pathways are activated to protect against isoginkgetin-induced
cell death. Therefore, isoginkgetin appears to activate autophagy as a response to
cytosolic accumulation of protein cargo.

Isoginkgetin induces activation of the lysosome response gene TFEB. Given that
isoginkgetin was found to affect the size, number, and positioning of the lysosomes, we
reasoned that the increase in protein cargo in isoginkgetin-treated cells would exceed
the normal capacity of lysosomes for proper cellular recycling, resulting in lysosomal
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stress. Consistent with this notion, isoginkgetin strongly induced the nuclear translo-
cation and activation of TFEB, a transcription factor that acts as a master regulator of
lysosome biogenesis, in both HelLa and HCT-116 cell lines (Fig. 4E). Isoginkgetin
treatment for 24 h resulted in nearly 100% of cells displaying nuclear TFEB, accompa-
nied by an increase in the level of dephosphorylated TFEB in the nuclear fraction
compared to control cells (Fig. 4F). Moreover, isoginkgetin further increased TFEB
activation in cells undergoing nutrient starvation with KRB buffer, measured by an
increase in the level of dephosphorylated TFEB in the nuclear fraction compared to
control cells (Fig. 4G). Treatment with DRB for 6 h had no effect on TFEB activation (Fig.
S4E). These findings suggest that the TFEB/lysosomal response may be activated in
response to proteotoxic stress in an attempt to generate more lysosomes to clear the
accumulated cargo.

Isoginkgetin directly inhibits the chymotrypsin-, trypsin-, and caspase-like
activities of the 20S proteasome and impairs NF-kB signaling. Last, given our
previous findings, we aimed to address whether isoginkgetin could affect the activity
of the 26S proteasome— either indirectly or directly. To measure the effect of isogink-
getin on the proteolytic activities of the proteasome, we tested the chymotrypsin-like,
trypsin-like, and caspase-like activity of the proteasome in cancer cell lysates and
directly on human purified 20S proteasome in response to isoginkgetin treatment by
measuring the fluorescence generated from the cleavage of the fluorogenic substrates
Suc-LLVY-AMC (AMC stands for 7-amino-4-methylcoumarin), Boc-LRR-AMC, and z-LLE-
AMC, respectively. We observed, using cell-free purified 20S proteasome, that isogink-
getin was able to directly inhibit the activity of the proteasome. Isoginkgetin was
effective at impairing all three different cleavage types, whereas the proteasome
inhibitor MG132 specifically inhibited the chymotrypsin-like activity (Fig. 5A). To further
characterize the ability of isoginkgetin to inhibit proteasome activities, we conducted
a dose-dependent analysis on the cleavage of the three fluorogenic substrates in vitro.
We report greater than 50% inhibition of all three different cleavage types by isogink-
getin at a 30 uM dose and greater than 95% inhibition at 100 uM (Fig. 5B). Next, we
examined isoginkgetin-treated HEK293T and Hela cells for proteasome enzymatic
activity. Treatment with isoginkgetin for 24 h effectively impaired all three cleavage
types in both HEK and Hela cell lysates (Fig. S5A). Notably, isoginkgetin has recently
been reported to act as an inhibitor of transcription elongation (24). In order to
determine whether inhibition of proteasome activity could be an indirect consequence
of transcription elongation inhibition, the levels of chymotrypsin-, trypsin-, and
caspase-like activities were measured upon treatment with 10 uM DRB, a known
inhibitor of transcription elongation. We report no effect by DRB on proteasome
activity, and in contrast to isoginkgetin and MG132, substrates of all three cleavage
types displayed activity very similar to that of control samples upon DRB treatment (Fig.
5C and Fig. S5B).

