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ABSTRACT

Genotoxic insult causes nuclear and mitochondrial DNA damages with macroautophagy/autophagy
induction. The role of mitochondrial DNA (mtDNA) damage in the requirement of autophagy for nuclear
DNA (nDNA) stability is unclear. Using site-specific DNA damage approaches, we show that specific
nDNA damage alone does not require autophagy for repair unless in the presence of mtDNA damage.
We provide evidence that after IR exposure-induced mtDNA and nDNA damages, autophagy suppres-
sion causes non-apoptotic mitochondrial permeability, by which mitochondrial ENDOG (endonuclease
G) is released and translocated to nuclei to sustain NDNA damage in a TET (tet methylcytosine mitochondrial DNA;
dioxygenase)-dependent manner. Furthermore, blocking lysosome function is sufficient to increase mitochondrial permeability;
the amount of mtDNA leakage to the cytosol, accompanied by ENDOG-free mitochondrial puncta TET

formation with concurrent ENDOG nuclear accumulation. We proposed that autophagy eliminates the

mitochondria specified by mtDNA damage-driven mitochondrial permeability to prevent ENDOG-

mediated genome instability. Finally, we showed that HBx, a hepatitis B viral protein capable of

suppressing autophagy, also causes mitochondrial permeability-dependent ENDOG mis-localization in

nuclei and is linked to hepatitis B virus (HBV)-mediated hepatocellular carcinoma development.
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Introduction mtDNA in mediating stress-induced toxicity. In this study, we
raised the question of whether mtDNA damage makes auto-
phagy essential for maintaining nDNA stability.

To address this question, we did nDNA damages separated
from mtDNA damages. Because human genome contains
more than 400 copies of ribosomal DNA (rDNA) genes orga-
nized in nucleoli, rDNA site-specific lesions were generated
by controlling the nuclear translocation of a restriction
enzyme, intron-encoded endonuclease (I-Ppol) that recog-
nizes a 15-nucleotide sequence in rDNA genes, to have
about 30 double-strand breaks (DSBs) per cells [5,6].
Conversely, specific mtDNA damage was generated by expres-
sing TFAM (transcription factor A, mitochondrial)-KillerRed,
in which TFAM is a mtDNA packaging protein. Upon light
exposure, TFAM-KillerRed-induced reactive oxygen species

The mammalian genomes are comprised of nuclear DNA
(nDNA) and hundreds of copies of mitochondrial DNA
(mtDNA), which are all susceptible to genotoxic injuries.
DNA repair signaling and autophagy are both stimulated
upon DNA damages. In response to the repairable dosage of
genotoxicity, autophagy plays an essential role in DNA repair
for cell survival [1]. Molecular processes, including the recycle
of building blocks, degradation of pro-apoptotic proteins, cell
cycle arrest, counteracting the proteolysis of DNA damage
response molecules, and promoting the DNA repair processes,
have been proposed for the function of autophagy in repairing
sub-lethal DNA damage [1,2]. Many studies have shown that
p0 (mtDNA deficient) cells are resistant to high oxidative
stress-induced cell death [3,4], suggesting the importance of
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(ROS) specifically damages mtDNA. Through the combina-
tion of two site-specific DNA damage approaches, our data
indicate that the necessity of autophagy for nDNA repair is
determined by the concurrent presence of mtDNA damage-
inducedmitochondrial permeability.

Mitochondrial pores that mediate permeability are
located in the inner and outer membrane. In the inner
membrane, permeability transition pore (mPTP) opens
upon membrane depolarization, ROS, and Ca*? influx,
which are insufficient to trigger a whole-cell level of apop-
tosis [7-11]. In the outer membrane, VDAC (voltage
dependent anion channel) oligomerization and BAKI
(BCL2 antagonist/killer 1)-BAX (BCL2 associated X, apop-
tosis regulator)-mediated macro-pore contribute to mito-
chondrial outer membrane permeability (MOMP) toward
apoptosis, which can be blocked by BCL2 (BCL2 apoptosis
regulator) or BCL2L1/BCL-xL (BCL2 like 1) [12-14]. It has
been shown that the application of a sub-lethal amount of
anti-apoptotic BCL2 inhibitor can cause MOMP in a small
population of mitochondria, leading to caspase-dependent
nDNA damage in the absence of apoptosis [15,16]. In
a Parkinson model by SNCA/aasynuclein-induced dopami-
nergic neuron toxicity, the release of ENDOG from mito-
chondria is responsible for DNA damage in the nuclear
genome [17]. In this study, we further used a reparable
level of ionizing radiation (IR) that damages mtDNA and
nDNA to understand the molecular events affecting nDNA
repair when autophagy is blocked. Our results demon-
strated that a moderate level of mtDNA damage-induced
mitochondrial permeability did not result in caspase-
dependent nDNA damage but the leakage of ENDOG,
which nuclear translocation cooperates with TET2 to sus-
tain nDNA lesions in the absence of autophagy.

Finally, we accessed the nuclear mis-localization of
ENDOG in a pathological context involving compromised
autophagy. Hepatitis virus B (HBV) infection is a risk factor
in the development of hepatocellular carcinoma (HCC). HBx
protein encoded by the X gene of HBV is the major factor
promoting HCC [18]. HBx has been reported to damage
mitochondria and suppresses lysosome function [19,20].
Herein, the relevance of HBV-induced HCC to ENDOG in
nuclei was examined. Our results reveal that HBx induces
mPTP-dependent nuclear translocation of ENDOG.
Moreover, the amount of nuclear ENDOG is markedly
increased in liver tumors of HBx transgenic mice and clinical
samples of HBV-associated HCC. Thus, aberrant mitochon-
drial permeability by compromised autophagy is involved in
HBV-mediated pathogenesis.

