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Abstract: Proteasome inhibitors have shown remarkable success in the treatment of hematologic neoplasm. There
has been a lot of attention to applying these drugs for solid tumor treatment. Recent preclinical study has signified the
effectiveness on cell proliferation inhibition in lung adenocarcinoma treated by carfilzomib (CFZ), a second generation
proteasome inhibitor. However, no insight has been gained regarding the mechanism. In this study, we have sys-
tematically investigated the CFZ functions in cell proliferation and growth, cell cycle arrest, and apoptosis in lung
adenocarcinoma cells. Flow cytometry experiments showed that CFZ significantly induced G2/M cell cycle arrest and
apoptosis in lung adenocarcinoma. MTS and colony formation assays revealed that CFZ substantially inhibited survival
of lung adenocarcinoma cells. All results were consistently correlated to the upregulation expression of Gadd45a,
which is an important gene in modulating cell cycle arrest and apoptosis in response to physiologic and environmental
stresses. Here, upregulation of Gadd45a expression was observed after CFZ treatment. Knocking down Gadd45a
expression suppressed G2/M arrest and apoptosis in CFZ-treated cells, and reduced cytotoxicity of this drug. The
protein expression analysis has further identified that the AKT/FOXO3a pathway is involved in Gadd45a upregulation
after CFZ treatment. These findings unveil a novel mechanism of proteasome inhibitor in anti-solid tumor activity, and
shed light on novel preferable therapeutic strategy for lung adenocarcinoma. We believe that Gadd45a expression can
be a highly promising candidate predictor in evaluating the efficacy of proteasome inhibitors in solid tumor therapy.
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1 Introduction

Lung cancer, a leading cause of cancer-related
death, is a major health problem for its high incidence
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(EGFR) inhibitors and anaplastic lymphoma kinase
(ALK) inhibitors. However, the treatment has mar-
ginal effect in certain types of lung adenocarcinoma.
Tyrosine kinase inhibitors (TKIs)-targeted treatments
have worked efficiently in patients with EGFR muta-
tion, while few of them can escape drug resistance
(van der Wekken et al., 2016). Half of the patients
with lung adenocarcinoma die within one year after
diagnosis and the five-year survival is below 20%
(Miller et al., 2016). Therefore, it is highly desirable
to develop novel therapeutic strategies for treating
lung adenocarcinoma.

Inhibiting proteasome may provide an alterna-
tive promising way, as demonstrated by the success in
treating relapsed and refractory multiple myeloma.
Proteasome is regarded as a multi-catalytic proteinase
complex via eliminating intracellular damaged, mis-
folded, and short half-life functional proteins. It also
plays a critical role in cell cycle control, apoptosis,
and response to cell stress (Orlowski and Kuhn, 2008;
Ren et al., 2019). Proteasome inhibitors have shown
efficient anti-tumor activity both in vitro and in vivo.
Recently, there has been increasing interest in the ap-
plication of proteasome inhibitors for solid malignancy
treatments. Bortezomib (BTZ), the first-generation
proteasome inhibitor, can significantly suppress lung
adenocarcinoma cells in preclinical study (Morgillo et al.,
2011). Unfortunately, BTZ has poor efficacy in clinical
trials of patients with advanced lung adenocarcinoma
because of lower selectivity and reversible possibility
(Li et al., 2010). Carfilzomib (CFZ), a second-generation
proteasome inhibitor, has been designed to achieve a
higher selectivity on chymotrypsin subunit than BTZ.
Both the proteasome and immune-proteasome are
selectively and irreversibly inhibited by CFZ. More-
over, CFZ is active to BTZ-resistant multiple myeloma,
with far fewer side-effects (Manasanch and Orlowski,
2017). For its efficacy in multiple myeloma, the US
Food and Drug Administration (FDA) has approved
CFZ in the treatment of multiple myeloma patients
after both BTZ and immunomodulatory therapies fail
(Siegel et al., 2012). Further experiments show that
CFZ can also successfully inhibit proliferation and
promote apoptosis in solid tumors (Baker et al., 2014;
Hanke et al., 2016). However, it is still not clear what
is the underlying mechanism that renders CFZ having
remarkable effectiveness in solid tumor treatment.

