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and apoptosis

Chang-Tze Ricky Yu', Yu-Ting Amber Liao', Chi-Yin Nina Chiang', Jo-Mei Maureen Chen', Hsin-Yu Bella Pan',
Chia-Yun Pan', Wei-Jun Jiang', Jia-Rung Tsai?, Tsung-Ying Yang®* and Chieh-Lin Jerry Teng®>%/8%"

Abstract

Background Bortezomib is a standard treatment for multiple myeloma (MM), working by the accumulation of toxic
misfolded proteins in cancer cells. However, a significant clinical challenge arises from the development of resistance
to bortezomib in MM treatment. Aggresome, a subcellular structure enclosed within Vimentin, forms in response

to proteasome inhibitors and sequesters misfolded proteins that are transported by histone deacetylase 6 (HDAC6)
and Dynein for degradation via autophagy, thereby reducing bortezomib’s cytotoxic effects. Therefore, in this study,
we screened several anticancer agents to identify those that could synergize with bortezomib to enhance cell death
and block aggresome formation in the MM cell line U266B1.

Methods To enhance bortezomib's efficacy, we screened a range of anticancer compounds for their potential to pro-
mote cell death and inhibit aggresome formation in U266B1 MM cells. We utilized the trypan blue exclusion assay
and immunofluorescence for evaluation, and explored the underlying mechanisms through Western blot analysis.

Results Doxorubicin enhanced bortezomib-induced cytotoxicity while inhibiting aggresome formation. Mecha-
nistic studies revealed that doxorubicin downregulated key aggresome components, including Vimentin, HDACS6,
and Dynein, leading to accumulation of misfolded proteins and augmentation of proapoptotic and necroptotic path-
ways by intensifying endoplasmic reticulum (ER) and Golgi stress responses. Notably, doxorubicin did not enhance
cell death triggered by proteasome inhibitors that do not induce aggresome formation. Furthermore, the combina-
tion of bortezomib and doxorubicin failed to produce synergy in the killing of MM cell lines that lacked aggresome-
forming ability.

Conclusions Doxorubicin enhances bortezomib-induced cell death in MM by inhibiting aggresome formation

and amplifying ER/Golgi stress and apoptosis. This study highlights the potential therapeutic benefits of combining
bortezomib with doxorubicin for MM treatment.
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Introduction destruction of cancer cells, particularly in multiple

Cancer cells tend to produce large quantities of misfolded
proteins owing to gene mutations, aneuploidy, or stress-
ful conditions within the tumor microenvironment [1].
These misfolded proteins can exert toxicity on cells by
causing loss of function of the abnormally folded pro-
teins [2], disrupting cellular processes by creating spatial
obstacles [3], binding to and permeabilizing biomem-
branes [4], inducing oxidative stress, and activating apop-
tosis via the unfolded protein response [5]. Consequently,
chemical inhibition of the proteasome—the primary sub-
cellular structure responsible for degrading misfolded
proteins, has emerged as a therapeutic strategy in cancer
treatment [6].

However, chemically inactivating the proteasome
causes the rapid buildup of misfolded proteins, which are
often polyubiquitylated and recognized by several fac-
tors, including Histone Deacetylase 6 (HDAC6) [7], the
Heat Shock Protein 70 (HSP70)/Bcl-2-associated atha-
nogene 3 (BAG3)/14-3-3 protein complex [8], eukary-
otic Elongation Factor 1 Alpha 1 (eEF1A1), and Dynactin
Subunit 1 (DCTN1) [9]. These factors bind to the mis-
folded proteins and transport them via dynein to the cell
center, where the vimentin network reorganizes into a
cage-like structure that sequesters the toxic ubiquitylated
misfolded proteins. These sequestered proteins are then
degraded through autophagy [10]. Hence, the formation
of aggresomes may attenuate the cytotoxicity induced by
proteasome inhibitors.

Inhibiting the proteasome and the aggresome results
in a synergistic effect, significantly enhancing the

myeloma (MM) [11]. Therefore, disrupting aggresome
is considered a promising strategy to boost the cytotox-
icity induced by proteasome inhibitors. However, few
compounds have been reported to possess aggresome-
inhibitory activity [12]. Multiple myeloma is a blood
malignancy arising from monoclonal plasma cells. It
typically presents with symptoms such as anemia, bone
pain, hypercalcemia, and renal dysfunction and accounts
for approximately 19% of all hematological cancers [13].
Combinations of proteasome inhibitors, immunomodu-
latory drugs, and dexamethasone are the current stand-
ard treatment for newly diagnosed MM [14]. Among
the available proteasome inhibitors, bortezomib has
been widely utilized in diverse MM treatment regimens.
Bortezomib is a dipeptide boronic acid inhibitor that
effectively inhibits proteasome activity by specifically
targeting the beta-1 and beta-5 subunits, with minimal
effects on other proteases [15]. This inhibition causes the
accumulation of misfolded proteins, making bortezomib
particularly effective in MM treatment owing to the high
level of protein production in MM cells [16]. However,
the efficacy of bortezomib has been undermined by the
development of drug resistance in MM, with aggresome
formation playing a pivotal role [17].

In this study, we screened several anticancer agents to
identify those that could synergize with bortezomib to
enhance cell death in the MM cell line U266B1. Doxoru-
bicin, a widely used anticancer drug with diverse phar-
macological effects, including in the treatment of MM,
was found to enhance bortezomib-induced cell death



Yu et al. Journal of Translational Medicine (2024) 22:1095

and inhibit bortezomib-induced aggresome formation
synergistically. Mechanistic analyses revealed that doxo-
rubicin downregulated key aggresome-promoting fac-
tors, such as Vimentin, HDAC6, eEF1A1, and dynein,
whereas simultaneously activating pathways related to
endoplasmic reticulum (ER) or Golgi stress responses
and apoptosis. Notably, doxorubicin did not potenti-
ate cell death triggered by proteasome inhibitors that
lacked aggresome-stimulating activity. Furthermore, the
combination of bortezomib and doxorubicin failed to
induce synergistic cell death in the MM cell lines without
aggresome-forming potential. These findings suggest that
doxorubicin enhances bortezomib-induced cell death
by inhibiting aggresome formation, thereby augment-
ing ER and Golgi stress responses and further enhancing
apoptosis.