Results

Mitochondrial damage causes nuclear DNA repair
dependent on autophagy

To determine whether autophagy is essential for repairing
DNA lesions occurring in nuclei, we expressed tamoxifen-
inducible I-Ppol, an endonuclease recognizing the sequence
(5'-CTCTCTTAAGGTAGC-3') at rDNA genes and a site at
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chromosome 1, in HeLa cells. The addition of 4-hydroxyta-
moxifen (4-OHT) allows the nuclear translocation of I-Ppol
to generate multiple double-strand breaks (DSBs) in the
nuclei without generating mitochondrial DNA damage [5].
As expected, incubation of cells with 4-OHT for 4 h induced
yH2AX (H2A.X variant histone) signal in peri-nucleolar
regions with concurrent green fluorescence protein (GFP)-
MAPILC3/LC3 (microtubule associated protein 1 light
chain 3) puncta formation of autophagy induction (Figure 1
(A)). After washing out 4-OHT to terminate I-Ppol transloca-
tion for 9 h, we observed the resolution of the I-Ppol-induced
YH2AX foci signals, indicating the ongoing DNA repair of
preexisted lesions by 4-OHT-induced nuclear translocated
I-Ppol (Figure 1(B)). Since ATG5 (autophagy related 5) is
an essential molecule for LC3 lipidation in autophagy induc-
tion [21], cells are depleted of ATG5 by siRNA transfection to
block autophagosome formation. The results showed that
ATGS5 knockdown had little effect on the diminishing pattern
of YH2AX foci (Figure 1(B)). The western blot also showed
that 4-OHT treatment increased the amounts of phospho-
ATM (ataxia telangiectasia mutated), yH2AX and LC3-II,
and ATG5 knockdown did not affect the changes of DNA
damage signals during 4-OHT withdrawal (Figure 1(C)). The
presence of chloroquine (CQ), which blocks autophagy flux
by inhibiting lysosome fusion with autophagosome [22], dur-
ing 4-OHT withdrawal also did not affect the recovery from
I-Ppol-induced DNA damage (Figure 1(D)). These results
suggest that DNA damage-induced autophagy is not necessa-
rily essential for the recovery from a moderate level of site-
specific nDNA damage.

Next, we tested whether the presence of mitochondrial
DNA (mtDNA) damages affect the role of autophagy in
the repair of I-Ppol-induced DNA lesions. Since TFAM is
a specific mitochondrial DNA binding protein [23-25], we
expressed TFAM-KillerRed (TFAM-KD) fusion protein to
allow site-specific mitochondrial DNA damages by light-
induced ROS from the fused KillerRed (Figure 2(A)). As
expected, light exposure for 10 min resulted in a signifi-
cant reduction in mtDNA copy number with an increase
of cytosolic mtDNA (cmtDNA) (Figure 2(B)). This condi-
tion gave a clear induction of autophagy as indicated by
GFP-LC3 puncta formation without increasing yH2AX
and phospho-ATM (p-ATM) (Figure 2(C,D)). Nor was
YH2AX focus observed in the nuclei of TFAM-KR expres-
sing cells regardless of ATG5 knockdown or treatment
with CQ (Fig. S1A and B). We then combined the expres-
sion of I-Ppol with TFAM-KR to examine the changes of
I-Ppol-induced DNA damage in nuclei after 4-OHT with-
drawal (Figure 2(E)). In control cells, TFAM-KR-mediated
mtDNA damage by light did not affect the resolution of
I-Ppol-induced YyH2AX. As a contrast, in ATG5 knock-
down and CQ-treated cells, YH2AX signal was expanded
instead of diminishing (Figure 2(F,G)). Similar results
were found in p-ATM IF staining in ATG5 knockdown
cells (Fig. SIC). Altogether, we conclude that mtDNA
damage determines the requirement of autophagy for
nDNA stability. Presumably, damaged mtDNA is released
from the matrix through mPTP opening dependent on
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Figure 1. DNA damage-induced autophagy is not necessarily essential for the repair of a moderate level of site-specific nDNA damage. (A) A schematic diagram for
the induction of I-Ppol-induced rDNA damage and repair during recovery from 4-OHT withdrawal. Images of yH2AX IF staining and GFP-LC3 puncta in Hela cells co-
transfected with pLKO-HA-I-Ppol-ER and pGFP-LC3 after recovery from the 4-OHT (1 pM, 4 h) treatment at the indicated time points. scale bar: 20 um. (B) Analysis of
ATG5 knockdown on the repair of I-Ppol-induced DNA damage. representative images of yH2AX IF staining during recovery from 4-OHT-induced rDNA damage in
cells with and without siATG5 RNA transfection, scale bar: 20 um. right shows relative yH2AX IF staining intensity by ImageJ quantification (n = 100). data are
presented as mean + SEM from three independent experiments (n.s: not significant). inset shows ATG5 knockdown by western blot. (C) Western blot analysis of
YH2AX, p-ATM, LC3-l, LC3-II, and ACTB/B-actin in Hela cells transfected with siControl or siATG5 RNA together with pLKO-HA-I-Ppol-ER after recovery from the 4-OHT
(1 uM, 4 h) treatment at the indicated time points. (D) The effect of CQ treatment (50 pM) on the repair of I-Ppol-induced DNA damage. representative images of
YH2AX IF staining during recovery from 4-OHT-induced rDNA damage in cells with CQ or vehicle treatment, scale bar: 20 pm. right shows relative yH2AX IF staining
intensity by imageJ quantification (n > 100). data are presented as mean + SEM from three independent experiments (n.s: not significant).

cyclophilin D binding to matrix-side of mPTP, which is
inhibited by cyclosporin A (CsA) [26,27]. We then tested
the effect of CsA on DNA repair in I-Ppol and TFAM-
KillerRed co-expressing cells with ATG5 knockdown or
CQ treatment. Remarkably, the addition of CsA

significantly prevented the expansion of DNA damage
signal by ATG5 knockdown or CQ treatment (Figure 2
(H,I)). Accordingly, we proposed that autophagy has
a function in preventing the expansion of nDNA lesions
through mtDNA damage-induced mPTP opening.