It is well known that proteasome is crucial in
regulation of cell cycle and apoptosis. Any pro-

teasome inhibitors, including BTZ and CFZ, suppress
tumor growth by directly regulating the protein ex-
pression in relation to the two processes. Gadd45a
modulates cell cycle regulation, DNA replication/
repair, cell proliferation, apoptosis, and genomic sta-
bility via interaction with partner proteins, such as
proliferating cell nuclear antigen (PCNA), P21, cyclin-
dependent kinase 1 (CDKl)/cyclin Bl complex,
elongation factor-1 a (EF-1a), and mitogen-activated
protein kinase kinase kinase 4 (MEKK4) (Takekawa
and Saito, 1998; Jin et al., 2000, 2002; Tong et al.,
2005). Upregulation of Gadd45a is observed after
several anti-cancer treatments and is involved in the
efficacy of these treatments (da Silva et al., 2018; Li
et al., 2018). Therefore, understanding the function of
Gadd45a after CFZ treatment will pave the way for
unveiling the mechanism that renders CFZ its re-
markable effectiveness. Gadd45a can be induced by a
variety of physiological and environmental stressors
(Liebermann and Hoffman, 2008; Salvador et al.,
2013). Many studies unveil that Gadd45a plays a
crucial role in preventing the transformation of nor-
mal cells to malignant ones. Mouse embryonic fibro-
blasts (MEFs), derived from Gadd45a knockouts,
exhibit disturbance of cell cycle, centrosome ampli-
fication, aneuploidy, and chromosome aberrations.
Mice lacking Gadd45a gene are susceptible to ioniz-
ing radiation- and chemical carcinogen-induced tu-
mors (Hollander et al., 1999, 2001). Gadd45a can also
suppress tumor invasion, metastasis, and angiogene-
sis by decreasing matrix metalloproteinases (MMPs),
regulating signal transducer and activator of tran-
scription 3 (STAT3) activity, and maintaining cell-to-
cell adhesion (Hildesheim et al., 2004; Ji et al., 2007,
Yang et al., 2013).

In this study, we show that Gadd45a expression
is increased in lung adenocarcinoma after CFZ treat-
ment. Knocking down Gadd45a successfully attenu-
ates G2/M cell cycle arrest and apoptosis induced by
CFZ. We further demonstrate that the CFZ treatment
leads to Gadd45a upregulation via AKT/FOXO3a
(protein kinase B/forkhead box O3a) pathway, a P53-
independent mechanism. These results suggest that
Gadd45a can be a promising target to enhance effi-
cacy of proteasome inhibitor. These findings unveil a
new mechanism of proteasome inhibitor in anti-solid
tumor activity and provide a more viable means for
deepening our understanding towards the foundation
of proteasome inhibitor treatment.
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2 Materials and methods
2.1 Cell culture and transient transfection

The human lung adenocarcinoma cell lines,
HCC-827 and NCI-H1299, were provided by Sir Run
Run Shaw Hospital, Zhejiang University School of
Medicine, Hangzhou, China. Both cell lines were cul-
tured with RPMI-1640 containing 10% fetal bovine
serum and antibiotics. Cells were grown on 30-mm
plates in 30%—-50% confluence and transfected with
small interfering RNAs (siRNAs) using Lipofectamine
3000 (Invitrogen, California, USA). The transfected
cells were further analyzed, after incubation at 37 °C
with 5% CO, for 48 h.

2.2 Reagents and chemicals

CFZ from Selleck Chemicals (Shanghai, China)
was dissolved in dimethyl sulfoxide (DMSO) at a stock
concentration of 10 mmol/L and stored at —80 °C.
siRNAs for Gadd45a and FOXO3a were designed
and synthetized by GenePharma (Shanghai, China).
The antibodies against Gadd45a, FOXO3a, and B-actin

were ordered from Proteintech Group (Chicago, USA).

Anti-P38, anti-phospho-P38 (Thr180/Tyr182), anti-c-Jun
N-terminal kinase (JNK), anti-phospho-JNK (Thr183/
Tyrl85), anti-AKT, anti-phospho-AKT, and anti-
FOXO3a (Thr32) were available from Cell Signaling
Technology (Danvers, MA, USA).

2.3 Quantitative real-time PCR

Total RNA was isolated from cultured cells us-
ing TRIzol reagent (Invitrogen), and complementary
DNAs (cDNAs) were synthesized with 3 pg total RNA
by using RevertAid First Strand cDNA Synthesis Kit
(Thermo Scientific, Waltham, MA, USA). Quantitative
real-time polymerase chain reaction (QPCR) was per-
formed to detect variation of specific gene expression
using Aceq Universal SYBR qPCR Master Mix
(Vazyme, Nanjing, China) on Roche LightCycler480
(Roche, Shanghai, China). Units are metric and follow
international system (SI) convention.