Materials and methods

Chemicals, reagents and antibodies

Roswell Park Memorial Institute (RPMI) 1640 medium,
penicillin, streptomycin, and trypan blue were purchased
from GIBCO (Bethesda, MD, USA), whereas fetal bovine
serum was sourced from Cytiva (Marlborough, MA,
USA). Bortezomib, doxorubicin, lenalidomide, poma-
lidomide, dexamethasone, alisertib, regorafenib, gemcit-
abine, clioquinol, capzimin, 3-methyladenine (3-MA),
vacuolar protein sorting 34-phosphatidylinositol 3-kinase
III (Vps34-PIK III), chloroquine, and MHY1485 were
obtained from MedChemExpress (Monmouth Junction,
NJ, USA), and EPZ015666 was sourced from Sigma (St.
Louis, MO, USA). All cell lines, including U266B1, RPMI-
8226, and NCI-H929, were purchased from the Ameri-
can Type Culture Collection. Antibodies against cellular
myelocytomatosis (c-Myc) (A19032), sequestosome-1
(p62) (A19700), nuclear factor erythroid 2-related fac-
tor 2 (NRF2) (A3577), HSP70 (A12948), BAG3 (A14826),
14-3-3 y (A9162), 14-3-3 & (A4933), 14-3-3 { (A7639),
eEF1A1 (A11545), hook microtubule-tethering pro-
tein 2 (HOOK2) (A9337), DCTN1 (A1783), dynein light
chain LC8-type 1 (DYNLL1) (A14496), dynein axonemal
heavy chain 5 (DNAH5) (A17472), autophagy-related 4C
cysteine peptidase (ATG4C) (A7396), microtubule-asso-
ciated proteins 1A/1B light chain 3B (A19665), HSP90
(A21799), inositol-requiring enzyme 1 (IRE1) (A21021),
phosphorylated IRE1 serine 724 (pIRE S724) (AP1442),
glucose-regulated protein 78 (GRP78) (A11366), C/EBP
homologous protein (CHOP) (A0221), activating tran-
scription factor 3 (ATF3) (A13469), ATF4 (A18687),
ADP-ribosylation factor 4 (ARF4) (A7644), cyclic AMP-
responsive element-binding protein 3 (CREB3) (A6567),
E26 transformation-specific sequence 1 (ETS1) (A15666),
ETS2 (A7329), and HSP47 (A13474) were purchased
from Abclonal (Woburn, MA, USA). Antibodies against
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p-38 (#8690P), phosphorylated-p38 (#4511P), Bcl-2-as-
sociated death promoter (Bad) (#9239), phosphoryl-
ated Bad serine 112 (#5284), Bcl-2-associated X protein
(Bax) (#5023), Bcl-2-interacting killer (Bik) (#4592), Bcl-
2-interacting mediator of cell death (Bim) (#2933), BH3-
interacting domain death agonist (BID) (#2002), Bcl-2
homologous antagonist/killer (Bak) (#12105), p53 upreg-
ulated modulator of apoptosis (Puma) (#12450), Cas-
pase 3 (#14220), cleaved Caspase 3 (#9664), Caspase 7
(#12827), cleaved Caspase 7 (#8438), Caspase 9 (#9508),
cleaved Caspase 9 (#52873), poly(ADP-ribose) polymer-
ase (PARP) (#9542), cleaved PARP (#5625), receptor-
interacting serine/threonine-protein kinase 1 (RIPK1)
(#3493), mixed lineage kinase domain-like protein
(#14993), and RIPK3 (#13526) were obtained from Cell
Signaling Technology (Danvers, MA, USA). The antibody
against 14-3-3 n (sc-17287) was purchased from Santa
Cruz Biotechnology (Dallas, TX, USA), whereas the
dynein antibody (MA1-070) was sourced from Invitrogen
(Carlsbad, CA, USA). Various horseradish peroxidase
(HRP)-conjugated secondary antibodies were purchased
from Cell Signaling Technology (Danvers, MA, USA),
and HRP substrates were obtained from Advansta (San
Jose, CA, USA)."

Cell culture

The U266B1, RPMI-8226, and NCI-H929 MM cell lines
were cultured at 37 °C in 5% CO, using RPMI 1640
medium with 2 mM L-glutamine, 100 U/mL penicil-
lin, and 100 pg/mL streptomycin. Specific conditions
were as follows: (i) U266B1 cells were grown in medium
containing 15% fetal bovine serum and 1.5 g/L sodium
bicarbonate; (ii) RPMI-8226 cells were maintained in
medium supplemented with 20% fetal bovine serum, 1.5
g/L sodium bicarbonate, 4.5 g/L glucose, 10 mM HEPES,
and 1 mM sodium pyruvate; (iii) NCI-H929 cells were
cultured in medium with 10% fetal bovine serum, 2 g/L
sodium bicarbonate, and 1 mM sodium pyruvate.

Preparation of cell extracts and Western blot

To prepare cell-free extracts, cells were lysed using a
buffer made of 50% lysate buffer and 50% IP washing
buffer. The lysate buffer contained 20 mM PIPES (pH
7.2), 100 mM NaCl, 1 mM EDTA, 0.1% CHAPS, 10%
sucrose, 1 mM PMSF, 1 mM DTT, 1 mM sodium ortho-
vanadate, and 10 pg/mL of protease inhibitors (leupep-
tin, aprotinin, chymostatin, pepstatin). The IP washing
buffer consisted of 10 mM HEPES (pH 7.6), 2 mM mag-
nesium chloride, 50 mM NaCl, 5 mM EGTA, 0.1% Tri-
ton X-100, and 40 mM [-glycerophosphate. Lysates
were incubated at 4 °C for 30 min. Cellular debris was
removed by centrifuging at 13,000 rpm for 90 min in
an Eppendorf centrifuge. Protein concentration in the
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supernatants was determined with the Bradford assay
(BIO-RAD, Richmond, CA, USA). For analysis, 50-100
ug of protein was heated to 95 °C for 10 min. Samples
were loaded onto a 10% SDS-PAGE gel and transferred
to a PVDF membrane (Millipore, Bedford, MA). The
PVDF membrane was blocked with 5% BSA in PBST
(0.1% Tween 20 in PBS). Primary antibodies were incu-
bated with the membrane overnight at 4 °C. Mem-
branes were washed three times with PBST for 30 min
each at room temperature. Secondary antibodies con-
jugated to HRP were added for 1 h at room tempera-
ture. The membrane was washed again with PBST three
times for 30 min each. Finally, HRP substrates were
applied to develop the membrane.

