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Abstract: Cullin-associated NEDD8-dissociated 1 (CAND1) plays a vital role in regulating the activity of Cullin-RING
ubiquitin ligases (CRLs), which are frequently dysregulated in cancer. However, the role of CAND1 in hepatocellular
carcinoma (HCC) remains unknown. Here, we found that CAND1 was overexpressed in HCC tissues compared to cor-
responding adjacent liver tissues (71.7% vs 16.7%); high expression of CAND1 was associated with poor overall sur-
vival (40.7 vs 57.3 months, P=0.0013); and CAND1 was an independent risk factor for the prognosis of HCC patients
(N=138, P=0.018). Functional studies revealed that CAND1 knockdown efficiently suppressed the proliferation of
liver cancer cells by activating caspase-8-dependent mitochondrial apoptosis. We also observed a mutual activa-
tion loop between caspase-8 and Receptor Interacting Protein 1 (RIP1), which amplified CAND1 knockdown-induced
apoptotic signals in the cells. Furthermore, RIP1 inhibitor Necrostatin-1 eliminated the activation of caspase-8. In
conclusion, our study pioneered in reporting high CAND1 expression as a predictor of poor prognosis for HCC pa-
tients. CAND1 silencing suppressed HCC cell proliferation by inducing caspase-8/RIP1-dependent apoptosis. These
findings supported that CAND1 could be a new therapeutic target for liver cancer.
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Introduction

Cullin-RING ligases (CRLs) share a similar struc-
ture model in which Cullin acts as a molecular
scaffold binding a substrate recognition sub-
unit (SRS) at the N-terminus and a RING protein
at the C-terminus [1]. CRLs are the largest gro-
up of E3 ubiquitin ligases and account for the
ubiquitination of nearly 20% of cellular proteins
doomed for degradation via proteasomes [2].
CRLs highlight their role in regulating various
biological processes including cell cycle pro-
gression, gene transcription, apoptosis, signal
transductionand DNAreplication. Dysregulation
of CRLs is associated with many diseases,
including cancers, suggesting that CRLs could
be potential anti-cancer targets [3, 4].

It is well characterized that CAND1 is involved
in the general dynamic regulation of CRLs rep-
ertoire [5]. The activity of CRL E3 ligases is lar-

gely dependent on Cullin neddylation, whereby
a covalent modification of Cullin with the ubiqui-
tin-like protein NEDDS8 will induce the conforma-
tional rearrangement of Cullin and further pro-
mote the ubiquitination of substrates [6]. Once
NEDDS8 is unconjugated from Cullin, which is
catalyzed by COP9 signal some (CSN), CAND1
will interact with and sequester the unneddylat-
ed Cullin. This allows SRS part exchange fol-
lowed by reactivation of the assembled CRL [7].
The Cullin neddylation cycle has attracted much
attention in cancer therapy [8, 9]. For example,
MLN4924, the first potent small molecule inhib-
itor of the NEDDS8-activating enzyme, inacti-
vates the entire CRLs by blocking Cullin ned-
dylation, and has been advanced to several
Phase | clinical trials against human malignan-
cies [10, 11].

In this study, we revealed the correlation betw-
een CAND1 expression and clinical pathological


http://www.ajtr.org

Targeting CAND1 promotes apoptosis in liver cancer

features of HCC patients and found that CAND1
plays a key role in proliferation of liver cancer
cells. We uncovered a positive mutual activa-
tion loop between caspase-8 and RIP1 which
amplified the apoptotic signals of CAND1 knock-
down in HCC cells. Our data suggested that
CAND1 might serve as a potential biomarker for
prognosis and a promising target for therapy in
liver cancer.

Materials and methods
Patients and clinical tissue samples

A total of 223 primary HCC samples were ob-
tained from patients who underwent surgical
resection at Eastern Hepatobiliary Surgery Hos-
pital, the Second Military Medical University,
Shanghai, China. All tissues were obtained be-
fore chemical, radiation, and other anti-cancer
therapy. The diagnosis of HCC was made based
on the postoperative pathology evaluation. Pri-
or written informed consents from all patients
and the approval from the Ethics Committee of
Eastern Hepatobiliary Surgery Hospital were
obtained. The postoperative pathological data
was obtained from the hospital medical records
and has been followed-up for 8 years. Overall
survival (0S) was calculated from the date of
surgery to the date of death or the last follow-
up. Relapse free survival (RFS) was defined as
the interval time between the surgery and
recurrence date. Among the samples, 63 pairs
of tumor tissues and their corresponding adja-
cent liver tissues were used for Western Blot
analysis of CAND1 expression, and another 22
liver tissues were used for Western Blot to fur-
ther analyze the correlation of CAND1 and RIP1;
138 pairs of tumor tissues and their corre-
sponding adjacent liver tissues were used for
Immunohistochemistry analysis.