2.4 Western blotting assay

Western blotting assay was performed as de-
scribed in our earlier work (Yang et al., 2013). Specific
protein signals were detected by chemiluminescence
(Fude Biological Technology, Hangzhou, China)

with primary antibodies and horseradish peroxidase-
conjugated secondary antibodies (Proteintech Group).

2.5 Flow cytometry analysis

Cell cycle distribution was analyzed by the Cell
Cycle Assay Kit (Beyotime Biotechnology, Shanghai,
China). The harvested cells were fixed with 70%
ethanol at 4 °C overnight. After phosphate-buffered
saline (PBS) washing, the cells were stained with
propidium iodide (PI), followed by cell cycle analysis
with flow cytometer (BD Biosciences, California,
USA) (Yao et al., 2018).

Annexin V-allophycocyanin (APC)/7-amino-
actinomycin D (7-AAD) assay kit (BioGems, Cali-
fornia, USA) was used to evaluate cell apoptosis
following the protocols of manufacture. After harvest
and PBS washing, the cells were labeled by Annexin
V-APC and 7-AAD. Then the labeled cells were
sorted and measured by flow cytometer.

2.6 Cell viability assay

3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymeth-
oxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt (MTS;
CellTiter 96" AQueous Assay, Promega, Madison,
WI, USA) was used to analyze cell viability. Trans-
fected cells were plated at a density of 5000 cells per
well in 96-well plates and cultured overnight. After
treatment with increasing concentrations of CFZ for
24 h, the cultured plates were incubated with 20 pL
MTS solution per well for 3—4 h. The absorbance at
490 nm was measured by a plate scanner (ThermoFisher
Multiskan FC, USA).

2.7 Colony formation assay

One thousand transfected cells were seeded and
treated by CFZ (25 nmol/L) for 24 h. Then the cells
were incubated at 37 °C with 5% CO, for 10 d. After
incubation, the cultured plates were fixed using
precooling 70% methanol and stained with crystal
violet.

2.8 Statistical analysis

The data were presented as mean+standard error
(SE) of three independent experiments, and the statistical
test was Student’s #-test (unpaired and two-tailed) or
one-way analysis of variance (ANOVA). P<0.05 was
considered as statistical significance.
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3 Results

3.1 G2/M cell cycle arrest in lung adenocarcinoma
cells after CFZ treatment

To understand the mechanism of CFZ in anti-
solid tumor, the CFZ effect on the cell cycle distri-
bution of lung adenocarcinoma cells was analyzed by
flow cytometry. After CFZ (25 nmol/L) treatment for
24 h, the G2/M phage percentage was increased from
(18.67+1.43)% to (36.96+1.74)% in HCC-827 cells
(Figs. 1a and 1b). The same experiments were per-
formed in NCI-H1299. The G2/M phage percentage
was (38.00+2.27)% in CFZ-treated NCI-H1299 cells,
higher than in those untreated cells (21.87+£0.35)%
(Figs. 1c and 1d). The results show that CFZ sup-
presses proliferation of lung adenocarcinoma cells via
inducing G2/M arrest.

3.2 Upregulated Gadd45a expression in CFZ-
treated lung adenocarcinoma cells

The Gadd45a expression was gradually upregu-
lated with increasing doses of CFZ treatments for
24 h in HCC-827 cells (Fig. 2a). The Gadd45a ex-
pression was also studied by varying the treatment
time at the same concentration of CFZ (25 nmol/L). In
the control experiments of 6, 12, 24, and 48 h CFZ
treatments, Gadd45a expression was found to in-
crease monotonically with time (Fig. 2b). As the sta-
bility of Gadd45a protein was modulated by ubiquitin-
proteasome (Gao et al., 2013), Gadd45a mRNA level
were further measured in CFZ-treated cells. The
results demonstrated that increasing concentrations of
CFZ treatments for 24 h increased Gadd45a expres-
sion 7-18 times at transcription level in HCC-827
cells, as compared with untreated ones (Fig. 2c).
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Fig. 1 G2/M cell cycle arrest in lung adenocarcinoma cells after carfilzomib treatment
After treatment of carfilzomib (CFZ; 25 nmol/L) for 24 h, HCC-827 (a, b) and NCI-H1299 (c, d) cells were harvested and
subjected to flow cytometry analysis. The percentage of cells in each phage was presented as mean+standard error (SE),