Immunofluorescence
Cells grown on polylysine-coated coverslips or mounted
on slides via cytospin were washed with PBS and fixed
in cold methanol at —20 °C for 20 min. Fixed cells were
incubated with primary antibodies for 1 h at room tem-
perature. Afterward, they were washed three times with
TBST (tris-buffered saline with 0.1% Tween 20).
Secondary antibodies conjugated with TRITC or
FITC, together with DAPI, were added for 1 h. The sam-
ples were washed again with TBST. Finally, they were
mounted in 90% glycerol containing p-phenylenediamine
as an anti-fading reagent. Fluorescence images were cap-
tured using a fluorescence microscope from Olympus
Optical Co., Ltd (Tokyo, Japan).

Cell mortality assay

Cell viability was assessed using a trypan blue exclusion
assay. In this procedure, cells were incubated with a 0.2%
solution of trypan blue, loaded onto a hemocytometer,
and examined under a microscope. Cells that stained
blue were classified as non-viable.

Statistical analysis

Regarding drug synergy, synergism occurs when the com-
bination of two or more agents produces effects more
than the sum of the individual effects [18]. We defined
synergistic cell death as a significantly greater level of cell
mortality induced by the combination of bortezomib and
doxorubicin compared to the sum of cell death caused by
bortezomib alone and doxorubicin alone. For other sta-
tistical analyses, we used SPSS software (version 22.0;
SPSS Inc., Chicago, IL, USA). Depending on the context,
either one-way ANOVA followed by Tukey’s post hoc test
for multiple comparisons or t-tests or were performed.
Statistical significance was defined as a P-value < 0.05.
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Results

Doxorubicin synergized bortezomib-induced cell death

in U266B1 cells

We initially screened a range of anticancer agents for
their potential to enhance bortezomib-induced cell death
in the MM cell line U266B1. This screening included
two anticancer drugs, gemcitabine and regorafenib; four
drugs commonly used in the treatment of MM, includ-
ing lenalidomide, pomalidomide, dexamethasone, and
doxorubicin; furthermore, two experimental anti-MM
compounds, EPZ01566 and alisertib. Bortezomib was
administered at a concentration of 6.25 nM, which led to
approximately 30-40% cell death. The test compounds,
each used at concentrations inducing 10-20% cell death,
were added individually or in combination with bort-
ezomib. Cell viability was assessed 24 h later using the
trypan blue exclusion assay. The results indicated that
only doxorubicin produced synergistic cell death when
combined with bortezomib. This is evidenced by a sig-
nificantly higher observed cell death rate with the combi-
nation treatment (experimental death value, E) compared
to the sum of the cell death rates from bortezomib and
doxorubicin (theoretical additive value, T) (Fig. 1). In
contrast, the other compounds either produced an addi-
tive effect with bortezomib (E approximately equal to T)
or failed to achieve an additive effect (E<T).

Doxorubicin inhibits bortezomib-induced aggresome
formation in U266B1 cells

We then investigated whether doxorubicin could inhibit
aggresome formation. Given the limited scientific evi-
dence on aggresome formation in cancerous B cells, we
aimed to characterize this process in the MM cell line
U266B1. U266B1 cells were treated with bortezomib
for various durations, and immunofluorescence analysis
using antibodies against Vimentin and Ubiquitin, two key
aggresome markers, was performed. As shown in Fig. 2A,
Vimentin in the U266B1 cells before drug treatment
exhibited either a larger circular cage, a blurred cage,
or a dispersed pattern. Upon increasing the bortezomib
incubation period, the percentage of cells exhibiting
larger cages or dispersed Vimentin decreased, whereas
the percentage of cells with blurred or small, dense
cages gradually increased (Fig. 2B). Conversely, ubiqui-
tin was undetectable in U266B1 cells prior to treatment;
however, small ubiquitin aggregates began to form at 6
h, followed by a major aggregate at 12 h of bortezomib
treatment (Figs. 2A, C). Since aggresomes are clusters of
ubiquitinated misfolded proteins enclosed by a Vimen-
tin cage [10], we monitored the progression of ubiquitin
signals within blurred (Fig. 2D) or small Vimentin cages
(Fig. 2E). Initially, ubiquitin signals were either dispersed
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Fig. 1 Doxorubicin synergized with bortezomib to induce cell death in U266B1 cells. U266B1 cells were treated with either no compound, 6.25 nM
Bortezomib, or one of the following compounds: 12.5 ug/ml Gemcitabine (A), 10 uM Alisertib (B), 10 uM Regorafenib (C), 20 uM EPZ015666 (D),

10 UM Lenalidomide (E), 10 uM Pomalidomide (F), 10 uM Dexamethasone (G), T uM Doxorubicin (H), or a combination of bortezomib with one

of the listed compounds. After 24 h, trypan blue exclusion assays were conducted to assess cell death. At these concentrations, bortezomib induced
30-40% cell death, whereas each tested compound resulted in 10-20% cell death. The experimental death value (E) represents the observed cell
death resulting from the combination treatment, whereas the theoretical additive value (T) represents the sum of cell death induced by each drug
individually. Statistical significance was determined using one-way ANOVA followed by Tukey’s multiple comparison test, with p-values of < 0.05
(*),<0.01 (*),<0.001 (***),and <0.0001 (****); ns indicates no significance. All experiments were performed independently three times

or undetectable in cells before treatment (Type A); how-
ever, as bortezomib treatment progressed, an increasing
number of cells displayed multiple separated ubiqui-
tin particles within the Vimentin cage by 6 h (Type B).
By 12 h, these aggregates began to merge (Type C) and
soon after fused into a single, compact cluster within the

(See figure on next page.)