Immunohistochemistry (IHC) analysis

The paraffin embedded tissues excised from
the 138 HCC patients were used to construct
tissue microarrays. Immunohistochemistry was
performed as previous described [12, 13]. Brief-
ly, tissue microarrays were deparaffinized in xyl-
nen, rehydrated through graded ethanol, and
heat treated in citrate buffer (30 min, PH 6.0,
Dako, Carpinteria, CA, USA) for antigen retriev-
al. 3% H,0, was used to block the activity of
endogenous peroxidase. The microarrays were
blocked with 5% non-fat milk diluted in Tris-
buffered saline-Tween 20 (TBST) for 2 hours
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followed by incubation with primary antibody
overnight. Next, the microarrays were incubat-
ed with the secondary antibody (Dako, Carpin-
teria, CA, USA) for 2 hours before they were
stained with hematoxylin using a Dako Envi-
sions kit (Dako, Carpinteria, CA, USA). Based on
the percentage of positive-staining cells, and
the staining intensity, four random views (400
times of magnification) were adopted to assess
the protein expression level with the Aperio
ScanScope™ software, and scored by two path-
ologists with a blinded method. The percentage
of positive-staining cells were scored 1 (0 to
25%), 2 (26 to 50%), 3 (51 to 75%), or 4 (76 to
100%). The staining intensity was scored as 1
(negative staining), 2 (weak staining), 3 (moder-
ate staining), or 4 (strong staining). The com-
posite score was obtained by multiplying the
percentage grade by the intensity score and
classified into four groups: 0-1 represents +,
2-4 represents ++, 5-8 represents +++, 9-12
represents ++++. Subjects were allocated into
high (+++ and ++++) or low (+ and ++) CAND1
expression and the clinical features were com-
pared between the two groups as we previously
reported [12-14].

Cell culture and reagents

Human immortalized liver cell lines LO2, MIHA,
and liver cancer cell lines SMMC7721, Huh?,
Hep3B, Li7, BEL-7404 were purchased from the
Type Culture Collection of Chinese Academy
of Sciences, Shanghai, China; liver cancer cell
line LM6 was obtained from the Liver Cancer
Institute, Zhongshan Hospital, Fudan University,
Shanghai, China. Cells were cultured in Dulbe-
cco’s Modified Eagle’s Medium (DMEM) (Gibco,
Gaithersburg, MD, USA) supplemented with
10% fetal bovine serum (FBS) (Thermo Fisher
Scientific, Waltham, USA) and 1% penicillin-
streptomycin at 37°C with 5% CO.,,.

Necrostatin-1 (S8037) and Z-VAD-fmk (S7023)
were purchased from Selleck, Shanghai, China.

Small interfering RNA (siRNA) and transient
transfection

RNA interference assay was performed as pre-
vious described [12, 15]. The siRNAs were syn-
thesized at RiboBio Co, Ltd., Guangzhou, China.
Cells were split 18 hours before transfection.
siRNAs were transfected into the cells at a con-
centration of 100 nmol/L with Lipofectamine™-
RNAimax (Invitrogen, Carlsbad, CA, USA). The
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sequence of the scrambled siRNA is 5-TTCT-
CCGAACGTGTCACGTTT-3". The sequences of
CAND1 siRNAs are as follow: seg-1: 5-CGUGC-
AACAUGUACAACUA-3’; seq-2: 5’-GACUUUAGGU-
UUAUGGCUA-3’; seq-3: 5’-CAACAAGAACCUACA-
UACA-3'. The sequence of caspase-8 siRNA is
5-UGGAUUUGCUGAUUACCUA-3'.

Immunoblotting

The protein concentration of the cell extracts
was quantified using an enhanced BCA Protein
Assay Kit (Beyotime Biotechnology, Nantong,
China). Protein samples (30 ug) were separated
by 12% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and then trans-
ferred to 0.45 um polyvinylidine difluoride filter
(PVDF) membranes (Millipore, Billerica, MA,
USA). The membrane was blocked with 5% non-
fat milk diluted by TBST for 2 hours and then
incubated with primary antibodies at 4°C over-
night. Next, the membrane was washed with
TBST three times, and probed with HPR-linked
secondary antibodies for 2 hours at room tem-
perature. An enhanced chemiluminescence de-
tection kit (Sangon Biotech, Shanghai, China)
was used to visualize the proteins bands. The
signal intensity of indicated proteins was ob-
tained with a densitometric analysis using the
software of Image J (NIH, Bethesda, Maryland,
USA) as we previously reported [12, 15]. B-actin
was used as a loading control to quantify the
expression level of indicated proteins.

Antibodies of cleaved-PARP (5625S), cleaved-
caspase-8 (9496), cleaved-caspase-9 (7237S),
RIP1 (3493), Bcl-2 (2872), Mcl-1 (5453S), Bax
(5023), Bak (6947P), Bid (2002), Cytochrome C
(11940), Goat-a-Rabbit (7074) and Goat-a-Mou-
se (7076) were purchased from Cell Signaling
Technology Inc, Danvers, MA, USA; AIF (1020-
S), VDAC-1 (7237S) and B-Tubulin (1897-1) were
purchased from Epitomics, Burlingame, CA,
USA; B-Actin (CW0096M) was purchased from
CWBiotech, Beijing, China; MLKL (CY5493) was
purchased from Abways, Shanghai, China; and
CAND1 (HO0O055832-M01) was purchased
from Abnova, Taiwan.

Cell proliferation assay

Cell proliferation was measured using CellTiter
96® AQ,, . One Solution Cell Proliferation Ass-
ay (MTS) (G3580, Promega, Madison, WI, USA).
Briefly, cells (2000 cells/well) transfected with
CAND1 siRNA (siCAND1) or control scramble
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siRNA (siNC) were seeded in 96-well plates in
triplicate for a different number of days. A 120
ul mixture of fresh DMEM (supplemented with
10% FBS, 100 ul) and MTS (20 ul) was added to
each well, and incubated for another 2 hours at
37°C, according to the manufacturer’s instruc-
tions. The OD450 of each well was tested by
Infinite200Pro (Tecan, Shanghai, China), and
the percent cell viability was compared to the
siNC control. The data were analyzed and
graphed with the Graphpad Prism 6.0 software
[12, 15].