n=3."" P<0.01
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Fig. 2 Upregulated Gadd45a expression in carfilzomib-treated lung adenocarcinoma cells
(a) After incubation with indicated concentrations of carfilzomib (CFZ) for 24 h, HCC-827 cells were harvested for an
immunoblotting with Gadd45a antibody. B-Actin was used as internal control. (b) Western blotting was further performed to
measure the variation of Gadd45a after treatment of CFZ (25 nmol/L) for a series length of time. (c) Quantitative real-time
PCR analysis showed the mRNA level of Gadd45a after increasing doses of CFZ treatment for 24 h in HCC-827. mRNA
levels were normalized by glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA levels. The data were presented as
meanzstandard error (SE), n=3. (d, ¢) After the same treatments of (a) and (b), NCI-H1299 cells were lysed and subjected to

immunoblot analysis with Gadd45a antibody

Gadd45a expression was further analyzed in NCI-H1299
cells after CFZ incubation. The same dependence
trend on both dose and time in CFZ-treated NCI-H1299
cells has been found (Figs. 2d and 2e). All results
show that CFZ remarkably increases Gadd45a ex-
pression at both mRNA and protein levels, which
suggests that Gadd45a is involved in the mechanism
of solid tumor response to CFZ treatment.

3.3 Decrease of G2/M cell cycle arrest in CFZ-
treated lung adenocarcinoma cells after Gadd45a
knockdown

To further investigate the role that Gadd45a
played in anti-tumor effect of CFZ, Gadd45a expres-
sion was transiently knocked down in lung adeno-
carcinoma cells by siRNAs. The control experiments
showed that Gadd45a expression was efficiently knocked
down in both HCC-827 and NCI-H1299, regardless
of CFZ treatment (Figs. 3a and 3b). Cell cycle distribu-
tion was analyzed in Gadd45a knocked-down HCC-827
cells after CFZ treatment. As shown in Figs. 3¢ and
3d, the percentage of G2/M phase cells was increased
to (51.40+0.73)% in the negative control cells after
CFZ treatment (25 nmol/L) for 24 h. In contrast,
lower percentages of G2/M phase cells were observed
in Gadd45a siRNAs-transfected cells after the same
treatment ((27.96+0.72)% in sil-transfected cells and

(27.15%1.23)% in si2-transfected cells). These results
suggest that Gadd45a expression is involved in G2/M
arrest of CFZ-treated cells. Cell cycle distribution was
also measured in Gadd45a siRNA-transfected NCI-
H1299 cells after CFZ treatment. The percentages of
the G2/M cell cycle stage were (29.03+£0.96)% and
(27.38£1.70)% in sil- and si2-transfected cells, re-
spectively, after CFZ exposure (Figs. 3e and 3f),
while it was (43.13+0.36)% in the negative control
cells. Therefore, it is concluded that CFZ induces
G2/M cell cycle arrest via upregulating Gadd45a ex-
pression in lung adenocarcinoma cells.

3.4 Inhibition of apoptosis in CFZ-treated lung
adenocarcinoma cells after Gadd45a knockdown

It has been shown that Gadd45a accumulation
efficiently induces apoptosis in response to cell stress
(Tong et al., 2005). We analyzed the relationship
between Gadd45a upregulation and apoptosis in CFZ-
treated lung adenocarcinoma cells. Gadd45a siRNA-
transfected HCC-827 cells were firstly incubated
with 25 nmol/L CFZ for 24 h. After staining with
Annexin V-APC/7-AAD, the apoptotic cells were
sorted by flow cytometry. The percentages of apop-
totic cells including early and late apoptosis were
(27.83£1.33)% and (25.70+£3.37)% in both sil- and
si2-transfected cells after CFZ treatment (Figs. 4a and 4b),
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Fig. 3 Decrease of G2/M cell cycle arrest in carfilzomib-treated lung adenocarcinoma cells after Gadd45a knockdown
(a) The efficiency of Gadd45a knockdown was evaluated by immunoblot analysis. (b) HCC-827 and NCI-H1299 cells were
treated with carfilzomib (CFZ, 25 nmol/L, 24 h) after Gadd45a siRNA transfection. The variation of Gadd45a was quanti-
fied by western blotting. (c, ) After Gadd45a siRNA transfection, HCC-827 and NCI-H1299 cells were treated with CFZ
(25 nmol/L) for 24 h. Flow cytometry was performed to detect the cell cycle distribution. (d, f) The percentage of cells in
each phage was presented as mean-tstandard error (SE), n=3. NC: negative control. ~~ P<0.01

respectively. The values are significantly lower than
that in the negative control cells (52.67+5.98)%.
Parallel experiments were done for Gadd45a knocked-
down NCI-H1299 cells after CFZ treatment. Simi-
larly, the percentages of apoptotic cells were observed
to be lower in Gadd45a knocked-down cells, at (26.13+
0.91)% and (23.33+0.60)% in sil- and si2-transfected
cells, respectively. The negative control cells after
CFZ (25 nmol/L) treatment for 24 h have the apop-
totic cell population percentages of (46.17+5.85)%
(Figs. 4c and 4d). It is, therefore, shown that CFZ
triggers apoptosis in lung adenocarcinoma via up-
regulating Gadd45a expression.