Vimentin cage (Type D). Thus, during the early hours
of bortezomib treatment, ubiquitinated misfolded pro-
teins exhibit a Type B distribution within the Vimentin
cage, transitioning almost simultaneously to Types C and
D. Ultimately, we defined aggresome in U266B1 cells as
either multiple closely clustered ubiquitin aggregates

Fig. 2 Doxorubicin blocks bortezomib-induced aggresome formation in U266B1 cells. A-C Characterization of the formation of Vimentin cages
and the aggregation of ubiquitinated misfolded proteins during aggresome formation. U266B1 cells were treated with 6.25 nM bortezomib

for 0-24 h and analyzed by immunofluorescence to observe Vimentin and Ubiquitin (A). The percentage of cells with different forms of Vimentin
(B) or Ubiquitin (C) was quantified and plotted. D, E Kinetics of Ubiquitin changes in cells with blurred or small Vimentin cages. U266B1 cells treated
with 6.25 nM Bortezomib for 0-24 h were analyzed by immunofluorescence to observe Vimentin and Ubiquitin. The distribution of Ubiquitin

in cells with blurred Vimentin cages (D) or small Vimentin cages (E) was quantified and plotted. Ubiquitin distribution was classified as: A, dispersed
Ubiquitin; B, separated Ubiquitin particles; C, closely packed Ubiquitin particles; D, compact, clustered Ubiquitin. F Bortezomib stimulates
aggresome formation in U266B1 cells. Cells were treated with 6.25 nM Bortezomib for 0-24 h, and immunofluorescence was used to observe
Vimentin and Ubiquitin. Aggresomes were defined as Ubiquitin in type C or D, enclosed by blurred or small Vimentin cages. G Doxorubicin

inhibits Bortezomib-induced aggresome formation. U266B1 cells were treated with no compound, 6.25 nM Bortezomib, 1 uM Doxorubicin,

or the combination for 18 h, followed by immunofluorescence analysis for Vimentin and Ubiquitin. The percentage of cells with aggresomes,

as defined in (F), was quantified and plotted. Statistical significance was determined by one-way ANOVA with Tukey’s multiple comparison test:
*p<0.05, ***p <0.001. All experiments were performed independently three times. Scale bar: 10 um
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(Type C) or a single major ubiquitin cluster (Type D)
enclosed by a blurred or small Vimentin cage. Notably,
U266B1 cells rapidly and steadily formed aggresomes
upon continuous bortezomib exposure, with more than
30% of cells exhibiting aggresomes in their cytoplasm
after 24 h (Fig. 2F).

Next, we assessed whether doxorubicin could block
bortezomib-induced aggresome formation. U266B1 cells
were treated with bortezomib and doxorubicin either
individually or combined for 18 h—a shorter duration
compared with 24 h to retain more viable cells on the
coverslips. We found that co-treatment with doxorubicin
significantly reduced aggresome formation in borte-
zomib-treated cells (Fig. 2G).

Doxorubicin downregulates vimentin

and aggresome-promoting factors

To investigate the mechanism through which doxoru-
bicin inhibits bortezomib-induced aggresome forma-
tion, we examined various aggresome-promoting factors,
including the structural protein Vimentin and several
misfolded protein recognition or transport factors. These
included HDACS6 and its upstream transcriptional regula-
tor c-Myc, p62 and its upstream transcriptional regulator
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NRF2 and activator p38, HSP70, BAG3, and 14-3-3 pro-
teins, eEF1A1, HOOK?2, and Dynein with its associated
subunits. Furthermore, we examined aggresome or mis-
folded protein clearance-related factors such as HSP90
and autophagy-promoting factors like LC3 and ATG4C
since autophagosomes are primarily responsible for
aggresome clearance. Our results demonstrated that dox-
orubicin significantly downregulated the protein levels
of aggresome structural and promoting factors in borte-
zomib-treated cells. These included Vimentin, HDACS,
the NRF2-p62 axis, phosphorylated p38, 14—3-3¢, 14-3-
3n, eEF1A1, HOOK2, and Dynein along with its subunits
DYNLLI1 and DNAHS5 (Fig. 3). However, key regulators
of misfolded protein clearance or autophagosome forma-
tion, such as HSP90, LC3, and ATG4C, remained unaf-
fected by doxorubicin in bortezomib-treated cells.

Cotreatment with doxorubicin and bortezomib increased
accumulation of misfolded proteins and amplified ER

or Golgi stress responses as well as apoptosis/necroptosis
in U266B1 cells

Proteasome inhibitors eliminate cancer cells by accu-
mulating misfolded proteins. We first examined these
misfolded protein toxicants and found that cotreatment

2.0

E= Bortezomib

[ Bortezomib+Doxorubicin

1.5=—

Fig. 3 Doxorubicin downregulates Vimentin and various aggresome-promoting factors. U266B1 cells were treated with 6.25 nM bortezomib

or a combination of 6.25 nM bortezomib and 1 uM doxorubicin, followed by Western blot analysis to assess the protein levels of key aggresome
components, including Vimentin (a structural component of the aggresome), aggresome-promoting factors such as misfolded protein
recognition proteins, motor proteins involved in misfolded protein transport, and aggresome clearance factors (A). The relative protein levels were
quantified and plotted, with statistical significance indicated (B). Statistical significance was determined using t-tests, with *p <0.05, **p < 0.01,
and ***p <0.001. All experiments were performed independently three times
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of doxorubicin and bortezomib increased the levels of
ubiquitinated misfolded proteins (Fig. 4A). It is known
that bortezomib induces cell death by triggering ER stress
[19]. Furthermore, Golgi-disrupting agents like Brefeldin
A, can cause a Golgi stress response [20], and the Golgi
apparatus undergoes structural fragmentation during
aggresome formation or proteasome inhibitor treatment
[21], suggesting that Golgi stress may also contribute to
bortezomib-induced cell death.

Accordingly, we examined factors involved in the ER
or Golgi stress responses. Our findings revealed that the
protein levels of proapoptotic factors associated with
ER stress, such as CHOP, ATF3, and ATF4, and those
involved in Golgi stress, including ARF4, CREB3, and
ETS1/2, were elevated when doxorubicin was added to
bortezomib-treated U266B1 cells (Fig. 4B, C), although
the prosurvival factor HSP47 in the Golgi stress response
was also increased. Since sustained ER or Golgi stress
often leads to cell death by inducing apoptosis, we
examined the expression of proapoptotic factors and
multiple caspases (Fig. 4D, E). The results revealed a sig-
nificant increase in Bad, Bik, Bim, BID, Bak, and Puma
levels, along with activated Caspases 3, 7, 9, and PARP, in
U266B1 cells treated with bortezomib and doxorubicin.

Lastly, ER stress has also been implicated in inducing
necroptosis [22], and our results showed that RIPK1, a
key factor in necroptosis, was elevated in cells cotreated
with bortezomib and doxorubicin compared with borte-
zomib alone (Fig. 4F). In summary, our analyses revealed
that doxorubicin enhanced bortezomib-induced cell
death by increasing the accumulation of misfolded pro-
teins and exacerbating ER and Golgi stress responses,
consequently leading to a stronger induction of apoptosis
and necroptosis.