Proteasome inhibition is known to result in an overall block in protein synthesis
through the eukaryotic initiation factor 2 « subunit (elF2a) pathway, which can be
measured using the SUnSET puromycin incorporation assay (29). Consistently, isogink-
getin treatment resulted in a significant decrease in protein synthesis by 8 h (Fig. 5D).
In order to investigate the effect of isoginkgetin on proteasome activity, we analyzed
the global levels of ubiquitinated proteins in HelLa cells stimulated with isoginkgetin for
24 h (Fig. 5E). Western blot analysis revealed that isoginkgetin treatment results in an
accumulation of ubiquitinated proteins to an extent that is comparable to that of
MG132 treatment. Western blot analysis of the protein levels of Nrf2, a regulator of the
oxidative stress pathway degraded by the proteasome (30), revealed that treatment
with isoginkgetin for 2 h resulted in a similar level of Nrf2 accumulation to that
observed upon MG132 treatment (Fig. S6A). Moreover, we observed extremely similar
kinetics of elF2«a phosphorylation when Hela cells were treated with either isoginkgetin
or MG132, and there was a transient increase in phosphorylated elF2« at 30 min to 1 h
of treatment (Fig. S6B). Last, given that proteasome inhibitors like MG132 are known to
suppress NF-«kB activity by impairing the degradation of ubiquitinated I«Bea, we tested
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FIG 5 Isoginkgetin inhibits the proteolytic activities of purified 20S proteasome and impairs NF-«kB signaling. (A) Activity of purified

20S proteasome measured by cleavage of fluorogenic substrates of the chymotrypsin-like, trypsin-like,
activities over a 2-h period upon treatment with 10 uM isoginkgetin or 10 uM MG132. Representative

and caspase-like enzymatic
data of three independent

experiments are shown. (B and C) Activity of purified 20S proteasome upon treatment with isoginkgetin, MG132, or 5,6-dichloro-1-
beta-p-ribofuranosylbenzimidazole (DRB) at various doses. Values represent measurement readings taken 2 h following addition of the
drugs (chymotrypsin-like, trypsin-like, and caspase-like). (D) SUnSET assay to measure active translation in Hela cells treated with
1 pg/ml cycloheximide (CHX) for 8 h or isoginkgetin for 0 to 8 h. Puro, puromycin. (E) Analysis of NF-«B luciferase activity in HEK cells

transfected with NF-«B luciferase reporter plasmid. Cells were either left unstimulated or pretreated w

ith 10 uM MG132 or 10 uM

isoginkgetin for 6 h, followed by TNF-a stimulation for 4 h (n = 3). (F) Western blot analysis of IkB protein levels in HeLa cells treated
with TNF-a for 30 min, isoginkgetin for 6 h, or isoginkgetin pretreatment for 6 h followed by a 30-min TNF-« stimulation.

whether isoginkgetin would also have an effect on NF-«B activity (31), as previously
reported (23). Indeed, analysis of NF-kB activity using a luciferase reporter revealed a
significant blunting in tumor necrosis factor alpha (TNF-a)-induced NF-«B signaling
upon isoginkgetin treatment (Fig. 5E). Furthermore, pretreatment of cells with isogink-
getin prevented the degradation of IkBa in response to stimulation with TNF-a in a
dose-dependent manner (Fig. 5F and Fig. S5C). Notably, isoginkgetin treatment re-
sulted in stronger impairment of NF-«B signaling than MG132 treatment. Isoginkgetin,
therefore, functions as a novel inhibitor of all three proteolytic activities of the protea-
some and consequently affects NF-kB-dependent downstream signaling cascades.
Together these findings highlight that isoginkgetin displays significant cytotoxicity
toward cancer cell lines, and future in vivo studies will provide insight into the clinical
relevance of isoginkgetin as a potential anticancer therapeutic.
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FIG 6 Isoginkgetin induces apoptosis in human MM cell lines in vitro and displays a higher rate of cell death than bortezomib.
(A) Cell viability assays and corresponding IC50 values in multiple myeloma cell lines treated with various doses of isoginkgetin
or bortezomib (BTZ) for 72 h (n = 3; values graphed as a percentage compared to the values for untreated control samples).
(B) Western blot analysis of PARP-1 and tubulin expression in MM cell lines treated with 30 uM isoginkgetin for 8 or 24 h. (C)
Analysis of cell viability in MM cell lines treated with 30 uM isoginkgetin or 20 nM bortezomib for 24 h (n = 3) (values graphed
as a percentage compared to the values for untreated control samples).