It has been shown that Gadd45a upregulation
promotes apoptosis via activating the INK/P38 path-
way by interaction with MEKK4/MTK1 (Takekawa
and Saito, 1998). To further verify the role of Gadd45a
in apoptosis and cell growth inhibition induced by
CFZ, it is important to determine whether Gadd45a
modulated the phosphorylation of JNK and P38 in
CFZ-treated lung adenocarcinoma cells. As shown in
Figs. 4e and 4f, Gadd45a expression and phosphory-
lation of both P38 and JNK were simultaneously
elevated after the CFZ treatment at various concen-
trations for 24 h in both HCC-827 and NCI-H1299
cells. In addition, the phosphorylation of P38 and



70 Yang et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol) 2020 21(1):64-76

@) HCC-827 NC HCC-827 sit HCC-827 si2 (b) N
8.4% 10.7%| 809 HCC-827 o @8 NC
E3 sit
) si2

0 nmol/L CFZ

||05

N
[T
3) 5] o]
<
© o, o
g ® 5
c
© 2] 2]
N (=1 of
gr P s e e 0 nmol/L CFZ 25 nmol/L CFZ
Annexin V-APC
(c) (d) -
NCI-H1299 NC NCI-H1299 si1 NCI-H1299 si2 ” @ \C
5] 5] s] _ | E3 si
= 4.8%| © 34%]| © 1.79 607 NCI-H1299
th % o % c O si2
O
<
3
E
o 40+
olz s
B S T T2 =
~ 5]
s 20 4
()
<
s
£
=
Yo}
N 5 : 0-
B e L S T D 0 nmol/L CFZ 25 nmol/L CFZ
Annexin V-APC ) ) ) )
(e) () (g)_NC_ _sit si2 (h) _NC __si1 si2
0 125 250 50.0100.0nmolLCFZ' "’ 0 125 250 5001000 nmoll CFZ ~ 0 25 0 25 0 25 nmollLCFZ = 0 25 0 25 0 25 nmolLCFZ
]

Gadd45a | ‘ Gadd4s5a E Gaddssa | W& IR Gaddasa
Ij P-P38 ml—-‘ P-P38 ‘-- ~ = ppis r‘-‘-—-‘ P-P38
—‘PBB N’*—-——‘ P3g §’~—-—‘ P3g g ’- —— P38
BN R v e S
S====.. W~ EESeRS - ESEEES -
W B-actin PR ———— =T E B-actin E B-actin

HCC 827

Fig. 4 Inhibition of apoptosis in carfilzomib-treated lung adenocarcinoma cells after Gadd45a knockdown

(a, ¢c) HCC-827 and NCI-H1299 were treated with carfilzomib (CFZ, 25 nmol/L) for 24 h, after knocking down Gadd45a
expression. NC was a negative control for siRNA. Early and late apoptotic cells were detected by flow cytometry analysis.
The percentage of apoptotic cells was shown in the representative flow cytometry profiles. (b, d) The total percentages of early
and late apoptotic cells were presented as meanstandard error (SE), n=3. NC: negative control. ~* P<0.01. (e, f) Exponen-
tially growing HCC-827 and NCI-H1299 cells were treated with CFZ in the same way of Fig. 2a. The variations of P-P38,
total P38, P-JNK, and total INK are measured by immunoblotting. (g, h) After Gadd45a siRNA transfection, HCC-827 and
NCI-H1299 were incubated with CFZ (25 nmol/L) for 24 h. Western blotting was further performed to analyze the phos-
phorylation of P38 and JNK, and the total proteins of them. JNK: c-Jun N-terminal kinase; P-JNK: phosphorylated JNK
protein; P-P38: phosphorylated P38 protein
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JNK was measured in Gadd45a knocked-down lung
adenocarcinoma cells after CFZ treatment. The re-
sults showed that phosphorylation of P38 and JNK
was significantly lower in Gadd45a siRNAs-transfected
cells after CFZ (25 nmol/L) treatment for 24 h, than in
the negative control cells (Figs. 4g and 4h). These
observations indicate that Gadd45a overexpression
increases the phosphorylation of P38 and JNK in
CFZ-treated cells, and CFZ induces apoptosis and cell
growth inhibition via activation of P38 and JNK.