AUTOPHAGY (&) 3447

A B _ =
215 T3
nght :;, & 2 x 100 <10
AN : < o M 1020
F % TFAMKillerRed 2 1.0 . 2 2 8 g0 020
\ J ® g = £
o/ v 8 o5 E 2
ROS < 5 < g 60
v z £ S
mtDNA £ 00 Eo 3 40
Damages * o ©
Light Light Q 2
D &
Post-Light (h) O ol 3
NT 0 05 1 IR «kDa Light
JH2AX |17 E TFAM-KR/GFP-LC3/Hoechst
p-ATM o 35 1-Ppol-ERITFAM-KillerRed-co-overexpression:
ATMER SR SRR R | > 4-OHT
4-OHT i
| f \ >
I t t >
Time (h) -4 0 3 9
A Recovery
Light (10 min)
S|Control SIATG5 2 O siControl
Recovery (h 0 3 ,51.5 W SIATGS
g =
E
- - g
<
o
T
0.5
Q
Merged ®oo R
TFAM- KR/Hoechst Recovery (h)
G
vehicle [o]e] 21.5, O vehicle
Recovery (h) 0 3 9 3 9 B0 mca |
£ &
E
><1.0
<
o
I>'05
£
K
©
0.0
0 3 9
H SIATGS -+ |
ATG5[==]
TuBB[==
> g
G ECsA
g
E3 &
22
T
= 1
o
2
5ol ALY
2 Q\SO «C’)ﬁ
S ¥
é\ <@

Figure 2. mtDNA damage determines the effect of autophagy suppression on nDNA repair. (A) Light-induced mtDNA damage in TFAM-KillerRed expression cells. HeLa cells
transfected with pTFAM-KillerRed (pTFAM-KR) were exposed to light for 10 min to induce site-specific ROS and mtDNA damage. (B) After recovery for 30 min from light exposure,
cells were harvested for determination of the levels of cytosolic mtDNA (cmtDNA) and total mtDNA by qPCR. The primer set of MT-RNR2/16S was used for cmt- and total mtDNA.
left shows mtDNA copy number normalized by genomic ACTB/B-actin. right shows the cmtDNA normalized to total mtDNA. All data are expressed relative to that in cells without
light exposure and presented as mean + SEM from three independent experiments (* P < 0.05). (C) representative images of cells transfected with pTFAM-KR and pGFP-LC3. cells
with and without light exposure were observed by fluorescence microscope and quantitated for GFP-LC3 puncta in TFAM-KR positive cells (n > 100). Data are presented as mean
+ SEM from three independent experiments. Scale bar: 20 um. (D) Western blot analysis of yH2AX and phospho-ATM in TFAM-KillerRed-overexpressing Hela cells during
recovery from the light exposure. Cells exposed to IR (5 Gy) were used as a positive control for the analysis of DNA damage signals. (E) Schematic diagram of |-Ppol-induced rDNA
damage in the presence of light-mediated mtDNA damage. cells were co-transfected with pLKO-HA-I-Ppol-ER and pTFAM-KillerRed and treated with 4-OHT (1 uM) for 4 h. upon
withdrawal from 4-OHT treatment, cells were exposed to light for 10 min and recovery for yH2AX evaluation. (F) Effect of ATG5 knockdown on I-Ppol-induced rDNA damage in
the presence of light-induced mtDNA damage. representative images of yH2AX IF staining during withdrawal from 4-OHT-induced rDNA damage with light-induced mtDNA
damage in cells with and without siATG5 RNA transfection, scale bar: 20 um. right shows relative yH2AX IF staining intensity by imageJ quantification (n > 100). Data are
presented as mean + SEM from three independent experiments (* P < 0.05). (G) Effect of CQ on I-Ppol-induced nDNA damage in the presence of mtDNA damage. cells were
recovered from 4-OHT withdrawal and light exposure in the medium with/without CQ (50 uM). Images of TFAM-KillerRed and yH2AX IF staining of cells are shown, scale bar:
20 pm. right shows relative yH2AX IF intensity determined using ImageJ (n = 100). Data are presented as mean + SEM from three independent experiments (* P < 0.05). (H) Effect
of CsA on nDNA damage. ATG5-knockdown cells were treated with cyclosporin A (CsA, 10 uM) during recovery from I-Ppol-induced rDNA damage with light-induced mtDNA
damage. yH2AX IF intensity was quantified using ImageJ (n > 100). Data are presented as mean + SEM from three independent experiments (* P < 0.05). Inset shows ATG5
knockdown by western blot. (1) Effect of Cyclosporin A in CQ-treated cells. left shows representative images, scale bar: 20 um. right shows relative yH2AX IF intensity by imageJ
quantification (n > 100). Data are presented as mean + SEM from three independent experiments (* P < 0.05).