Hoechst33342 staining

Cells were split in 6-well plates (1x10° cells/we-
Il) and transfected with CANDZ1 siRNA (siCAND1)
or control scramble siRNA (siNC). 96 hours
after transfection, cells were washed with PBS
twice, stained with Hoechst33342 (10 ug/ml,
Beyotime Biotechnology, Nantong, China) for
15 minutes at room temperature, and photo-
graphed under a fluorescence microscope (Lei-
ca, Wetzlar, Germany) at emission wavelength
of 460nm and excitation wavelength of 346
nm. The fluorescence intensity was quantified
using the software of Image J (NIH, Bethesda,
Maryland, USA) as we previously reported [14].

Cell cycle distribution analysis

Cells were treated with CAND1 siRNA (siCAND1)
or scramble siRNA (siNC) for the indicated days.
Cells were harvested and fixed in 70% ethanol
at -20°C overnight, and stained with propidium
iodide (36 ug/ml, Sigma) containing 400 ug/ml
RNase (Roche). They then underwent shaking
for 30 minutes on ice. Then, cells were collect-
ed and analyzed by flow cytometry (CyAn™ ADP,
Beckman Coulter, Brea, CA, USA) for cell cycle
profile and apoptosis analysis. The data was
analyzed with the software of ModFit LT as we
previously reported [12, 15].

Apoptotic assay

The apoptotic cells were determined by flow
cytometry using the Annexin V-FITC and Pl Apo-
ptosis Detection Kit following the manufactur-
er’s instructions. Briefly, 3x10° cells were treat-
ed with CAND1 siRNA (siCAND1) or scramble
siRNA (siNC) for indicated days. The cells were
then harvested, washed with PBS and incubat-
ed with Annexin V-FITC and PI for staining in
binding buffer at room temperature for 15 min-
utes in the dark. The stained cells were flowed
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using the CyAn™ ADP instrument (Beckman
Coulter, Brea, CA, USA) and analyzed with the
FlowJo v10.0.6 software [12, 15].

Quantification of cleaved caspase-3

Cells were treated with CANDZ1 siRNA (siCAND1)
or control scramble siRNA (siNC) for 96 hours.
To measure the cleavage of caspase-3, cells
were harvest and washed with PBS and then
incubated with FITC-DEVD-FMK (BioVision, Mil-
pitas, CA, USA) in PBS at 37°C and 5% CO,, for
30 minutes. Cells were collected by centrifuga-
tion at 3000 r.p.m., re-suspended in wash buf-
fer and centrifuged twice. After re-suspension
in PBS, samples were subjected to flow cytom-
etry analysis with CyAn™ ADP. Capase-3 cleav-
age was analyzed with the FlowJo v10.0.6 soft-
ware as we previously reported [15].

Detection of reactive oxygen species (ROS)

The intracellular reactive oxygen species (ROS)
were detected using 2’, 7’-dichloro-fluorescein
diacetate (DCFH-DA) as a probe. ROS were de-
tected with a Reactive Oxygen Species Assay
Kit (Beyotime) according to the manufacturer’s
instructions as we previously reported [15, 16].
Briefly, cells were treated with CAND1 siRNA
(siCAND1) or scramble siRNA (siNC) for a differ-
ent number of days. The cells were harvested,
washed twice with PBS, and then incubated
with 10 yM DCFH-DA (S0033, Beyotime Biote-
chnology, Nantong, China) diluted in PBS at
37°C for 20 minutes for whole cell ROS detec-
tion; or incubated with 5 yM MitoSOX Red mito-
chondrial superoxide indicator (40778ES50,
Yeasen, Shanghai, China) at 37°C for 10 min-
utes for mitochondrial-specific ROS detection.
The formation of the fluorescent-oxidized deriv-
ative of DCFH-DA or MitoSOX Red was moni-
tored using CyAn™ ADP at an emission wave-
length of 525 or 580 nm, and an excitation
wavelength of 488 or 510 nm, and analyzed
with the FlowJo v10.0.6 software.

Detection of mitochondrial membrane poten-
tial (MMP)

Cells were treated with CAND1 siRNA (siCAND1)
or scramble siRNA (siNC) for the indicated days
in 6-well plates, and AY (MMP collapse) was
analyzed by JC-1 staining according to the man-
ufacturer’s instructions as we previously report-
ed [15]. The dye JC-1 can exist as a monomer or
as JC-1 aggregates (J-aggregates), giving green
(510-530 nm) and red (650 nm) fluorescence
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emissions respectively. For flow cytometry, ce-
lls were collected and then washed once with
PBS. The pellets were re-suspended with nor-
mal medium containing 5 ug/ml JC-1. After incu-
bation for 20 minutes at 37°C in 5% CO,, the
cells were immediately centrifuged to remove
the supernatant, washed twice with PBS, re-
suspended in PBS, and then analyzed by flow
cytometry at an excitation wavelength of 488
nm. The percentage of green fluorescence from
the JC-1 monomers was used to represent the
cells that lost AY.

Mitochondria isolation

Mitochondria isolation was performed as previ-
ous described [15]. The mitochondria isolation
kit (C3601, Beyotime Biotechnology, Nantong,
China) was used according to the manufactur-
er’s protocol. Mitochondrial and cytoplasm frac-
tions isolated by gradient centrifugation were
then subjected to immunoblotting analysis.
Loading controls of the subcellular components
are: Voltage-Dependent Anion Channel 1 (VDA-
C1) for the mitochondrial fraction, and B-Tubulin
for the cytoplasm fraction.