3.5 Increases of viability and cell colony formation
ability of CFZ-treated lung adenocarcinoma cells
after Gadd45a knockdown

The impact of Gadd45a expression on cell via-
bility of lung adenocarcinoma cells was evaluated
after CFZ treatment. HCC-827 cells transfected with
Gadd45a siRNAs were treated with various concen-
trations of CFZ for 24 h. Cell viability was analyzed
by the MTS assay. The cell viability decreased mon-
otonically with CFZ dose (Fig. 5a). However, Gadd45a
siRNA-transfected cells showed significantly higher
cell survival rates after CFZ treatment, in contrast to
the negative control cells. In parallel, the cell viability
after CFZ treatment was also measured in NCI-H1299
cells. Similarly, knocking down Gadd45a expression
remarkably increased cell survival rates after CFZ
treatment with different doses in NCI-H1299 cells
(Fig. 5b). It suggests that Gadd45a expression is in-
volved in the anti-solid tumor efficacy of CFZ. In colony
formation assay, Gadd45a knocked-down HCC-827
cells had higher colony number after incubation with
25 nmol/L CFZ for 24 h, than the negative control
cells (Figs. 5c and 5d). In NCI-H1299 cells, disrupt-
ing Gadd45a expression also increased the ability of
colony formation after the same treatment (Figs. Se
and 5f). All the results consistently show that CFZ
efficiently suppresses proliferation of lung adenocar-
cinoma cells via regulating Gadd45a expression.

3.6 Upregulated Gadd45a expression by CFZ
treatment via AKT/FOXQO3a pathway

FOXO03a can directly increase Gadd45a expres-
sion by binding to the forkhead response element
(FHRE)-responsive element (Tran et al., 2002). Ac-
tivation of AKT leads to the phosphorylation of
FOXO3a and disturbs its transcription activity by

suppressing FOXO3a nuclear location and promoting
FOXO03a degradation (Plas and Thompson, 2003;
Bouchard et al., 2004). Here, phosphorylated FOXO3a
was significantly decreased in both HCC-827 and
NCI-H1299 cells after CFZ treatment (Figs. 6a and
6b). Since the phosphorylation was involved in lower
stability of FOXO3a, total FOXO3a was gradually
accumulated after increasing concentrations of CFZ
treatments. The results also showed that CFZ treat-
ments remarkably suppressed the phosphorylation of
AKT, while the total AKT was nearly unaffected
(Figs. 6a and 6b). These observations indicate that
CFZ treatment elevates non-phosphorylated FOX0O3a
via inactivation of AKT. The non-phosphorylated
FOXO3a shows higher stability and performs tran-
scription function by translocating to nucleus. To
confirm the relationship between Gadd45a expression
and FOXO3a, Gadd45a expression was further measured
in FOXO03a knocked-down cells after CFZ treatments.
The results showed that disruption of FOXO3a ex-
pression successfully suppressed the Gadd45a up-
regulation induced by CFZ treatment (Figs. 6¢ and
6d). In summary, CFZ stimulates Gadd45a expression
via the AKT/FOXO3a pathway.

4 Discussion

Proteasome plays a crucial role in maintaining
homeostasis of the eukaryotic cell, eliminating
80% intracellular proteins, which regulate cell cycle,
apoptosis, proliferation, signal transduction, and tran-
scription. To date, a very large number of preclinical
and clinical investigations have shown that pro-
teasome inhibitors have efficient anti-malignancy
activity. The FDA has approved several proteasome
inhibitors in relapsed and refractory multiple mye-
loma treatment because of their remarkable success in
fighting hematologic neoplasm. Moreover, proteasome
inhibitor is proved to successfully sensitize resistant
cancer cells to chemotherapy and overcome chemo-
resistance. Preclinical anti-tumor efficacy has been
constantly improved by protecting proteasome inhib-
itors from degradation (Ao et al., 2015). CFZ, a sec-
ond generation proteasome inhibitor, has higher se-
lectivity and less resistance, which irreversibly in-
hibits chymotrypsin-like activity of proteasome. As
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compared to the first generation proteasome inhibitor
BTZ, CFZ has higher potent anti-tumor response
(Manasanch and Orlowski, 2017; Park et al., 2018).
Patients with multiple myeloma and mantle cell
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lymphoma are reactive to single CFZ treatment,
showing superior efficacy and improved tolerability.
Recent preclinical investigations have shown that CFZ
inhibits cell proliferation in lung adenocarcinoma
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Fig. 5 Increases of viability and cell colony formation ability of carfilzomib-treated lung adenocarcinoma cells after