Isoginkgetin induces apoptosis in MM cell lines. Differentiated plasma cells are
hypersecretory and thus rely heavily on the quality control function of the ER. Since
isoginkgetin likely disrupts protein clearance via ERAD (see above), we investigated the
ability of isoginkgetin to induce apoptosis in multiple myeloma (MM) cancer cell lines.
Using the CellTiter-Glo luminescent cell viability assay, we found that isoginkgetin was
effective at decreasing cell viability in six different MM cell lines (Fig. 6A). The 50%
inhibitory concentration (IC50) of isoginkgetin at 72 h in the six different MM cell lines
tested (MM.1S, OPM2, 8826, H929, JIN3, and U226) was approximately 3 uM, compared
to approximately 2 nM for bortezomib. Western blot analysis revealed that isoginkgetin
induces apoptosis in MM cell lines, as we observed significant cleavage of PARP-1 and
caspase-3 cleavage by 24 h of treatment (Fig. 6B). Importantly, we noted that the
kinetics of apoptosis induction were much quicker in isoginkgetin-treated cells than
bortezomib-treated cells. By 24 h, we observed a significantly greater loss in cell
viability upon isoginkgetin stimulation in all seven MM cell lines tested (U226, JIN3,
8826, KMS-18, KMS-11, KMS-12, and OPM2) (Fig. 6C). Notably, isoginkgetin was espe-
cially effective at killing the MM cell line OPM2, which has been reported to display
greater resistance to bortezomib attributed to higher AKT expression (32). Together
these findings highlight that isoginkgetin displays significant cytotoxicity toward MM
cell lines, and future in vivo studies will provide insight into the clinical relevance of
isoginkgetin as an anticancer therapeutic.

DISCUSSION

In this work, we present a novel role for the natural product isoginkgetin that
involves disruption of protein clearance and lysosomal homeostasis, resulting in apop-
tosis in cancer cells (see the model in Fig. 7). The rationale behind the increased
sensitivity of MM cells to proteasome inhibitors such as the clinically approved bort-
ezomib has been well documented (33, 34). MM is a malignancy of the plasma cells that
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FIG 7 Proposed model of proteasome inhibition and disruption of lysosomal homeostasis via isogink-
getin. Isoginkgetin is a novel inhibitor of the 20S proteasome, which results in compensatory activation
of autophagy and the accumulation of ubiquitinated protein aggregates stemming at the perinuclear
region. The increased protein load induced by isoginkgetin treatment leads to increased lysosomal
acidification, swelling, and repositioning, as well as activation of the transcription factor TFEB. Upon
prolonged isoginkgetin treatment, alone or in combination with nutrient starvation, cancer cells undergo
apoptotic cell death because of increased proteotoxic stress and impaired protein clearance.

results in the overproduction of monoclonal immunoglobulins, and MM cells are
therefore more reliant on the proteasome and other degradative processes to meet the
demand for protein synthesis and turnover than nontransformed cells. One proposed
mechanism by which proteasome inhibitors effectively impair MM cell growth is
through inhibition of NF-«B signaling, a pathway that is constitutively active in cancer
cells (35, 36). Given that activation of NF-«B requires proteasome-dependent ubiquiti-
nation and degradation of IkBa, proteasome inhibitors like bortezomib have been
shown to potently impair this process. Interestingly, Yoon et al. reported that isogink-
getin inhibits NF-«B activity in human fibrosarcoma cell lines in addition to preventing
tumor cell invasion (23). We confirmed here these findings by reporting that isogink-
getin strongly impairs NF-«B signaling by preventing the degradation of IkBa. It is
unlikely, however, that NF-«B inhibition alone accounts for the decrease in viability in
cancer cell lines upon isoginkgetin treatment, and comparison between the cytotox-
icity of NF-«B inhibitors versus isoginkgetin would help to further elucidate this notion.