Statistical analysis

The statistical significance of differences bet-
ween groups was assessed using the software
of GraphPad Prism 6 and SPSS 22.0. The un-
paired two-tailed t-test was used for the com-
parison of parameters between two groups.
Categorical data were analyzed by the Pearson’s
chi-square or Fisher’'s exact tests. Correlation
between protein expression and clinic-patho-
logical features was performed by the two tail-
ed Mann-Whitney U-test or Kruskal-Wallis test.
Survival curves were plotted by the Kaplan-
Meier method and statistical differences were
analyzed using the log-rank test. Cox’s propor-
tional hazards regression model was adopted
to analyze independent prognostic factors. For
all the tests, three levels of significance (*,
P<0.05; **, P<0.01; and ***, P<0.001) were
used.

Results

Expression of CAND1 in human liver cancer
and its correlation with patients’ clinical fea-
tures

To understand the clinical significance of CAN-

D1, we analyzed its expression in human liver
cancer. Western Blot assays of 63 pairs of liver
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Figure 1. CAND1 expression in liver cancer tissues and its correlation with patient survival. (A, B) Representa-
tive western blot bands of CAND1 expression in liver cancer and corresponding adjacent tissues (8 of 63 pairs).
B-actin was used as a loading control. T: tumor tissue; A: adjacent tissues (A). Dot Chart showed the relative CAND1
expression detected by western blot in 63 pairs of liver cancer tissues and adjacent tissues. The signal intensity
of indicated proteins was obtained with a densitometric analysis using the software of Image J (MD, USA). B-actin
was used as a loading control (B). (C) Representative photomicrographs showing IHC staining of CAND1 in liver
cancer and corresponding adjacent tissues of two patients. T: tumor tissue; A: adjacent tissues. Magnification x5
and x200. (D) The cartogram depicts the distribution of CAND1 expression based on IHC staining intensity from
the weakest (+) to the strongest (++++) in 138 cases of HCC tumor tissue (T) compared to that of adjacent tissues
(A). (E) Kaplan-Meier log-rank survival analysis in the patients with CAND1 high expression [IHC staining (+++) or
(++++)] compared to that of low expression [IHC staining (+) or (++)]. Mean + SD, **P<0.01.

cancer tissues and the corresponding adjacent pressed in human liver cancer (Figure 1A and
liver tissues indicated that CAND1 was overex- 1B). IHC staining of tissue arrays (138 HCCs
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Table 1. Clinical characteristics of 138 HCC patients and

35/138, ++), classified as low ex-
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Factors Expression of CAND1 P leggsl'?zednzzyh?fhcgl\lDris?i:ﬁn I(n7%
- ifi i X i
Low (n=39) High(n=99) Value 4 0", 26/%38, IC+)+++). While
Sex for the adjacent liver tissues, 115
Male 36 88 0.533 cases had low expression (46/
Female 3 11 138, +; 69/138, ++) and 23 ca-
Age, years ses presented with high expres-
<50 15 42 0.673 sion of CAND1 (18/138, +++;
S50 24 57 5/138, ++++) (Figure 1D). The
i X ion in liv -
AB 35 89 0.978 cer seen in cohorts from the
c 4 10 ONCOMINE database [fold chan-
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HBeAg A clinica(ljlandf pithologlysgss:g?—
) tion study of these s
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Positive ! 16 ND1 was associated significantly
Tumor differentiation with larger tumor size (P=0.001)
/1 7 5 0.015 and poorer differentiation (P=
/v 32 94 0.015); and was not associated
Tumor size, cm with metastasis and invasion,
<5 25 34 0.001 as judged by tumor numbers, sat-
>5 14 65 ellite opacities, aqd microvascu-
Tumor number lar thromboembolism (Pearson’s
) Chi-square test, Table 1). More in-
Single 29 3 0.941 triguingly, overexpression of CA-
Multiple 10 26 ND1 was correlated significantly
Satellite opacities with poorer overall survival (medi-
No 11 22 0.462 an survival: 40.7 vs 57.3 months,
Yes 28 77 P=0.0013, Figure 1E). Cox pro-
Microvascular thromboembolism portional hazard regression anal-
No 16 33 0.399 ysis ind.icated that high CAND1
Yes 23 66 expresspn was an independent
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Survival time, years vival of HCC patients (P=0.018,
<5 21 81 0.001 Table 2).
>5 18 18
Recurrence-free survival time, years Taken together, these results in-
<5 28 80 0.251 dicated that CAND1 was highly
>5 1 19 expressed in liver cancer tissues,

P<0.05 was considered statistically significant. Pearson’s chi-square test was
used. Abbreviation: AFP, alpha fetoprotein; HBeAg, hepatitis Be antigen.

were included) further indicated the tendency
of high expression of CAND1 in liver cancer
(Figure 1C). The samples were classified into
four groups according to the staining intensity
from the weakest (+) to the strongest (++++).
For the tumor tissues, there were 39 cases that
had low intensity of CAND1 staining (4/138, +;
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and the patients with higher CA-
ND1 expression had a poorer clin-
ical outcome.