(See figure on next page.)
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Doxorubicin did not synergize cell mortality induced

by proteasome inhibitors lacking aggresome-inducing
activity

Capzimin and clioquinol are two proteasome inhibitors
that function through different mechanisms: Capzimin
inhibits the isopeptidase activity of the proteasomal
subunit RPN11 [23], while clioquinol acts as an iono-
phore, directing metal ions to disrupt the proteaso-
mal enzymatic complex [24]. Notably, neither of these
proteasome inhibitors can induce aggresome forma-
tion. Despite that the cells underwent capzimin treat-
ment, Vimentin networks reorganized into a cage-like
structure; however, no ubiquitinated aggregates were
observed within the cage (Fig. 5A). To verify this, we
also examined HDACS6 localization, a key protein in
misfolded protein recognition and transport. Unlike
bortezomib, which stimulates the recruitment of
HDACS6 and ubiquitin to aggresomes, capzimin failed
to induce the accumulation of either HDAC6 or ubiqui-
tin in treated cells (Fig. 5B). Furthermore, at doses that
induced 30-40% cell death, capzimin did not synergize
with doxorubicin to enhance cell mortality (Fig. 5C).
Similarly, clioquinol treatment failed to induce Vimen-
tin cage formation or ubiquitin aggregation (Fig. 5D),
and no synergistic increase in cell death was observed
when clioquinol was combined with doxorubicin
(Fig. 5E). These findings suggest that the ability of pro-
teasome inhibitors to induce aggresome formation is
crucial for their synergy with doxorubicin in promoting
cell death.

Fig.4 Cotreatment with doxorubicin increases misfolded protein accumulation, enhances ER/Golgi stress responses and promotes apoptosis/

necroptosis in bortezomib-treated cells. A Cotreatment with doxorubicin increases the level of ubiquitinated proteins in bortezomib-treated cells.
U266B1 cells exposed to bortezomib or the combination of bortezomib and doxorubicin were analyzed for misfolded protein levels by Western blot
using anti-ubiquitin antibodies. The relative protein levels were quantified and plotted with statistical significance. B Cotreatment with doxorubicin
elevates the protein levels of factors that promote ER stress-dependent apoptosis in bortezomib-treated cells. U266B1 cells exposed to bortezomib
or the combination were analyzed by Western blot for the levels of ER stress response regulators, including IRE1, pIRE-S724, GRP78, CHOP, ATF3,
and ATF4. The relative protein levels were plotted with statistical significance. C Cotreatment with doxorubicin increases the protein levels

of factors involved in Golgi stress-dependent apoptosis in bortezomib-treated cells. Western blot analysis was performed on U266B1 cells treated
with bortezomib or the combination, focusing on Golgi stress response regulators such as ARF4, CREB3, ETST, ETS2, and HSP47. The relative protein
levels were quantified and plotted. D Cotreatment with doxorubicin enhances the levels of proapoptotic factors in Bortezomib-treated cells.
U266B1 cells were analyzed by Western blot for proapoptotic factors such as Bad, pBad (S112), Bax, Bik, Bim, BID, Bak, and Puma. The relative protein
levels were plotted with statistical significance. E Cotreatment with doxorubicin increases the levels of active caspases in bortezomib-treated cells.
Western blot analysis was performed on U266B1 cells exposed to Bortezomib or the combination, measuring the levels of the proform and cleaved
active forms of caspases 3, 6, 7, 9, and PARP. The relative protein levels were plotted with statistical significance. F Cotreatment with doxorubicin
elevates the protein level of RIPK1, a key factor promoting necroptosis, in Bortezomib-treated cells. U266B1 cells were analyzed by Western blot

for necroptosis regulators, including RIPK1, RIPK2, and RIPK3. The relative protein levels were quantified and plotted with statistical significance.
Statistical significance was determined using t-tests, with *p <0.05, **p <0.01, and ***p < 0.001. All experiments were performed independently
three times
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Fig. 5 Doxorubicin does not synergize with cell mortality triggered by proteasome inhibitors lacking aggresome-inducing activity. A Capzimin
does not stimulate aggresome formation. U266B1 cells treated with no compound or 5 uM Capzimin for 24 h, which resulted in~30% cell

death, were analyzed for aggresome formation using immunofluorescence. The percentage of cells with aggresomes (Ubiquitin aggregates
enclosed by Vimentin cages, as defined previously) was counted and plotted. 6.25 nM bortezomib was used as a positive control. B Confirmation
of Capzimin's inability to stimulate aggresome formation. U266B1 cells treated with no compound or 5 uM Capzimin for 24 h were analyzed

by immunofluorescence using antibodies against Ubiquitin and HDAC6, which is responsible for recognizing and transporting misfolded proteins
to the aggresome. The percentage of Capzimin-treated cells with HDAC6 aggregates was counted and plotted. 6.25 nM Bortezomib was used

as a positive control, where Ubiquitin and HDAC6 colocalized, confirming HDAC6's role in recognizing and binding ubiquitinated misfolded
proteins. C Capzimin does not synergize with Doxorubicin to enhance cell death. U266B1 cells treated with no chemical, 5 uM Capzimin,

or Capzimin plus 1 uM doxorubicin for 24 h were analyzed for cell death using the trypan blue exclusion assay. The experimental death value (E)
represents the observed cell death from the combined treatment, whereas the theoretical additive value (T) represents the sum of cell death
induced by each drug alone. D Clioquinol does not stimulate aggresome formation. U266B1 cells treated with no compound, 6.25 nM bortezomib,
or 25 uM Clioquinol for 24 h, which resulted in ~30% cell death, were analyzed for aggresome formation by immunofluorescence. The percentage
of cells with aggresomes was counted and plotted. E Clioquinol does not synergize with Doxorubicin to enhance cell death. U266B1 cells treated
with no chemical, 25 uM Clioquinol, or Clioquinol plus 1 uM doxorubicin for 24 h were analyzed for cell death using the trypan blue exclusion assay.
The experimental death value (E) represents the observed cell death from the combined treatment, whereas the theoretical additive value (T)
represents the sum of cell death induced by each drug alone. *** and **** indicate statistical significance based on one-way ANOVA with Tukey's
multiple comparison test with p <0.001 and p < 0.0001, respectively. Ns indicates no significance. All experiments were performed independently
three times. Scale bar: 10 um