While the activation of ER stress pathways in response to proteasome inhibitors has
been well studied, the mechanism by which isoginkgetin impairs the UPR in response
to ER stress is currently unknown. It is possible that isoginkgetin results in such a strong
degree of proteotoxic stress in basal conditions that any additional ER stress stimuli will
cripple various arms of the UPR and prevent activation of genes, including ATF3, CHOP,
and BiP. In line with this, MG132 has been shown to inhibit the UPR in response to
thapsigargin by suppressing the activity of IRE1e, the transluminal ER kinase that
coordinates one arm of the UPR (37). While our findings suggest that the PERK-elF2«
arm of the UPR is primarily affected by isoginkgetin, we cannot rule out the possibility
that the IRE1a-Xbp1 or ATF6 pathway is also affected. Notably, we observed a similar
impairment in ATF3 induction by isoginkgetin in response to nutrient starvation (data
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not shown), and it would be tempting to speculate that isoginkgetin impairs multiple
facets of the integrated stress response. Notably, isoginkgetin induces accumulation of
protein cargo in the vicinity of the ER into aggregates that contain ERAD machinery,
including UFD1L and were structurally unique to those induced by other proteasome
inhibitors. ERAD inhibition by the drug kifunensine | results in an increase in the size
and lysosome numbers similar to isoginkgetin, in addition to hyperactivation of au-
tophagy (38). Moreover, dual inhibition of both the proteasome and ATPase p97, a key
mediator of ERAD, terminally disrupts ER configuration and induces higher levels of
apoptosis in MM cell lines than bortezomib alone does (39, 40). Given our findings
suggesting that isoginkgetin leads to potent accumulation of substrates stemming
from the ER, the implication of p97/ERAD in isoginkgetin-induced cytotoxicity is an
interesting avenue worth investigating further.

We observed that isoginkgetin elicits a striking increase in the number of lysosomes,
as well as their repositioning and an overall increase in size. We observed no visible
defects in microtubule organization upon isoginkgetin treatment, suggesting an active
relocalization of lysosomes rather than a disruption of microtubular transport. Consis-
tent with the increased lysosome response upon isoginkgetin treatment, we also report
strong activation of the lysosomal/autophagy regulator TFEB. While TFEB activation
during proteasome inhibition via MG132 has previously been reported (41), little is
known about the regulatory mechanism underlying this activation. While it was initially
accepted that mTOR acts as the principal regulator of TFEB activation, recent findings
have hinted at the existence of additional layers of regulation (21). For example, TFEB
is regulated by lysosomal Ca2™ release through the phosphatase calcineurin, which
dephosphorylates TFEB and promotes its nuclear translocation (42). Furthermore, TFEB
undergoes phosphorylation by Akt in an mTOR-independent manner (21). Our findings
suggest that TFEB increases lysosomal activity and autophagic uptake in response to
the accumulation of protein aggregates during isoginkgetin treatment. Consistent with
this notion, Kilpatrick et al. demonstrated that TFEB promotes the autophagic clearance
of aggregated a-synuclein in neuroglioma cell lines (43). TFEB has also been shown to
play a role in mediating protein clearance in response to a loss of function of TDP-43
in the context of diseases such as amyotrophic lateral sclerosis (44). Furthermore,
overexpression of TFEB in hepatocytes was found to improve outcome in liver disease
models by promoting autophagic clearance of the mutant protein alpha-1-antitrypsin
(ATZ) (45). The findings presented in this work suggest a link between protein aggre-
gation and TFEB, and further characterization for this pathway will be useful for
understanding neurodegenerative disorders.

The effects of isoginkgetin on the proteolytic activities of the 26S proteasome are a
novel finding that implicates the molecule in a growing list of cellular functions. A
recent report demonstrated using strand-specific total RNA sequencing (RNA-seq) that
isoginkgetin inhibits transcription elongation in a manner that is distinct from well-
characterized inhibitors like DRB, which target the cyclin-dependent kinase 9 (CDK9)-
dependent phosphorylation of RNA polymerase Il (24). While isoginkgetin was origi-
nally described as an inhibitor of mRNA splicing by O’Brien et al., the profound effect
of the drug on inhibiting transcription elongation makes the assessment of its effect on
the inclusion/exclusion of specific introns and exons more complicated to interpret
(46). The results provided by Boswell et al. suggest that the effect on splicing could be
minor in comparison to the effect observed on transcription and could be a conse-
quence of transcription inhibition (24). In light of the findings presented here, it is
worth noting that there has been increasing evidence to support a role of the 26S
proteasome in the regulation of transcription (47). Importantly, we show here that
transcription inhibition with DRB does not result in the accumulation of ubiquitinated
proteins nor does it inhibit the activity of the proteasome. It is therefore tempting to
speculate that the effects observed at the level of transcription may occur as a
downstream consequence of proteasome inhibition, although further biochemical
studies will be necessary to elucidate this.