CAND1 knockdown selectively suppressed pro-
liferation of liver cancer cells

CAND1 was found by western blot assays to
be highly expressed in liver cancer cell lines
(Hep3B, Li7, 7404, Huh7, SMMC7721 and LM®6)
compared to immortalized liver cell lines (LO2,
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Table 2. Uni- and multivariate analysis of factors associated with survival in 138 HCCs

0S
Univariate Multivariate
Factors
P B Exp (B) 95% Cl P
HBeAg (negative vs positive) 0.099 NS
Serum AFP, ng/ml (<20 vs >20) 0.382 NA
Tumor differentiation (I/11 vs lll/1V) 0.046 NS
Tumor size, cm (<5 vs >5) 0.002 -0.749 0.473 0.271-0.823 0.008
Tumor number (single vs multiple) 0.139 NS
Microvascular invasion (no vs yes) 0.249 NA
Satellite opacities (no vs yes) 0.807 NA
CAND1 expression (low vs high) 0.006 -0.828 0.437 0.220-0.867 0.018
RFS
Univariate Multivariate
Factors
P B Exp (B) 95% ClI P

HBeAg (negative vs positive) 0.054 0.56 1.75 1.039-2.950 0.036
Serum AFP, ng/ml (<20 vs >20) 0.353 NA
Tumor differentiation (I/11 vs lll/1V) 0.027 -1.148 0.317 0.099-1.020 0.05
Tumor size, cm (<5 vs >5) 0.008 -0.504 0.604 0.383-0.952 0.03
Tumor number (single vs multiple) 0.054 NS
Microvascular invasion (no vs yes) 0.454 NA
Satellite opacities (no vs yes) 0.692 NA
CAND1 expression (low vs high) 0.142 NS

Cox’s proportional hazards regression model. Abbreviation: OS, overall survival; RFS, relapse free survival; NA, not adopted;
NS, not significant; AFP, alpha fetoprotein; HBeAg, hepatitis Be antigen; 95% Cl, 95% confidence interval.

MIHA) (Figure 2A). With the knowledge that
CAND1 was highly expressed in liver cancer tis-
sues, we assumed that CAND1 may be involved
in HCC tumorigenesis. To confirm our hypothe-
sis, we observed the effect of CAND1 silencing
on liver cancer cells. Figure 2B showed that
three different CAND1 siRNAs sequences effec-
tively confined CAND1 expression (Figure 2B).
MTS colorimetric assay revealed that siRNA
sequence-1 inhibited the growth of SMMC7721
the most (Figure 2C). Moreover, CAND1 siRNA
(siCAND1) significantly suppressed the prolifer-
ation of Huh7 and LM6 tumor cells compared to
that of scramble siRNA control (siNC) (Figure
2D and 2E), but the growth-inhibitory effect of
siCAND1 on immortalized liver cell lines LO2
and MIHA had no significant difference com-
pared to that of siNC (Figure 2F and 2G). The
effect of siCAND1 on cell proliferation suppres-
sion was also observed under the fluorescence
microscope with hoechst33342 staining in
SMMC7721 and LM6 tumor cells. The quantita-
tion data showed there was a significant de-
crease in intensely staining cells in the siCAND1
group compared to that of the siNC group.
(Figure 2H).
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CAND1 knockdown suppressed cell prolifera-
tion by activating mitochondrial apoptosis sig-
nals in HCC cells

To understand the mechanism underlying CA-
ND1 knockdown-induced suppression of cell
proliferation, the cell cycle profile was explored
in SMMC7721 cells. G2/M phase arrest and
apoptotic sub-G1 proportions were increased
following CAND1-silencing (siCAND1) treatment
compared to the control siNC over the treat-
ment days. The quantitative data showed that
siCAND1 treatment for 96 hours significantly
increased the percentage of both apoptotic
cells and G2/M phase cells in the tumor cells
compared to that of the control groups (Figure
3A), suggesting that the increased cell growth
inhibition was owing to enhanced apoptosis. An
Annexin V and Pl double staining assay was
then conducted to further analyze the apoptot-
ic effect of CAND1-silencing on LM6 cells. The
total percentage of cells that underwent early
apoptosis [Annexin V (+) and PI (-)] and late apo-
ptosis [Annexin V (+) and PI (+)] were counted.
siCAND1 treatment showed an increased num-
ber of cells undergoing apoptosis proportional-