Non-apoptotic mitochondrial permeability controls the nDNA damage diminished at 24 h in control cells but sus-
repair of IR-induced nDNA damage tained in ATG5 knockdown cells (Figure 3(A)). The involve-
W further examined the role of autophagy in recovery from ment of mPTP opening in sustaining nDNA damage in
nDNA and mtDNA damage by low-dose of ionizing radiation  autophagy-defective cells was then tested. The addition of
(IR). Cells with and without ATG5 knockdown were subjected  CsA during recovery from IR prevented nDNA lesions sus-
to IR (5 Gy). YH2AX IF staining showed that IR-induced tained in ATG5 knockdown cells (Figure 3(B)). The comet tail
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analysis confirmed that ATG5 knockdown prevented the
recovery from IR-induced nDNA damage, which was reversed
by CSA treatment (Fig. S2A). Since ROS is involved in mPTP
opening [28], we also treated these cells with MitoTEMPO,
a mitochondrial ROS scavenger, and observed similar effect
on preventing nDNA lesions as CsA treatment (Fig. S2B).

The extent of mtDNA damage after IR exposure was
assessed by measuring the change of cytosolic mtDNA
(cmtDNA) relative to total mtDNA. The level of cmtDNAs
was increased at 0.5-2 h post-IR exposure and declined in
control cells, whereas in ATG5-knockdown cells, the level of
cmtDNAs remained elevated (Figure 3(C)). The basal level of
cmtDNA was higher in ATG5 knockdown cells probably due
to the suppression of basal level of mitophagy. CsA treatment
suppressed the release of cmtDNAs in both control and ATG5
knockdown cells, suggesting the release of cmtDNAs through
mPTP (Figure 3(D)). Given the increased mtDNA in the
cytosol during recovery from IR, we suspected the association
of MOMP with autophagy-regulated nDNA repair. It has
been established that BAX-BAK1-mediated macropore forma-
tion leads to the release of CYCS/cytochrome ¢ for CASP3
(caspase 3) activation, which in turn stimulates caspase-
activated DNase (CAD) for nDNA cleavage in apoptotic
cells [29]. Accordingly, we examined the contribution of cas-
pase to nDNA damage in ATG5 knockdown cells. Treatment
of cells with a general caspase inhibitor, zZVADfmk, did not
affect DNA damage sustained in ATG5 knockdown cells,
excluding the participation of caspase-activated DNase
(Figure 3(E)). BCL2L1/BCL-xL overexpression overcame the
requirement of autophagy for recovery from IR-induced
nDNA damage (Fig. S2C). Since BCL2 or BCL2L1 is capable
of blocking VDAC on the mitochondrial outer membrane
[30,31], these results suggest that non-apoptotic MOMP is
involved in sustaining nDNA damage when autophagy is
suppressed.

ENDOG sustains nDNA damage in autophagy defective
cells

Next, we wanted to identify the mitochondrial factor released
by MOMP that sustains nDNA damage. Since mitochondrial
ENDOG translocation to nuclei has been shown to cause
nDNA damage [32-35], we tested the effect of ENDOG
knockdown on persistent nDNA damage in IR-irradiated
ATG5 knockdown cells. The results showed that ATG5 knock-
down cells depleted of ENDOG no longer had nDNA damage
sustained at 24 h recovery from IR (Figure 4(A)). To verify
whether the catalytic function of ENDOG is needed to sustain
DNA damage, wild-type and catalytic-dead ENDOG-GFP
were expressed (Fig. S3A). The results confirmed that the
catalytic function of ENDOG is responsible for persistent
DNA damage in autophagy defective cells.

We further examined the subcellular location of ENDOG
in response to IR exposure in control and ATG5 knockdown
cells by IF staining. At 8 h post-recovery from IR, ENDOG
was detected in nuclei of control and ATG5 knockdown cells.
Likely, DNA damage leads to the translocation of ENDOG

from mitochondria to nuclei. However, at 24 h post-recovery,
ENDOG was no longer detected in nuclei of control cells,
while retained in nuclei of ATG5 knockdown cells (Figure 4
(B)). Like ATG5 knockdown, blocking autophagy by treating
cells with 3-methyladenine (3-MA), the inhibitor of class III
phosphatidylinositol 3-kinase (PtdIns3K) [36], also sustained
nDNA damage after recovery from IR with ENDOG nuclear
accumulation, which was reversed by CSA treatment (Figure 4
(C)). Since blocking autophagy by CQ treatment was able to
increase cellular level of ENDOG (Figure 4(D)), we hypothe-
sized that ENDOG released from mitochondria is eliminated
by autophagy; in the absence of autophagy, ENDOG might
continue to leak out from mitochondria without autophagy-
mediated clearance, thus accumulating in nuclei.

Mitochondrial stress without clearance drives ENDOG
nuclear translocation

Like ATG5 knockdown, inhibition of autophagy flux by CQ
treatment also sustained nDNA damage after recovery from
IR with nuclear accumulation of ENDOG (Figure 5(A)).
Western blot confirmed the increases in yH2AX and
p-ATM (Figure 5(B)). Furthermore, nDNA damage in CQ-
treated cells was abolished by ENDOG knockdown (Figure
5(C)). Besides, CsA or MitoTEMPO treatment prevented
the nuclear accumulation of ENDOG in CQ-treated cells
(Figure 5(D)), suggesting that mPTP and mitochondrial
ROS can drive ENDOG translocation. Since ENDOG
knockdown did not reduce oxidative stress (Figure 5(E)),
it is more likely that ENDOG acts downstream of ROS to
sustain nDNA damage when autophagy is blocked.