Doxorubicin did not synergize bortezomib-induced

cell death in multiple myeloma cell lines that lack
aggresome-forming activity

Furthermore, we evaluated the cell-killing effects of
bortezomib and doxorubicin in RPMI-8226 and NCI-
H929 MM cell lines. Unlike U266B1, these two cell
lines did not develop aggresomes in response to borte-
zomib treatment (Fig. 6A). In these cell lines, Vimentin

either displayed no signal or showed disorganized pat-
terns, and ubiquitin appeared as dispersed or multi-
ple separated aggregates. Moreover, RPMI-8226 and
NCI-H929 cells exhibited very low levels of Vimentin
and HDACS6 (Fig. 6B). Vimentin forms the structural
framework of aggresomes, whereas HDACES is involved
in recognizing misfolded proteins and utilizing Dynein
to transport ubiquitinated misfolded proteins to
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Fig. 6 Doxorubicin does not synergize with bortezomib-induced cell mortality in multiple myeloma (MM) cells lacking aggresome-forming
activity. A Aggresome formation status in several MM cell lines. U266B1, RPMI-8226, and NCI-H929 cells were treated with 6.25 nM bortezomib
(U266B1 and RPMI-8226) or 1.5 nM Bortezomib (NCI-H929) for 18 h. The lower bortezomib dose in NCI-H929 cells was used owing to the high
sensitivity of these cells to 6.25 nM bortezomib. Immunofluorescence was performed to detect aggresome formation, and the percentage of cells
with Ubiquitin aggregates enclosed by a Vimentin cage was quantified and plotted. B Differential expression of Vimentin and HDAC6 in the three
MM cell lines. U266B1, RPMI-8226, and NCI-H929 cells were analyzed by Western blot to determine the protein levels of Vimentin and HDAC6. The
relative protein levels were quantified and plotted with statistical significance. C Differential sensitivity of the three cell lines to bortezomib. U266B1,
RPMI-8226, and NCI-H929 cells were treated with 6.25 nM bortezomib for 24 h, and cell mortality was determined using the trypan blue exclusion
assay. D Combined treatment with bortezomib and doxorubicin did not produce synergistic cell death in RPMI-8226 or NCI-H929 cells. RPMI-8226
(1) and NCI-H929 (Il) cells were treated with 2.5 nM and 1.5 nM bortezomib, respectively, 0.5 uM and 0.25 uM doxorubicin, or the combination

for 24 h, followed by an analysis of cell death using the trypan blue exclusion assay. Under these conditions, ~40% cell mortality was observed
with bortezomib and ~20% with doxorubicin in both cell lines. The experimental death value (E) represents the observed cell death induced

by the combined treatment, whereas the theoretical additive value (T) represents the sum of the cell death induced by each drug alone. Statistical
analysis: B and C were analyzed using a t-test with **p <0.01 and ***p < 0.001; (D) was analyzed using one-way ANOVA with Tukey's multiple
comparison test, with *p < 0.05 and **p < 0.01. ns indicates no significance. All experiments were performed independently three times. Scale bar:

10 um
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aggresomes. These findings collectively explained the
low aggresome-forming activity in RPMI-8226 and
NCI-H929 cells.

Interestingly, RPMI-8226 and NCI-H929 cells exhib-
ited a higher death rate compared to U266B1 cells
when treated with bortezomib (Fig. 6C), supporting
the notion that aggresomes play a cytoprotective role
against proteasome inhibitor-induced accumulation of
toxic misfolded proteins. Since our results identified
doxorubicin as an aggresome-blocking agent, we fur-
ther investigated whether its ability to potentiate bort-
ezomib-induced cell death was lost in RPMI-8226 and
NCI-H929 cells, which exhibit minimal aggresome-
forming activity. Indeed, no synergistic cell death was
observed in RPMI-8226 and NCI-H929 cells treated
with bortezomib and doxorubicin (Fig. 6D).

Autophagy inhibitors did not enhance the drug synergy

of bortezomib and doxorubicin in inducing cell mortality
To further enhance the drug synergy of the com-
bined treatment of bortezomib and doxorubicin,
autophagy inhibitors were tested based on reports
that misfolded proteins sequestered by aggresomes are
cleared through autophagosomes [25]. Four autophagy
inhibitors were examined: 3-MA and vps34-PIK-
I1I, which block autophagy by inhibiting phosphati-
dylinositol 3-kinase; and chloroquine and MHY1485,
which impair the fusion of autophagosomes with lys-
osomes. The results revealed that chloroquine main-
tained the bortezomib-doxorubicin synergy in cell
death, whereas the other three inhibitors abolished it
(Fig. 7A-D). Notably, chloroquine alone synergized
with bortezomib to increase cell death (Fig. 7C). Fur-
ther analysis revealed that chloroquine blocked bort-
ezomib-induced aggresome formation but did not
further enhance doxorubicin’s inhibition of aggresome
formation (Fig. 7E). This finding aligns with the obser-
vation that chloroquine did not improve the drug
synergy in cell death induced by the combination of
bortezomib and doxorubicin (Fig. 7C).

(See figure on next page.)
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Discussion

This study demonstrated that doxorubicin significantly
enhanced bortezomib-induced cytotoxicity and dis-
rupted aggresome formation in MM U266B1 cells.
Mechanistic analysis revealed that doxorubicin down-
regulated key aggresome components and regulatory
factors, including Vimentin, HDAC6, and Dynein, while
also exacerbating ER and Golgi stress responses, thereby
further activating pro-apoptotic or necroptotic pathways
in bortezomib-treated MM cells. Notably, doxorubicin
failed to potentiate cell death induced by proteasome
inhibitors that did not stimulate aggresome formation.
Furthermore, the combination of bortezomib and doxo-
rubicin failed to produce synergistic cell death in MM
cells, which lacked aggresome formation capability.

This study evaluated several compounds for their
potential to enhance bortezomib-induced cell death in
MM cells. Established anti-MM drugs, including doxoru-
bicin, lenalidomide, pomalidomide, and dexamethasone,
were tested alongside experimental agents such as alis-
ertib, regorafenib, gemcitabine, EPZ015666, and doxoru-
bicin were found to inhibit MG132-induced aggresome
formation and synergize MG132-mediated cell death in
A549 lung cancer cells (Supplementary Fig. 1). However,
co-treatment of bortezomib with lenalidomide, poma-
lidomide, dexamethasone, alisertib, or regorafenib failed
to achieve additive cell death in MM cells. These findings
highlight the challenges in achieving drug synergy with
bortezomib in U266B1 MM cells and emphasize the need
for novel, more effective anti-MM treatment regimens.