Am J Transl Res 2018;10(5):1357-1372
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Figure 2. CAND1 knockdown suppressed liver cancer cells proliferation. (A) Western blot showed the expression
of CAND1 in immortalized liver cell lines LO2 and MIHA, and in liver cancer cell lines Hep3B, Li7, BEL-7404, Huh7,
SMMC7721 (7721) and LM®6. (B, C) Three different siRNA sequences were used to confine the expression of CAND1
(siCAND1-1, siCAND1-2 and siCAND1-3). The CAND1 protein level was detected by western blot to confirm the
knockdown efficacy in SMMC7721cells treated with siCAND1-1(siC1), siCAND1-2 (siC-2) and siCAND1-3 (siC-3)
compared to that of scramble siRNA control (siNC) (B), and the effect of the siRNAs on cell viability was tested by
MTS colorimetric assays in SMMC7721 cells (C). (D-G) Cells were transfected with siNC or siCAND1 for 24 h, 48
h, 72 h and 96 h, cell viability was tested by MTS colorimetric assays in Huh7 (D), LM6 (E), LO2 (F) and MIHA (G)
(mean % SD, *P<0.05; ***P<0.001). (H) Hoechst33342 staining was performed 96h after transfection of control
or CAND1 siRNAs in SMMC7721 and LMG6 cells. The left panel showed the bright field (BF) image and fluorescence
(FL) image of the same view in the siCAND1 treatment group and siNC treatment group. The cartogram (right panel)
indicated the fluorescence intensity of Hoechst33342 staining. BF: bright field; FL: fluorescence; FL-A: fluorescence
area. (mean + SD, ***P<0.001).
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Figure 3. CAND1 knockdown induced apoptosis in HCC cells. A. SMMC7721 cells transfected with siNC or siCAND1
were subjected to cell cycle distribution analysis. The left panel shows the flow charts in the cells treated with either
siCAND1 or siNC for the indicated hours. The right panel is the quantitative data for the population of cells at sub-
G1 phase, and the population of cells at G2/M phase. (mean + SD, **P<0.01; ***P<0.001). B. Annexin V and PI
staining was used to analyze the apoptotic state of LM6 cells. The total portion of the early apoptotic cells [Annexin
V (+) and PI (-)] and the late apoptotic cells [Annexin V (+) and PI (+)] was counted to plot the cartogram. (mean +
SD, **P<0.01; ***P<0.001). C. Capase-3 activation was detected using FITC-DEVD-FMK staining following flow
cytometry analysis. The upper panel shows the flow charts in LM6 cells treated with either siCAND1 or siNC for 96 h,
respectively; the lower panel is the quantitative data for the upper panel. (mean + SD, ***P<(0.001). D. The expres-
sion of apoptotic protein, cleaved-PARP (c-PARP) in SMMC7721 and LM6, was analyzed by western blot with specific
antibodies as indicated. B-actin was also detected by western blot as a loading control.
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Figure 4. CAND1 knockdown activated mitochondrial apoptotic signal in HCC cells. Liver cancer cell lines SMMC7721
and LM6 were transfected with siNC or siCAND1, respectively. A. Mitochondrial membrane potentials (MMP) col-
lapse in SMMC7721 and LM6 were monitored by JC-1 assays. The left panel shows the flow charts of the cells
treated with either siCAND1 or siNC, respectively. The right panel showed the quantitative data in the bar figure.
MMP: mitochondrial membrane potential; 7721: SMMC7721 cells. (Mean + SD, ***P<0.001). B. Intracellular ROS
levels were determined using DCFH-DA staining following flow cytometry analysis. The left panel shows the flow
charts of the DCFH-DA staining in SMMC7721 cells treated with either siNC or siCAND1 for 24 h and 48 h. The right
panel is the quantitative data for the left panel. (mean + SD, *P<0.05; ***P<0.001). C. Mitochondrial ROS levels
were determined using Mito-SOX Red staining following flow cytometry analysis. The left panel showed the flow
charts of the Mito-SOX Red staining in SMMC7721 cells treated with either siNC or siCAND1 for 24 h and 48 h. The
right panel is the quantitative data for the left panel (mean + SD, **P<0.01; ***P<0.001). D. The expression of
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Bcl-2 family members (Bcl-2, Mcl-1, t-BID, Bax, Bak) was analyzed by western blot in LM6 cells treated with either
siNC or siCAND1 for the indicated hours. B-actin was used as a loading control. E. The mitochondrial and cytoplasm
gradients were isolated by gradient centrifugation. Apoptotic factors (AIF) released from the mitochondria (Mito) to
the cytoplasm (Cyto) were analyzed by Western blot in the cells treated with either siNC or siCAND1 for 96 h. VDAC1
was used as a loading control for mitochondrial gradient; B-Tubulin was used as a loading control for cytoplasm
gradient. siC: siCAND1. Cyto-C: cytochrome C. VDAC1: Voltage-Dependent Anion Channel 1.
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Figure 5. CAND1 knockdown induced caspase-8-dependent cleavage of RIP1.
(A) Liver cancer cells were transfected with siControl or siCAND1 for 24 h, 48
h, 72 h, and 96 h. The protein levels for cleavage of Caspase-8 (c-Cas8), RIP
protein (RIP 78 KD), cleavage of RIP (c-RIP 30 KD), MLKL and CAND1were an-
alyzed by western blot in the SMMC7721 and LM6 cells treated with either
siNC or siCAND1 for indicated hours. B-actin was used as a loading control. (B)
Percent viable cells were evaluated by the MTS colorimetric assay in the LM6
cells transfected with siNC, siCAND1, siCaspase-8 or pretreated with Z-VAD-fmk
(10 uM) and in the combination of siCAND1 with siCaspase8 or pre-treated
with Z-VAD-fmk (10 uM) for 96 h. (mean + SD, **P<0.01; ***P<0.001). (C) The
protein levels for c-PARP, c-Cas9, c-Cas8, RIP (78 KD) and c-RIP (30 KD) were
analyzed by western blot in the cells treated with the same scheme on (B).

ly over time in LM6 cells but the siNC had no
such effect. The quantitative data showed that
the percent of apoptotic cells was significantly
increased from 24 to 96 hours with siCAND1
treatment versus that of siNC treatment in the
cells (Figure 3B). We also detected caspase3
activity by staining the cleaved caspase-3 (c-
Cas3) with FITC-DEVD-FMK following flow cy-
tometry analysis. The data showed a significant
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dria were involved in CAND1
knockdown-induced apop-
tosis. To confirm that, we
used the fluorescent probe
JC-1 to measure the mito-
chondria membrane poten-
tial (MMP). The results in-
dicated that mitochondria
depolarization in the cells
of the siCAND1-treated gro-
up was over six folds high-
er than that of the control
group in SMMC7721 and
LM6 tumor cells. The quantitative data showed
the difference was significant in both cells
(Figure 4A). The intracellular overproduction of
reactive oxygen species (ROS) is tightly con-
nected with the mitochondrial apoptosis path-
way. We explored the change of the ROS in the
cells and found that both the total ROS genera-
tion (Figure 4B) as well as mitochondrial-specif-
ic ROS generation (Figure 4C) was significantly
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Figure 6. CAND1 knockdown-induced apoptosis was RIP1 kinase activity-de-

pendent. A. LM6 cells were transfected with siCAND1 or pretreated with RIP1
inhibitor Necrostatin-1 (10 uM) for 96 h. Cell viability was analyzed by MTS colo-
rimetric assays and the indicated protein levels were analyzed by western blot.
(mean £ SD, **P<0.01; ***P<0.001). B. The protein level of CAND1 and RIP1