Unlike ATG5 knockdown that requires DNA damage to
cause ENDOG nuclear accumulation, we found that CQ treat-
ment for 24 h on its own already increased nuclear accumula-
tion of ENDOG without inducing YH2AX signal Figure 6(A).
We reasoned that CQ-treated cells have higher mitochondrial
stress than ATG5 knockdown cells, thus increasing mitochon-
drial permeability without IR exposure. It should be empha-
sized that this CQ treatment did not lead to obvious apoptosis
as indicated by little ANXAS5/annexin V staining (data not
shown). To understand how CQ treatment affects ENDOG
distribution, we performed IF co-staining of TOMM20 (trans-
locase of outer mitochondrial membrane 20) and ENDOG.
The results showed that in CQ-treated cells, prominent
amounts of mitochondrial puncta were observed.
Remarkably, these mitochondrial puncta lacked ENDOG IF
staining (Figure 6(B)). CsA treatment caused these mitochon-
drial puncta to become ENDOG-positive. Co-treatment with
VBIT-4, an inhibitor of VDACI, also increased ENDOG-
positive mitochondrial puncta. Thus, CQ treatment indeed
stimulates a population of mitochondria with mPTP opening
and MOMP to mediate the release of ENDOG (Figure 6(B)).
The assessment of mitochondrial morphology by TOMM20
IF staining revealed that CQ treatment significantly reduced
the amount of elongated mitochondria with a concurrent
increases of mitochondria in fragmented and dot morphology
(Figure 6(C)). CSA or VBIT-4 treatment reduced the amounts



AUTOPHAGY (&) 3449

A
siControl siATGS 100 E':%A(}c;rggol £
Post-IR (h) Post-IR (h) S =~ ATG5
24 2 80 == GAPDH
(D *
o
2 60 F
8 40
*
2 20
N
T
O°NT 2 24
yH2AX/Hoechst Post-IR (h)
B
24 h Post-IR N
siControl SIATG5 = 10
- - SA 2 60
8 50
240
g 30 *
él 20
S 10
0
H2AX/Hoechst T - ceA
/ oeens 24 h Post-IR
C D
= 67 O siControl —
o) B O siControl ke :
% 6 . = :‘i AEI’%%O u? W SiATGS
% 1 Z 4_
Z 41 s 2
[m] 1 =
= £
< 2 <Z( 2
& a
2 £
: S o-
NTO05 2 4 NTO05 2 4 NT - CsA NT - CsA
Post-IR (h) Post-IR (h) Post-IR (0.5 h)
B IATG5
Sl .
Post-R (h) S
- 2 2+ZVADfmk 24 24+zVADfmk o
8 100 b
[0) n.s
2
2
;Il 50'
x
<
N
T o
NT 2 24
yYH2AX/Hoechst Post-IR (h)

Figure 3. Non-apoptotic mitochondrial permeability controls the recovery of nDNA damage from IR. cells were exposed to IR (5 Gy) and recovered at the indicated
time. (A) The requirement of autophagy for recovery from nDNA damage. Representative images of yH2AX IF staining. The bar graph shows the percentage of yH2AX
foci positive cells (n > 100). Data are presented as mean + SEM from three independent experiments (* P < 0.05). Scale bar: 20 um. inset shows ATG5 knockdown by
western blot. (B) Mitochondrial permeability on nDNA damage. cells were recovered with or without cyclosporin A (CsA, 10 uM, for the last 4 h) for 24 h. left: yH2AX
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(cmtDNA) and total mtDNA were measured by qPCR. The primer set of MT-RNR2/16S was used for cmt- and total mtDNA. The cmtDNA was normalized to total
mtDNA in pellet, and was expressed relative to that in non-treated (NT) control. Data are presented as mean + SEM from three independent experiments (* P < 0.05).
(D) Quantification of cmtDNA released from mitochondria. Cells transfected with siControl and siATG5 RNA were non-treated (NT) or treated with IR exposure (5 Gy)
with or without CsA (10 pM) pretreatment for 2 h for cytosolic mtDNA and total mtDNA determination. The cmtDNA was normalized to total mtDNA and was
expressed relative to that in non-treated (NT) cells transfected with siControl. Data are presented as mean + SEM from three independent experiments (* P < 0.05).
(E) Non-apoptotic involvement. In siATG5 transfected cells, zZVADfmk (50 uM), a pan-caspase inhibitor, was added to the medium after IR. The cells were fixed for
YH2AX IF staining with Hoechst. left shows representative images. scale bar: 20 pum. right shows the percentage of yH2AX foci positive cells (n > 100). Data are
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Figure 6. Chloroquine induces mtDNA release and ENDOG-free mitochondria puncta. (A) Nuclear localization of ENDOG by CQ treatment without DNA damage. Cells
were fixed for ENDOG and yH2AX IF staining. Images were acquired using LSM700 confocal microscopy (Zeiss), scale bar: 20 um. The nuclear localization of ENDOG
was analyzed using ZEN software. The bar graphs show the percentage of cells with ENDOG positive in nuclei from three independent experiments (mean + SEM, * P
< 0.05). (B-D) CQ treatment increases mitochondrial puncta free of ENDOG and mtDNA release. Cell were treated with CQ for 20 h followed by CsA (10 upM) addition
for another 4 h or with VBIT4 (10 uM) co-incubation for 24 h. (B) Cells were subjected to IF co-staining of ENDOG and TOMM?20. Left shows the representative images
with the magnified view in the white box of merged ENDOG/TOMM20 shown below. Right shows quantification of the percentage of cells with TOMM20 puncta
lacking ENDOG. Data are presented as mean + SEM from three independent experiments (* P < 0.05). (C) Representative images of different mitochondrial
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Quantification of cytosolic mtDNA (cmtDNA) levels. Data are presented as mean = SEM from three independent experiments (* P < 0.05).

of mitochondria in dot structure. Notably, VBIT4 but not
CSA treatment increased the level of elongated mitochondria.
Apparently, the inhibition of VDACI on the outer membrane
has a more profound influence on mitochondrial tubular
network than that of mPTP in the inner membrane.
A recent study has demonstrated that mtDNA released from

nucleoid to intermembrane space stimulates the higher-order
oligomerization of VDACI to enlarge the pore size [37].
Along this line of evidence, we then asked whether CQ treat-
ment indeed increases mtDNA damage and leakage to cause
MOMP. To this end, we measured the level of cmtDNA in
response to CQ treatment. The results showed that CQ



treatment significantly increased the level of cmtDNA, which
was reversed by CsA or VBIT-4 co-treatment (Figure 6(D)).
Treatment of cells with concanamycin A (ConA), an inhibitor
of lysosomal ATPase [38,39], also increased cmtDNA and
sustained nDNA damage after recovery from IR (Fig. S4A
and B).