Our results demonstrated that doxorubicin synergized
with bortezomib to induce MM cell death by inhibit-
ing aggresome formation and triggering ER/Golgi stress
and apoptosis. Doxorubicin, a versatile anticancer agent
with multiple mechanisms of action [26], was first iden-
tified in our study as an aggresome-blocking agent,
achieved by downregulating key structural components
of the aggresome, including Vimentin, misfolded pro-
tein recognition factors such as HDAC6, eEF1A1, and
p62, as well as the transport motor Dynein and its sub-
units DYNLL1 and DNAHS5. Several lines of evidence
support our conclusion that doxorubicin potentiated

Fig. 7 Autophagy inhibitors do not further enhance the drug synergy between bortezomib and doxorubicin. A-D U266B1 cells were treated

with either no compound, 6.25 nM bortezomib, 1 uM doxorubicin, or one of the following autophagy inhibitors: 2 mM 3-MA (A), T uM Vps34-PIK-Ill
(B), 20 uM Chloroquine (C), or 2.5 uM MHY 1485 (D), or combinations of two or three compounds. After 24 h, trypan blue exclusion assays were
performed to assess cell death. The experimental death value (E) represents the observed cell death induced by the combined treatment, whereas
the theoretical additive value (T) represents the sum of cell death induced by each drug individually. E Chloroquine inhibits bortezomib-induced
aggresome formation but does not further enhance doxorubicin-mediated inhibition of aggresome formation. U2668B1 cells treated

with no compound, 6.25 nM Bortezomib, T uM Doxorubicin, 20 pM Chloroquine, or combinations of two or three compounds were analyzed

for aggresome formation. The percentage of cells with aggresomes was counted and plotted. Statistical significance was determined by t-tests,
with *p <0.05, **p <0.01, and ***p <0.001. All experiments were performed independently three times. Scale bar: 10 um



Yu et al. Journal of Translational Medicine ~ (2024) 22:1095 Page 13 of 16

(A) (B)

B Experimental death value . .
[ Theoretical additive value ok
o xx
*kk 100+ *
o .
100 x
80+ *k
— xx
=% * o B3 wex
S - < o g -
= xk * £ *xk
£ o H xx
PETa.
] P S 404
B a0 3 M Experimental death value
3 [ Theoretical additive value
o 4
2 20
o
I & i i i
g 'E 5 ‘Et - - = = £ 8 £ ¢ W ok ow ok ow o ow e
£ § § c Bortezomib Bortezomib Doxorubicin Bortezomib 2 E 2 =
5 8 3 + + + + E § 32 <
2 s 5 ¢ 5 3 + + + +
2 8 Doxorubicin  3-MA 3-MA  Doxorubicin 8 & £ Doxorubicin Vps34-PIK- Vps3d-PIK- Doxorubicin
+ m m +
3-MA Vps34-PIK-
m

Il Experimental death value [] Theoretical additive value
(©) (D) axx

M Experimental death value [] Theoretical additive value

*xk
*Hk
F¥E *xk N
*Ek *xx
100+ fxk *xk
*hk P
100
* k. HAE
801 P *xk
*
%
* * - wxk
—Q; *% *¥K 80 *
< 604 * *Ek * % k***** *
£ *RK LE S
= *kk 60 *xx
3 KR AR P
°
= 404
Q 40+
Q
204 20
I 0- I

W W koW oW e

% 2 £ I e R R o 5 -g £ 8
3 S < [ L 9 - - — N
£ 5 3 3 sortezomib Bortezomib Doxorubicin Bortezomib £ § 1§ & Bortezomib Bortezomib Doxorubicin Bortezomib
5§ 8 8, . . . 5 ¢ g i . + +
- o = } 3 x . Py
o . " . Py o
g H = Doxorubicin Chloroquine Chloroquine Doxorubicin @ S Doxorubicin MHY1485  MHY1485 Doxorubicin
a o *
+
. MHY1485
Chloroquine
(E) DNA VimentinUbiquitin Merge
°
L
5
e
£ —
S [ :
2 & 80 i
£ o '
S :
g :‘:_’ H
3 5 607 3
@ :
c :
g g ;
3 &0 H
El o 5. 40 V :
2 ) H : :
o < H H H
a = T H H H
@ E3 7} H : :
£ 3 v 204
ES o 2 :
S = H
L [T~ '
= o o
S c T T T T
o £ o = 2 9 £ o
£ 8 N k= © = g £ 2 2 2
E 5 S o € K 5 K] B = =
8+32 o s o 2 73 2 3 32 =2
g3 = c N S S g T o
g8 ] S g § 2 5 ¢ ¢ ¢
Qo A =) 5 X o X o o o
o ¢ - S © © = T =
E S R B
8+8 2 2 £ ¢c
£ 35 E E & @&
s = o
a 5 g 8 5 3
c o i [ = =
s £ - el o o
s 3 5 3 X X
3 o o
z o o
3.8 o o A A
g2 S
o o ‘'
o £ 2 €
2 5 £ o
E 8 3 N
§+2+8 £
PR £
5 2 2
@ Qo @

= Chlor

Fig. 7 (Seelegend on previous page.)



Yu et al. Journal of Translational Medicine (2024) 22:1095

bortezomib-induced cell death by disrupting aggresome
formation, leading to ER/Golgi stress and apoptosis/
necroptosis.

First, doxorubicin only synergized with agents capable
of inducing aggresome formation, such as bortezomib.
In contrast, proteasome inhibitors capzimin and the pro-
teasome-inhibiting compound clioquinol failed to induce
aggresome formation and failed to enhance doxorubicin’s
cytotoxicity. Interestingly, the autophagy inhibitor chlo-
roquine, which blocked aggresome formation, synergized
with doxorubicin to induce MM cell death. Furthermore,
the combination of bortezomib and doxorubicin did not
produce synergistic cell death in RPMI-8226 and NCI-
H929 MM cell lines, which lacked aggresome-forming
capacity. The rationale behind the observed synergy was
that doxorubicin, as an aggresome inhibitor, disrupted
aggresome formation, releasing misfolded proteins into
the cytoplasm, which enhanced bortezomib-induced
MM cell death. In cases where aggresome formation
was absent—whether owing to treatment with capzi-
min, clioquinol, or in the RPMI-8226 and NCI-H929 cell
lines—doxorubicin had no opportunity to enhance borte-
zomib-induced cytotoxicity.