Gadd45a knockdown

(a, b) MTS assay was performed to detect the cell viabilities of HCC-827 and NCI-H1299 cells transfected by Gadd45a siRNAs
after carfilzomib (CFZ; 6.25, 12.50, 25.00, 50.00, 100.00 nmol/L) treatment for 24 h. (c, e) Cell colony formation charac-
terized the role of Gadd45a in lung adenocarcinoma cells under CFZ treatment (25 nmol/L, 24 h). (d, f), Colony numbers of
HCC-827 and NCI-H1299 cells transfected by Gadd45a siRNAs after CFZ treatment (25 nmol/L, 24 h). The data were
presented as meansstandard error (SE), n=3. NC: negative control. ~ P<0.01
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Fig. 6 Upregulated Gadd45a expression by carfilzomib
treatment via AKT/FOXO3a pathway

(a, b) After incubation with indicated concentration of CFZ
for 24 h, HCC-827 and NCI-H1299 cells were prepared for
immunoblotting analysis with P-AKT, AKT, P-FOXO3a,
FOXO03a, and Gadd45a antibodies. B-Actin was used as
internal control. (¢, d) HCC-827 and NCI-H1299 cells were
treated with CFZ (25 nmol/L) for 24 h after FOXO3a
siRNA transfection. Both of the expression of FOXO3a and
Gadd45a were measured by western blotting. NC: negative
control; CFZ: carfilzomib; AKT: protein kinase B; P-AKT:
phosphorylated AKT protein; FOXO3a: forkhead box O3a;
P-FOXO3a: phosphorylated FOXO3a protein

(Baker et al., 2014; Ao et al., 2015). The preliminary
observations have attracted worldwide interests in
applying CFZ in solid tumor treatment. Our system-
atic study further confirms that CFZ efficiently in-
duces G2/M cell cycle arrest (Figs. 1 and 3), leads to
apoptosis (Fig. 4), and significantly suppresses cell
growth (Fig. 5) in lung adenocarcinoma cells. These
results have laid solid foundation for CFZ application
in solid tumor therapy. Meanwhile, our early study
has unveiled the crucial role of Gadd45a, one of the

most important genes in oncogenesis, in the cell cycle,

apoptosis, tumor angiogenesis and metastasis (Jin
et al., 2002; Tong et al., 2005; Ji et al., 2007; Yang
et al., 2013). The close correlation strongly suggests
that Gadd45a may be the critical key in uncovering
the underlying mechanism behind the highly efficient
CFZ treatment.

It has been well established that Gadd45a is a
ubiquitously expressed tumor suppressor gene in rela-
tion to cell responses to various oncogenic stresses.
Loss of Gadd45a expression initiates disorders of cell

growth, proliferation, cytokinesis, and DNA repair.
Gadd45a expression has been increased in cancer
cells after several anti-tumor therapies, and is also
involved in the efficiency of these treatments. loniz-
ing radiation treatment successfully induced Gadd45a
expression in cervical cancers. Gadd45a overexpres-
sion sensitized this cancer cell to radiotherapy (Li
et al., 2018). Multidrug-resistant osteosarcoma cells
can regain sensitivity to doxorubicin via increasing
Gadd45a expression (Yang et al., 2009). Our exper-
iments have shown that CFZ treatment remarkably
upregulates Gadd45a expression at both transcription
and protein levels in lung adenocarcinoma cells (Fig. 2).
This observation suggests that Gadd45a may be in-
volved in CFZ anti-tumor activity. To verify this
conjecture, we knocked down the Gadd45a expres-
sion in lung adenocarcinoma cells and measured the
corresponding cell response to CZF treatment (Fig. 5).
Consistently, Gadd45a expression disruption could
decrease the anti-tumor activity of CFZ. Such corre-
spondence implies that the efficiency of CFZ treat-
ment is essentially the consequence of the Gadd45a
expression upregulation. In cell viability and colony
formation study, higher cell survival rates and more
colony forming units were found in tumor cells
transfected with Gadd45a siRNAs after CFZ treat-
ment (Fig. 5). These results confirm our conjecture
that the Gadd45a expression in lung adenocarcinoma
cells directly correlates to the cell response to CFZ
treatment.