TET is required for nuclear ENDOG in generating nDNA
damage

The results mentioned above indicate that ENDOG nuclear
mis-location by itself did not give rise to the yH2AX foci
signal. Additional molecular event after IR-induced DNA
damage may be required for ENDOG to sustain DNA
lesions in nuclei. ENDOG has been reported as an endo-
nuclease preferentially cleaves 5-hydroxymethylcytosine
(5-hmC) on DNAs [40]. A number of TETs, methylcytosine
dioxygenases, are responsible for catalyzing 5-mC conver-
sion to 5-hmC in mammalian cells. We then asked whether
TET-mediated 5-hmC by IR exposure is the priming event
for nuclear ENDOG in DNA cleavage. The major TET in
HeLa cells is TET2. TET2 knockdown by siRNA transfec-
tion confirmed its contribution to 5-hmC modification in
HeLa cells (Fig. S5A). We further tested whether enforced
ENDOG expression in nuclei is sufficient to cause nDNA
damage. To this end, ENDOG-GFP was overexpressed to
give nuclear distribution, which did not cause an obvious
increase in yH2AX foci (Fig. S5B). Co-expression with
TET2-GFP caused a striking increase in nDNA damage by
ENDOG-GFP as revealed by IF and western blot of YH2AX
(Figure 7(A)). We then tested whether nDNA damage sus-
tained in ATG5 knockdown cell is TET2-dependent. To this
end, control and TET2 siRNA were separately transfected
into ATG5 knockdown cells for assessing nDNA damage
after recovery from IR. The yH2AX IF staining clearly
showed that TET2 knockdown significantly reduced
nDNA damage (Figure 7(B)), indicating that ENDOG-
mediated DNA cleavage is TET2-dependent in ATG5
knockdown cells. Similar results were observed in cells
treated with CQ during recovery from IR (Figure 7(C)). It
should be mentioned that nuclear translocation of ENDOG
by CQ treatment was unaffected by TET2 knockdown dur-
ing recovery from IR (Figure 7(D) and S5C). To know
whether 5-hmC is increased by IR-induced DNA damage,
we then performed 5-hmC IF staining in these cells. The
results showed that 5-hmC intensity in nuclei was increased
by IR exposure in TET2-dependent manner. In addition,
DNA damage sustained in CQ-treated cells was accompa-
nied by an increase in 5-hmC modification (Figure 7(E)
and S5D). Gathering all these data, we propose that in
autophagy defective cells, nDNA damage stimulates
5-hmC modification to allow the nuclear translocated
ENDOG, which generates additional DNA breaks in the
nuclear genome (Figure 7(F)). A previous report has
shown that TET2 is recruited to the laser-micro-irradiated
line in the nuclear genome, where 5-hmC is increased and
is critical for DNA repair [41]. In agreement, we also found
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that TET2 knockdown caused IR-induced nDNA damage
unrepaired in control cell (Fig. S5E). Therefore, the ques-
tion is why nDNA damage was still repaired in TET2/ATG5
knockdown cells. We found that the level of TET2 was
indeed highly up-regulated by ATG5 knockdown (Figure 7
(B)), which led to the level of endogenous TET2 brought
down by TET2 siRNA transfection similar to that in control
cells without TET2 siRNA transfection. Likely, this amount
of TET2 remaining in these ATG5 knockdown cells was still
sufficient to be recruited to DNA damage sites for nDNA
repair. However, the total change in 5-hmC modification
was probably insufficient for ENDOG cleavage, thus pre-
venting the secondary damage.

Nuclear translocation of ENDOG in HBV-induced
hepatocellular carcinoma

Finally, we assessed the correlation of nuclear mis-
localization of ENDOG with HBx-induced tumorigenesis.
HBx expression exerts multiple cellular stresses including
suppression of lysosome activity, disturbance of mitochon-
drial dynamics, and induction of DNA damages [19,42,43].
Here, we used Huh7, a human hepatoma cell line, stably
expressing HBx under the control of the Tet-on promoter
for doxycycline-induced HBx expression. After 2 to 3 days of
induction, ENDOG protein levels were up-regulated with
increasing expression of HBx (Figure 8(A)). It is known
that SQSTM1/p62 (sequestosome 1), an autophagosome
receptor protein capable of simultaneous binding to ubiqui-
tinated proteins and LC3-II, targets ubiquitinated proteins to
lysosome for degradation [44], and the decrease in lysosome
activity leads to SQSTMI1 accumulation. The levels of
SQSTMI1 and LC3-II were both elevated after HBx induction
at day 2 of HBx induction. Although the level of SQSTM1
was declined at day 3, LC3-II remained elevated. IF co-
staining of ENDOG and yH2AX was performed in these
cells. Along with induction, the levels of ENDOG in nuclei
and yH2AX foci were increased (Figure 8(B)). Blocking
mPTP by CsA treatment for 8 h was sufficient to reduce
ENDOG in the nuclei with HBx induction (Figure 8(C)).
Thus, the expression of HBx can cause mPTP-dependent
translocation of ENDOG to nuclei.