Secondly, the co-treatment with bortezomib and doxo-
rubicin further increased the accumulation of ubiquit-
inated misfolded proteins in the cytoplasm.

Typically, these toxic misfolded proteins are seques-
tered and degraded through the aggresome-autophagy
pathway. However, by disrupting aggresome formation,
doxorubicin forced these protein toxicants into the cyto-
plasm. Thirdly, several factors involved in the ER or Golgi
stress response, along with pro-apoptotic factors, cas-
pases, and pro-necroptotic factors, were upregulated by
the co-treatment with bortezomib and doxorubicin. This
suggests that, without aggresome-mediated sequestra-
tion, misfolded proteins more actively damage subcellu-
lar structures, leading to the augmentation of ER/Golgi
stress, and subsequently, apoptosis/necroptosis.

Autophagosomes are known to help clear misfolded
proteins within the aggresome. However, surprisingly,
co-treatment with autophagy inhibitors failed to sus-
tain the bortezomib-doxorubicin-induced synergy in
MM cell death. This observation could be owing to the
fact that proteasome activity is required for the activa-
tion of autophagy [27], leading to the ongoing debate on
whether autophagy alleviates proteotoxic stress in pro-
teasome-inhibited cells [28]. Furthermore, proteasome
washout experiments also revealed that aggresome-asso-
ciated ubiquitinated proteins were efficiently degraded
through autophagy once proteasome resumed activity
[29]. Our findings further indicated that co-treatment
with autophagy inhibitors, except chloroquine, dimin-
ished the synergy between bortezomib and doxorubicin.
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These imply that autophagy played a minor role in
degrading misfolded proteins sequestered by aggresome.
Instead, other degradation pathways were responsible for
clearing these proteins, leading to the accumulation of
ubiquitinated misfolded proteins in cells co-treated with
bortezomib and doxorubicin. Notably, only chloroquine
maintained the drug synergy with bortezomib and doxo-
rubicin without further enhancing it. Interestingly, chlo-
roquine blocked aggresome formation and synergistically
enhanced doxorubicin-induced U266B1 MM cell death,
further confirming that the proteasome inhibitor with
aggresome-inducing activity can synergize with doxoru-
bicin in mediating cell death.

Clinically, bortezomib plays a crucial role in the treat-
ment of newly diagnosed MM [30]. However, cells
exposed to bortezomib can develop aggresome, lead-
ing to eventual drug resistance. To enhance therapeutic
efficacy against MM, our study suggested that combin-
ing bortezomib, at a dose with moderate cytotoxicity and
significant aggresome-promoting activity, with doxoru-
bicin at a low-cytotoxicity dose resulted in synergistic cell
death in U266B1 MM cells. The ratio of the experimental
death value to the theoretical additive value (E/T ratio)
averaged 1.2 across five results, as shown in Figs. 1A, 6A—
D. Therefore, a low-toxicity dose of doxorubicin could
significantly enhance the bortezomib-mediated cell mor-
tality rate, achieving a synergistic cell death rate 1.2 times
higher than the expected additive toxicity of both drugs.
Notably, most other anticancer agents in our study failed
to reach additive toxicity with bortezomib. This combina-
tion, targeting MM cells misfolded protein-productions,
showed promise in overcoming aggresome-mediated
resistance to bortezomib. A Phase III randomized trial
by Orlowski et al. [31] demonstrated that the combina-
tion of pegylated liposomal doxorubicin with bortezomib
extended the time to progression in relapsed and refrac-
tory MM compared with bortezomib alone. Our study
provides possible mechanistic insights into how the mul-
tidrug regimen functions in MM cells. Although further
evidence is needed, the percentage of clonal plasma cells
with aggresome formation could potentially serve as a
biomarker for predicting the efficacy of doxorubicin and
bortezomib combination therapy in treating relapsed and
refractory MM.

The lack of in vivo mouse model represents a sig-
nificant limitation of this study. However, the primary
focus of this research is on mechanism-based analy-
ses at the cellular and organelle levels, proposing the
aggresome as the drug target of doxorubicin to enhance
bortezomib-induced cell mortality. The varying prolif-
eration rates of different MM cell lines, with or without
aggresome-forming activity, could introduce confound-
ing variables when evaluating aggresome-dependent
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drug effects in a mouse model. This challenge is further
compounded by the need for co-treatment with doxo-
rubicin and bortezomib. Nonetheless, we are actively
considering the development of a mouse model to com-
plement our findings and plan to strengthen our con-
clusions with an in vivo approach in the future.

Conclusion

We demonstrated that doxorubicin inhibits borte-
zomib-induced aggresome formation while enhanc-
ing bortezomib-induced cell death. Mechanistic
studies revealed that doxorubicin downregulates key
aggresome-promoting factors and amplifies pro-apop-
totic or necroptotic pathways by intensifying ER and
Golgi stress responses in bortezomib-treated MM cells.
Notably, the inability of doxorubicin to synergize with
cell death induced by proteasome inhibitors that do not
stimulate aggresome formation or in cell lines lacking
aggresome-forming activity suggests that doxorubicin
specifically enhances bortezomib-induced cytotoxicity
by inhibiting aggresome formation.
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Supplementary Material. Supplemental Fig. 1. Effects of Alisertib,
Regorafenib, Gemcitabine, EPZ015666, and Doxorubicin on the inhibition
of aggresome formation and enhancement of MG132-induced cell death
in A549 cells. A549 cells were treated with either no compound, 5 uM
MG132, or one of the following: 5 or 10 uM Alisertib (A, B), 10 or 25 uM
Regorafenib (C, D), 50 uM EPZ015666 (E, F), 6.25 or 12.5 pg/ml Gemcit-
abine (G, H), or 5 uM doxorubicin (I, J), either alone or in combination with
MG132. After 24 h, cell death was assessed microscopically, with particular
attention to markers such as membrane blebbing. The experimental
death value (E) represents the observed cell death resulting from the com-
bined drug treatments, whereas the theoretical additive value (T) reflects
the sum of the cell death induced by each drug individually. Statistical
analysis: (A), (C), (E), (G)—t-test, *p<0.05, **p <0.01, ***p <0.001; (B), (D),
(F), (H—one-way ANOVA with Tukey’s multiple comparison test, *p <0.05,
*0 <001, *#*p < 0.001, ***p <0,0001.
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