Interestingly, although perhaps not surprisingly, treatment with isoginkgetin sensi-
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tizes cancer cells to cell death during nutrient starvation. The ability to catabolically
degrade proteins and organelles during starvation is essential for generating new
nutrients and amino acids. In nutrient-rich conditions, survival during proteasome
inhibition can be sustained as long as the autophagic machinery can maintain the
increased demand for energy and degrade protein cargo accordingly. This notion may
explain why we observed little cytotoxicity in cancer cells until around 6 to 8 h of
isoginkgetin treatment in nutrient-rich media. When cells are starved of nutrients, new
nutrients must be generated via autophagy as a compensatory mechanism for the
clearance of proteasome-destined substrates. This places a significant burden on the
autophagic machinery and exceeds the capacity of the autophagy-lysosome pathway,
resulting in cell death. In line with this, a study by Vabulas et al. demonstrated that the
proteasome plays a crucial role in cell survival during acute amino acid starvation, in
part through degradation of preexisting proteins to replenish the pool of amino acids
(48). Interestingly, a study by Mizrachy-Schwartz et al. found that the tumorigenic cell
line MCF7 was much more sensitive to proteasome inhibition during amino acid
deprivation than the nontumorigenic cell line MCF10A (49). We thus speculate that a
low-calorie diet in mice may increase both the cytotoxicity of isoginkgetin and impor-
tantly, its ability to specifically target cancer cells owing to their higher metabolic
needs. The combination of caloric restriction and proteasome inhibition displays great
potential, and the use of isoginkgetin in similar models may improve therapeutics in
MM, as well as a broad range of cancers.

MATERIALS AND METHODS

Cell culture. The human epithelial HeLa cell line (American Type Culture Collection), human colon
carcinoma cells HCT 116, and human wild-type fibroblasts were cultured in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 10% fetal calf serum (FCS), 2 mM L-glutamine, 50 IU penicillin, and
50 mg/ml streptomycin (Wisent Bio Products). Cells were maintained in 95% air and 5% CO, at 37°C.
Endotoxin-free FCS and phosphate-buffered saline (PBS) were from Wisent (Saint-Bruno-de-Montarville,
Quebec, Canada). Myeloma cell lines RPMI 8226, MM1S, OPM2, JIN3, U266, and H929 were a kind gift
from Rodger Tiedemann (MaRS Discovery Tower, Toronto, Canada).

Antibodies and reagents. Anti-ATF3 (sc-188) and anti-ATF4 (sc-200) antibodies were from Santa
Cruz Biotechnologies. Antitubulin clone DM1A (T9026) was from Sigma-Aldrich. Anti-mTOR (7C10),
anti-cleaved PARP-1 (D64E10), anti-cleaved caspase-3 (5A1E), anti-phospho-AKT (9271), anti-phospho-
4E-BP1 (236B4) anti-phospho-S6K1 (9205), anti-LC3 a/b (12741), anti-TFEB (4240), anti-ULK1 Ser 757
(6888), and anti-GAPDH (2118) were from Cell Signaling. Anti-LAMP2 was from Thermo Fisher Scientific,
anti-p62 (2C11) was from Novus Biologicals. Antiubiquitin FK2 and antipuromycin were from EMD
Millipore. Anti-lamin A (ab26300), anticalreticulin (ab92516), anti-phospho-IkB (ab32518), anti-CHOP
(@ab11419), and anti-20S proteasome (ab22673) were from Abcam. Anti-UFD1L was from Genetex.
Fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit and Cy3-conjugated goat anti-mouse
antibodies were from Jackson Immuno-Research Laboratories. 6-Diamidio-2-phenylindole (DAPI) and
Lysotracker Red DND-99 were from Invitrogen and Vector Laboratories. Isoginkgetin (EMD Millipore) and
rapamycin were from LKT Laboratories, and acridine orange (AO) dye was from Thermo Fisher Scientific.
Fluorogenic proteasome substrates Suc-LLVY-7-amino-4-methylcoumarin (AMC), Boc-LRR-AMC, Z-LLE-
AMC, and purified human 20S proteasome were from Enzo Life Sciences. Thapsigargin (catalog no.
MG132) was from Sigma-Aldrich, staurosporine was from Cell Signaling Technology. The LC3-GFP-RFP
plasmid was from Addgene. The Cell Glo viability assay was from Promega. Earl’s balanced salt solution
(EBSS) was from Life Technologies. Krebs-Ringer bicarbonate (KRB) buffer is 118.5 mM NaCl, 4.74 mM KCl,
1.18 mM KH,PO,, 23.4 mM NaHCO,;, 5 mM glucose, 2.5 mM CaCl,, and 1.18 mM MgSO,, (pH 7.6).