Furthermore, we performed immunohistochemistry (IHC)
staining to examine ENDOG in the liver tissues of HBx
transgenic mice that developed HCC starting from 13 months
old [45,46]. Consistent with in vitro experimental data, the
ENDOG signal was increased in liver tissues of HBx trans-
genic mice. The comparison of non-tumor and tumor liver
tissues of HBx transgenic mice showed that levels of ENDOG
in nuclei were significantly higher in the tumor parts accom-
panied by higher levels of YH2AX IHC staining (Figure 8(D,
E)). Consistently, IHC staining of SQSTM1 was also increased
in liver tissues of HBx mice, supporting autophagy impair-
ment in these tissues. The intensity of SQSTM1 was more
pronounced in tumor parts than non-tumor parts (Figure 8
(F)). Finally, we examined ENDOG in clinical tissues from
one randomly chosen HBV-associated HCC patient. In
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agreement, more nuclear ENDOG was detected in tumor than
non-tumor parts of liver tissue of the patient. (Figure 8(G)).
Altogether, these analyses suggest that the function of HBx in
mitochondrial damage and autophagy blockage promotes
nuclear translocation of ENDOG via mPTP, which would
increase a load of genome instability during HBV-induced
HCC development (Figure 8(H)).

Discussion

By employing rDNA-specific damage, we showed that autopha-
gy is not essential for processing nDNA lesions. Data from IR
damage experiments suggest that autophagy suppression
unleashes the release of ENDOG from mtDNA damage-
induced mitochondrial permeability, thereby imposing second-
ary damage to nDNA. In this study, the treatment with CsA that
blocks mPTP in the inner membrane or with MitoTEMPO that
reduces mitochondrial ROS can restore nDNA repair in the
absence of autophagy. Since knockdown of ENDOG prevented
nDNA damage sustained in autophagy defective cells without
reducing oxidative stress, it is likely that ENDOG is more
directly involved in nDNA damage and mitochondrial ROS
due to mPTP opening [9,28]. Given that ENDOG is
a mitochondrial nuclease residing in the intermembrane space,
our data evoked another question of why CsA that blocks mPTP
in the inner membrane could prevent ENDOG nuclear accu-
mulation. As suggested by the recent report showing the pore
enlargement of VDACI by mtDNA binding [37], our explana-
tion is that mPTP opening is required for damaged mtDNA
released from nucleoid to the intermembrane space, where
mtDNA further stimulates MOMP to cause the leak of
ENDOG. Since we did not find the involvement of caspase
activation in our experimental conditions, the release of
ENDOG is unlikely due to outer membrane rupture. Here, we
proposed that the increased mtDNA damage causes non-
apoptotic MOMP in a small population of mitochondria.
Without autophagy for elimination of damaged mitochondria
or released ENDOG, the released ENDOG translocated into
nuclei generates secondary nDNA damage.

In this study, CQ treatment without IR pre-exposure
already caused ENDOG nuclear translocation with concurrent
increases in ENDOG-free mitochondrial puncta and mtDNA
leakage into the cytosol, which was abolished by treatment
with CsA or VDACI inhibitor (VBIT4). According to these
results, we hypothesized that a subtle population of mitochon-
dria with non-apoptotic MOMP is constantly segregated from
the mitochondrial network for autophagy-mediated elimina-
tion. The loss of lysosome function causes this poor-quality of
mitochondria in puncta forms to release mtDNA and
ENDOG via VDAC on the outer membrane.

Intriguingly, we found that the nuclear translocation of
ENDOG by CQ treatment did not generate yH2AX signal. It
has been shown that in mammalian cells, ENDOG prefers
5-hmC-modified DNA as a substrate to generate a break
that facilitates DNA recombination [40]. Therefore, epige-
netic regulation is a critical factor determining chromatin
DNA accessibility to ENDOG. We found that TET2 knock-
down was able to prevent ENDOG-mediated secondary
nDNA damage after IR exposure. Since IR-exposure did
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markedly increase 5-hmC modification in the nuclear gen-
ome, our data suggest that IR pre-exposure indeed primes
chromatin DNA more susceptible to ENDOG cleavage by
TET2-mediated 5-hmC modification of nDNA. In support
of this notion, we further showed that overexpression of
ENDOG that caused its nuclear distribution was unable to
induce nDNA damage unless co-expression with TET2.
Nevertheless, it remains to verify whether in autophagy
defective cells, TET2-mediated signals other than DNA-
damage-induced TET2-mediated 5-hmC modification is
also involved in the susceptibility of nDNA to ENDOG.

Although CQ treatment is sufficient to cause ENDOG
nuclear translocation, we found that CQ treatment did not
affect I-Ppol-induced rDNA damage, in which YH2AX sig-
nal diminished in 9 h after removal of 4-OHT. There are
two possibilities to account for the discrepancy. One is that
CQ treatment for 9 h is insufficient to cause ENDOG
nuclear translocation, because CQ-induced ENDOG nuclear
translocation was not observed until after 16 h of treatment
(data not shown). Another factor is that the intensity of
I-Ppol-induced DNA damage has been estimated close to
0.8 Gy of IR [5], which was unable to significantly increase
5-hmC modification as compared to that by 5 Gy IR expo-
sure used in this study (data not shown). Thus, a sufficient
amount of ENDOG nuclear translocation with DNA
damage-induced TET-mediated DNA modification act in
concert to perturb nDNA repair in autophagy defective
cells.