Inductions of cell cycle arrest and apoptosis are
the essential mechanisms of Gadd45a in suppressing
tumor cell growth and proliferation. Gadd45a inhibits
entry of cells into S phase via displacing PCNA from
cyclin D1 complex (Smith et al., 1994). CR6-interacting
factor 1 inhibits cell cycle progression at G1/S check-
point via binding with Gadd45a (Chung et al., 2003).
At the same time, interaction between Gadd45a with
CDK1 suppresses the activity of CDKl1/cyclin Bl
complex, and arrests cells at G2/M checkpoint (Zhan
et al.,, 1999; Jin et al., 2002). We demonstrate that
CFZ arrests lung adenocarcinoma cells at G2/M
phage via upregulation of Gadd45a expression (Fig. 3).
Knocking down Gadd45a expression successfully
suppresses G2/M cell cycle arrest induced by CFZ
treatment. Gadd45a has shown critical function in
oncogenesis for its pro-apoptotic activity. The inter-
action between Gadd45a and EF-la has promoted
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apoptosis via disrupting cytoskeletal stability and
translocating Bim to mitochondria (Tong et al., 2005).
Gadd45a can also activate the INK/P38 pathway to
induce apoptosis via interaction with MEKK4/MTK1
(Takekawa and Saito, 1998). Gadd45a gene silencing
inhibits apoptosis and senescence of skin squamous
cell carcinoma (Liu LQ et al., 2018). In this study,
Gadd45a expression has been shown to be involved in
CFZ-induced apoptosis. Gadd45a siRNA transfection
greatly attenuated apoptosis in CFZ-treated lung ad-
enocarcinoma cells (Fig. 4). Phosphorylation of JNK
and P38 is increased after CFZ treatment. This is
further verified by knocking down Gadd45a expres-
sion. As expected, upregulation of phosphorylation of
JNK and P38 in CFZ-treated cells has been sup-
pressed accordingly (Fig. 4). On both sides, we show
that Gadd45a activates the JNK/P38 pathway to
promote apoptosis in CFZ-treated cells.

The underlying mechanism of upregulation of
Gadd45a in CFZ-treated cells has been further inves-
tigated. It is well known that Gadd45a is a major
downstream target gene of P53. However, P53 mu-
tation has been identified in both HCC-827 and NCI-
H1299 used in this study, excluding P53 from up-
regulating Gadd45a expression after CFZ treatment.
Alternatively, FOXO3a, a central transcription factor,
can directly upregulate Gadd45a expression. FOXO3a
activity is modulated by its translation between nu-
cleus and cytoplasm. This is achieved by phosphor-
ylation by a series of kinases, including AKT, extra-
cellular signal-regulated kinase (ERK), and nuclear
factor-«B (NF-kB) (Liu Y et al., 2018). Phosphory-
lated FOXO3a can be degraded by proteasome (Plas
and Thompson, 2003). Fig. 6 shows that the decrease
in the phosphorylation of FOXO3a and the increase
in the total FOXO3a occur simultaneously after CFZ
treatment. These results indicate that CFZ treatment
induces an upregulation of un-phosphorylated FOXO3a,
which is able to translocate into the nucleus and exerts
its transcriptional activity. On the other hand, knocking
down FOXO3a expression significantly attenuates
Gadd45a upregulation induced by CFZ treatment
(Figs. 6¢ and 6d). Moreover, the phosphorylation of
AKT, a suppressor of FOXO3a, was found to decrease
after CFZ treatment (Figs. 6a and 6b). The above
results show that CFZ increases Gadd45a expression
via the AKT/FOXO3a pathway.

5 Conclusions

In summary, we have demonstrated that CFZ,
a second generation proteasome inhibitor, efficiently
suppressed proliferation and growth, and induced
G2/M cell cycle arrest and apoptosis in lung adeno-
carcinoma cells via upregulation of Gadd45a expres-
sion. The protein expression analysis has clearly
identified that the AKT/FOXO3a pathway is involved
in Gadd45a upregulation after CFZ treatment (Fig. 7).
These findings unveil a novel mechanism of pro-
teasome inhibitor in anti-solid tumor activity, and
suggest a novel preferable therapeutic strategy for
lung adenocarcinoma. We believe that Gadd45a ex-
pression can be a highly promising candidate pre-
dictor in evaluation of the efficacy of proteasome
inhibitors in solid tumor therapy.
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Fig. 7 Mechanism that carfilzomib inhibits the growth
of lung adenocarcinoma

AKT: protein kinase B; FOXO3a: forkhead box O3a; JNK:
c-Jun N-terminal kinase
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