Immunofluorescence microscopy (IF). Samples were fixed onto coverslips with 4% formaldehyde
for 10 min at room temperature, rinsed three times in PBS for 5 min, and permeabilized via 0.1% Triton
X-100 for 10 min, and incubated with antibodies as previously described (50). Images were acquired on
a Zeiss LSM 700 confocal microscope using the Zen software.

Nuclear TFEB fractionation. Subcellular fractionation was conducted as follows. Hela cell pellets
were washed one time with PBS and lysed with lysis buffer (0.5% Triton X-100, 50 mM Tris-HCI [pH 7.5],
137.5mM NaCl, 10% glycerol, 5mM EDTA) containing protease inhibitor cocktails and phosphatase
cocktails for 20 min on ice, followed by centrifugation at 1,000 X g for 3 min at 4°C. Supernatants were
centrifuged at 15,000 rpm for 5 min, and the resulting supernatant was used as the cytosolic fraction for
Western blots. After centrifugation at 1,000 X g for 3 min, pellets were washed twice with lysis buffer, and
pellets were dissolved in lysis buffer, sonicated three times for 5 s, and subjected to Western blot analysis.
Anti-glyceraldehyde-3-phosphate dehydrogenase (anti-GAPDH) and lamin A antibodies were used as
cytosolic and nuclear markers, respectively.

Quantification of cell death events observed via DAPI staining. The percentage of cells displaying
the characteristic apoptotic membrane blebbing phenotype was analyzed by DAPI staining. For each
analysis, at least 100 cells from randomly selected fields were counted for each time point and condition,
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in at least three independent experiments. Results are expressed as means =+ standard errors of the
means (SEM) of data obtained in these independent experiments.

Flow cytometry analyses. The annexin V-FITC apoptosis detection kit (BD Bio-sciences, USA) was
utilized for analysis of apoptotic populations via flow cytometry. HelLa cells were seeded at 2 X 10°
cells/well into six-well plates. The cells were harvested by trypsinization, washed once with cold PBS, and
then resuspended in annexin V binding buffer. The cell suspension was then transferred to a 5-ml
centrifuge tube and stained with 5 ul annexin V-FITC at room temperature in the dark for 15 min,
followed by staining with 5 ul propidium iodide (PI). The stained cells were run immediately on a BDTM
LSR Il FACSort flow cytometer (Becton-Dickinson, USA).

RNA isolation and quantitative RT-PCR. RNA samples were prepared using the GeneJET RNA
purification kit (Thermo Scientific) according to the manufacturer’s protocol. Eluted RNA was treated with
DNase | (Fermentas) at 37°C for 1 h to remove genomic DNA. cDNA was prepared from 1 ug of total RNA
using OligoDT, random hexamers, deoxynucleoside triphosphates (dNTPs), RNase OUT (Invitrogen), and
Moloney murine leukemia virus (M-MLV) reverse transcriptase (Sigma). cDNA was diluted accordingly and
prepared in 12-ul reaction mixtures using SYBR green quantitative PCR (qPCR) Mastermix (Applied
Biosystems). The CFX384 Touch real-time PCR detection system (Bio-Rad) was used to obtain the raw
threshold cycle (C;) values. Results were analyzed using the 2-4¢T formula normalizing target gene
expression to the TBP housekeeping control.