CAND1 knockdown in-

duced apoptosis through
activation of caspase-8/
RIP1 in liver cancer cells

in 22 cases of human liver cancer tissues was analyzed by western blot. The

upper panel shows the CAND1 and RIP1 protein level in the individual patients.
The intensity of RIP and CAND1 level in each patient was also quantitated with
a densitometric analysis using the Image J software (MD, USA), and normalized
with the intensity of the actin protein in the same patient; the lower panel is the
correlation analysis of the normalized RIP1 level and CAND1 level. RIP1/Actin
or CAND1/Actin indicated the normalized intensity in each patient. C. Model of
CAND1 silencing-induced apoptosis in liver cancer cells.

higher in SMMC7721 cells treated with siCA-
ND1 compared to that of siNC. Statistical analy-
sis showed that the difference of siCAND1 ver-
sus siNC in ROS generation was significant
(Figure 4B and 4C). The data indicates that the
elevated ROS production contributed to the
cytotoxicity of CAND1 silencing in liver cancer
cells.

Mitochondrial apoptosis is governed by the
Bcl-2 family. We observed that siCAND1 treat-
ment for 24 to 96 hours obviously decreased
the protein level of anti-apoptotic members
Bcl-2 and Mcl-1, while it increased the protein
level of apoptotic members Bax and Bak com-
pared to that of siNC treatment (Figure 4D). The
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Bid, a bcl-2 member, is nor-
mally localized in the cy-
tosolic fraction of cells as
an inactive form and when
cleaved by caspase-8 leads
to transposition of the car-
boxyl terminal fragment (t-
Bid) to the mitochondria outer membrane cau-
sing mitochondria damage, and relaying of
the apoptotic signals to mitochondria [17]. We
found that siCAND1 treatment for 24 to 96
hours also up-regulated the protein level of
t-Bid (Figure 4D) as well as cleaved-caspase-8
(c-Cas8) (Figure 5A) in both SMMC7721 and
LM6 tumor cells. These data indicate that cas-
pase-8 may contribute to CAND1 knockdown-
induced mitochondrial damage.

To confirm the effect of caspase-8 on CAND1
knockdown-induced apoptosis, LM6 cells were
either transfected with caspase-8 siRNA or in-
cubated with the caspase-pan-inhibitor Z-VAD-
fmk. We found that either siCaspase-8 or Z-
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VAD-fmk treatment could significantly restore
siCAND1 induced cell proliferation arrest (Fig-
ure 5B). The protein levels of cleaved-PARP (c-
PARP), and cleaved-caspase-8 (c-Cas8) in the
siCAND1 treatment cells were also reduced
compared to that of siNC treatment cells upon
either siCaspase-8 or Z-VAD-fmk treatment
(Figure 5C). This data indicates that caspase-
8 is required for CAND1 knockdown-induced
apoptosis.

Generally, caspase-8 needs to collaborate with
other adaptor proteins to form the death induc-
ing signaling complex (DISC) to conduct apop-
totic signals [18]. Death domain kinase RIP1, a
well-known necroptosis mediator and a DISC
complex component, has been suggested to
play an important role in the initiation of necrop-
tosis and apoptosis [19, 20]. We showed that
siCAND1 treatment for 24 to 96 hours down-
regulated the protein level of RIP1 (78 KDa) and
resulted in an accumulation of cleaved-RIP1
(30 KDa) compared to that of the siNC group in
the tumor cells, while it had no effect on the
necroptosis effector MLKL (Figure 5A). These
results supported the notion that RIP1 partici-
pates in CAND1 silencing-induced apoptosis.
Importantly, when caspase-8 was confined, ei-
ther by siRNA interference or Z-VAD-fmk pre-
treatment, the siCAND1-induced cleavage of
RIP1 was reversed (Figure 5C). These data indi-
cated that caspase-8 mediated the cleavage of
RIP1, corresponding to previous reports in the
literature [21-23].

Since auto-phosphorylation is critical for RIP1
activation [24-26], we adopted the RIP1 auto-
phosphorylation inhibitor Necrostatin-1 to ex-
plore if RIP1 also contributed to CAND1 knock-
down-induced apoptosis. Pretreatment of Ne-
crostatin-1 on LM6 cells partially rescued si-
CAND1-induced proliferation arrest (Figure 6A,
upper panel) and reversed siCANDZ1-induced
increase of the cleavage of RIP1 (c-RIP1) and
cleavage of caspase-8 (c-Cas8) (Figure 6A, lo-
wer panel). These data supported that RIP1,
mainly depending on its kinase activity, induced
caspase-8-dependent apoptosis upon CAND1
silencing. We also detected the protein levels of
both CAND1 and RIP1 in 22 human liver cancer
tissues, and found that CAND1 and RIP1 pro-
tein were concurrently detected in the same
individual patients (Figure 6B, upper two pan-
els). We also quantified the protein level by
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ImageJ and found that their protein levels were
positively correlated (r=0.7456, P<0.0001) (Fig-
ure 6B, bottom panel). Taken together, these
data show that caspase-8-dependent cleavage
of RIP1 in turn promotes the activation of cas-
pase-8 in a RIP1 kinase activity-dependent
manner, and the interdependent activation of
caspase-8 and RIP1 amplifies CAND1-knock-
down-induced apoptotic signals. Figure 6C sum-
marizes the molecular mechanism underlying
CAND1 silencing induced apoptosis in liver can-
cer cells, which is also described in detail in the
discussion section.