Soft-agar colony-forming assay. Colony-forming assays on soft agar were conducted as previously
described (51). Briefly, approximately 50,000 cells in a 0.3% agarose gel mixture in DMEM containing
either 10 uM isoginkgetin or DMSO were plated onto a bottom layer of 0.6% agarose in a six-well plate.
The cells were allowed to grow for a minimum of 72 h and then stained with 0.01% crystal violet to aid
in visualization.

Proteasome activity of cell lysates and purified 20S proteasome. After stimulation, Hela cells
were washed twice with PBS and resuspended in reaction buffer (50 mM Tris-HCI [pH 7.5] containing
250 mM sucrose, 5 mM magnesium chloride, 2 mM ATP, 1 mM dithiothreitol [DTT], and 0.5 mM EDTA).
Cells were sonicated for 15 s, and lysates were cleared by centrifugation. Reactions were performed in a
volume of 200 wl, using a final concentration of 100 mM proteasome substrate and 25 mg protein lysate
per reaction. A constant concentration of 1% DMSO was maintained in all wells. Fluorescence (excitation,
380 nm; emission, 460 nm) was measured every 30 s for 2 h. The slope of the initial linear portion of the
curve (over a 15-min interval) was determined using Prism 3.0 (GraphPad Software Inc.). Analysis of the
activity of purified 20S proteasome was conducted in a similar manner. Reactions were performed in
50 mM Tris-HCI (pH 7.5) containing 40 mM KCl, 5 mM magnesium chloride, 0.5 mM ATP, T mM DTT, and
0.5 mg/ml bovine serum albumin (BSA) in a volume of 200 ul. Suc-LLVY-AMC, Ac-nLPnLD-AMC, and Boc-
LRR-AMC were used at a final concentration of 100 uM, and 0.75 ug of 20S proteasome was used per
reaction.

NF-kB luciferase assay. To measure NF-«B luciferase activity, roughly 500,000 HEK-293T cells were
plated per well and transfected with beta-galactosidase, luciferase reporter, and pcDNA3 plasmids for
24 h. Cells were then stimulated with TNF-a for 4 h alone or following a pretreatment with isoginkgetin
for 4 h. Cells were then gently washed with PBS and lysed in luciferase buffer, followed by incubation at
room temperature for 10 min. Ten microliters of each cell lysate was then added to a black 96-well plate
along with 100 ul of luciferin buffer, and luminescence was read using the Victor® plate reader. To
measure expression of the beta-galactosidase construct (transfection control) for normalization, 10-ul
portions of the original cell lysates were added to 100 ul of o-nitrophenyl-B-p-galactopyranoside (ONPG)
buffer and incubated at 37°C for 30 min, and luminescence was read. The beta-galactosidase values were
then used to normalize the absorbance values obtained for each sample.

Acridine orange staining. Hela cells were plated onto coverslips in a 24-well plate. Following
stimulation with either isoginkgetin, KRB, or 1 uM bafilomycin A1, acridine orange (AO) solution (1 mM
stock) was added to the cell sample media at a final concentration of 1 uM. Cells were incubated in AO
for 30 min at 37°. Samples were then washed twice with PBS and mounted directly onto microscope
slides with Dako mounting medium and visualized using confocal microscopy. Lysosomes were visual-
ized in red using the 550-nm excitation filter.

Cell viability assay. Viability assays were performed using the CellTiter-Glo luminescent viability
assay according to the manufacturer’s protocol (Promega).

Surface sensing of translation (SUnSET) assay. The SUNSET assay was conducted as previously
described (52). After stimulation, puromycin (10 ng/ml) was added directly to the cells for 10 min. Cells
were then harvested and analyzed via Western blotting (WB) or immunofluorescence (IF) as described
above. Puromycin antibody was used at a 1:10,000 dilution for WB and a 1:12,500 dilution for IF.

Statistical analysis. Significant differences between mean values were evaluated using one-sample
or unpaired Student t tests using Prism 5.0. All the experiments presented are representative or pooled
from at least three independent experiments.
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