Discussion

Liver cancer is the sixth most common malig-
nancy and causes the second most cancer-
related deaths worldwide. HCC patients have
poor clinical outcomes owing to rapid progres-
sion, high recurrence rate, and limited treat-
ment choices [27, 28]. It is quite urgent to fur-
ther understand the mechanisms underlying
HCC carcinogenesis and identify potential tar-
gets for the development of new therapies.

The expression of CAND1 is closely regulated
by miRNAs in tumorigenesis. By targeting CAN-
D1, miR-33a inhibits cell proliferation and inva-
sion in lung tumor [29], and miR-148b-3p pro-
motes migration of Schwann cells [30]. CAND1
has also been reported to control the centriole
duplication in prostate cancer [31], and contrib-
ute to the development of highly aggressive
lung tumors [32]. To our best knowledge, the
present study first reported that CAND1 was
overexpressed in human liver cancer tissues.
Our data also indicated that CAND1 expression
may serve as an independent predictor for
prognosis of liver cancer patients, although this
needs to be confirmed with a larger cohort
study.

It is reported that CRL E3 ligase mediates pro-
teasomal degradation of numerous proteins,
regulating cell cycle progression [33-35]. Owing
to the central role in cell cycle control, aberrant
expression of the components of CRLs and
their regulators is thought to play a role during
tumorigenesis. Intriguingly, CAND1 overexpres-
sion causes elevation of p27 and promotes adi-
pogenesis, and also cancer development [36-
38]. In the current study, we have shown that
high expression of CAND1 is positively corre-
lated with tumor differentiation and tumor size
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with the pathological association analysis; we
also provided solid evidence indicating that
CAND1 plays a vital role in regulating HCC cells
proliferation and apoptosis. Taken together, our
results indicate that the high expression of
CAND1 is involved in cell proliferation and dif-
ferentiation in liver cancer.

Apoptosis is considered a vital component of
many biological and pathological processes,
while inappropriate apoptosis is involved in
tumorigenesis in many kinds of cancers. This
makes the apoptotic pathways promising tar-
gets for cancer therapy [39, 40]. In the present
study, CAND1 knockdown induced obvious apo-
ptosis in liver cancer cell lines SMMC7721 and
LM®6, while it had little lethal effect on immor-
talized liver cell lines LO2 and MIHA. Our data
showed that CAND1 silencing could selectively
Kill tumor cells, which reveals the potential of
CAND1 as a target for promising therapy in liver
cancer.

We also explored the underlying molecular me-
chanism for siCAND1-induced apoptosis in the-
se cells. CAND1 knockdown induced the activa-
tion of caspase-8, and further increased ROS
production through regulation of the Bax/Bcl-2
axis to trigger apoptosis (model see Figure 6C).
The activation of caspase-8 can be initiated at
the plasma membrane upon ligation of death
receptors. Briefly, once the extrinsic apoptosis
was initiated; which was mediated by death
receptors; caspase-8 was recruited to the plas-
ma to form the death-inducing signaling com-
plex (DISC) following the auto-activation of cas-
pase-8 [18]. Here is one assumption, although
further studies should be performed; CAND1
knockdown results in the dysregulation of
CRLs’ substrates, including numerous apoptot-
ic-related proteins such as death receptors,
and activated extrinsic apoptosis through cas-
pase-8.

RIP1 can be cleaved by caspase-8 at the kinase
domain (KD) and intermediate domain (ID) [22];
and by cysteine cathepsins B and S [41]. Cas-
pase-8-mediated cleavage of RIP1 resulted in
cell death induction in response to TNF and
TRAIL [22, 42]. These reports indicate that cas-
pase-8-mediated cleavage of RIP1 can be initi-
ated in response to different signals. Important-
ly, RIP1 has been suggested to activate cas-
pase-8 through a RIP1-Fas-associated death
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domain protein scaffold to promote apoptosis
[43, 44], while A20 ubiquitin ligase-mediated
polyubiquitination of RIP1 inhibited the activa-
tion of caspase-8 in glioblastoma [45]. This
suggests that RIP1 participated in the regula-
tion of caspase-8 activation. In this study, CA-
ND1 knockdown leads to caspase-8-mediated
cleavage of RIP1, and the activated RIP1 pro-
motes the activation of caspase-8 in turn.
Moreover, treatment of the RIP1 kinase inhibi-
tor necrostatin-1 reversed the activation of cas-
pase-8. These data also indicated that CAND1
silencing-induced apoptosis is caspase-8 and
RIP1 kinase activity dependent; in other words,
caspase-8 and RIP1 are mutually activated by
each other to amplify the apoptotic signals in
CAND1-silencing cells (mutual activation loop,
Figure 6C).

In our study, a positive correlation between the
protein level of CAND1 and RIP1 in human liver
cancer tissues was observed. Although the spe-
cific mechanism needs to be further clarified,
we assumed that CAND1 collaborating with
RIP1 promoted liver cancer cells survival. Our
future work will follow the relevance and signifi-
cance of these two molecules in liver cancer.

In summary, this study represents the first re-
port of high CAND1 expression as a poor prog-
nostic factor in liver cancer patients. CAND1
knockdown suppresses the proliferation of liver
cancer cells through induction of apoptosis
with a caspase-8/RIP1 dependent mechanism.
Our data may be proof for the potential value of
targeting CAND1 as a therapeutic strategy in
HCC.
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