Nouclear translocation of ENDOG has been associated with the
progression of several degenerative disorders including muscle
atrophy and cerebral ischemia [47,48]. Consistent with the lyso-
some inhibitory function of HBx [19], this study revealed mPTP-
dependent nuclear translocation of ENDOG by HBx expression in
Huh7 cells. Moreover, DNA damage and nuclear ENDOG were
markedly increased with HBx induction. We did not test whether
ENDOG knockdown can mitigate HBx-induced yH2AX foci
because of the additional effect of HBx in inhibiting DNA repair
[43]. Using HBx-induced HCC mice, our data demonstrated the
correlation between the amount of ENDOG in nuclei with
YH2AX signal in tumor parts of the liver. In HBV-associated
HCC patients, we also found an elevation of nuclear ENDOG in
tumor part of liver tissues. Compelling evidence has suggested
that compromised autophagy leads to genome instability and
tumor transformation [49]. Our data provide new insights that
mitochondrial permeability by compromised autophagy is one of
the factors driving genome evolution in HBV-induced HCC
development. Accordingly, specific inhibition of MOMP might
be the option in mitigating HCC progression.

Materials and methods
Chemicals

The following chemicals were used: chloroquine dipho-
sphate salt (Sigma Aldrich, C6628), 4-hydroxythamoxifen
(Sigma Aldrich, H7904), cyclosporin A (Sigma Aldrich,
C1832), VBIT4 (MedChemExpress, HY-129,122),
MitoTEMPO (Sigma Aldrich, SML0737), doxycycline
hyclate (Sigma Aldrich, D9891), Z-VAD-FMK (Sigma
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Aldrich, V116), 3-Methyladenine (Sigma Aldrich, M9281),
concanamycin A (Sigma Aldrich, C9705), puromycin
(Sigma Aldrich, P8833), Hoechst 33,342 (Invitrogen,
H1399).

Cell culture and IR irradiation

HelLa cells and Huh7 cells were cultured in DMEM medium
supplemented with 10% fetal bovine serum (for Huh7 cells,
tetracycline-free FBS was used) and 1% P.S.G. (penicillin, strep-
tomycin, and glutamine) at 37°C at 5% CO,. For IR-irradiation,
cells were subjected to 5 gray (5 Gy) of gamma ray. To establish
Huh7-tet-on HBx cell line, Huh7 cells were infected by lentiviral
supernatant from 293 T cells that were transfected with pLVX-
Puro-HBx and Lenti-X Packaging Single Shots (VSV-G). These
cells were selected in the medium containing 2 pg/ml puromy-
cin and clones were expanded and verified by doxycycline-
inducible expression of HBx using western blotting.

Eukaryotic expression constructs

TFAM-Killer-Red was constructed by inserting cDNA of
TFAM to pMF1754-KillerRed expression vector. To generate
pLVX-Puro-HBx vector, PCR-amplified DNA fragment con-
taining a full-length of HBx was digested with BamHI and
EcoRI and was inserted to BamHI and EcoRI sites of pLVX-
Puro (Clontech, 632,164) vector. The expression vector of
PEGFP-ENDOG plasmids was kindly provided by Soon Ji
Yoo (Kyung Hee University, South Korea). Site-directed
mutagenesis was introduced to histidine 141 to generate cat-
alytic-dead mutant of GFP-ENDOG (ENDOG"'*'4). pGFP-
LC3 plasmid was from Ruey-Hwa Chen (Academia Sinica,
Taipei, Taiwan). pLKO-HA-I-Ppol-ER expression plasmid
was provided by Michael B. Kastan (St. Jude Children’s
Research Hospital, USA).

I-Ppol- and TFAM-Killer-Red-induced DNA damage

Cells were transfected with pLKO-HA-I-Ppol-ER plasmid
using Turbofect reagent according to the manufacturer’s pro-
tocol (Fermentas, R0532). After overnight, cells were treated
with 4-OHT (1 uM) for 4 h to induce nuclear translocation of
I-Ppol. To terminate nuclear translocation of I-Ppol, cells
were washed with PBS (137 mM NaCl, 2.7 mM KCl, 10 mM
Na,HPO,, 1.8 mM KH,PO,, pH 7.4) and replenished with
fresh medium. Cells were transfected with TFAM-Killer-Red
plasmid overnight followed by exposure to ambient light for
10 min. Cells after treatment were fixed for yH2AX IF stain-
ing to evaluate DNA damage signal.

siRNA and shRNA transfection

For siRNA transfections, cells were seeded in 60-mm tissue cul-
ture dish at 40-50% confluency and the day after transfected with
150 pmoles siRNA using Lipofectamine 2000 (Life Technologies,
11,668,019) according to the manufacturer’s protocol. siRNA
sequence: ATG5 siRNA 5-GUGAGAUAUGGUUUGAAUA-3'
(Sigma  Aldrich, SASI_HO01_00173156), TET2 siRNA 5'-
GGCUCUUACUCUCAAAUCATT-3" (Ambion, s29443), ON-
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TARGETplus Non-targeting Control siRNAs #2 5'-UGGUUUA
CAUGUUGUGUGA-3" (Dharmacon, D00181002). ENDOG
knockdown was performed by lentiviral infection of the sShRNA
of ENDOG (RNAi Core, TRCN0000039646). After the infection
for 3 days, cells were selected in the medium containing 1 pg/ml
puromycin for 6 days.

The immunofluorescence (IF) staining and confocal
microscopy

After fixation by 4% paraformaldehyde in PBS, the cells
were permeabilized with 0.3% Triton X-100 (J.T.Baker,
X198-07) for 10 min followed by blocking with 3% BSA
(Bionovas Biotechnology, AA0530-0100) in 0.1% Triton
X-100 for 1 h at room temperature. Primary and secondary
Alexa-Fluor-conjugated antibodies were diluted in 3% BSA
in TBST (20 mM Tris, pH 7.4, 150 mM NacCl, 0.1% Tween
20 [Sigma Aldrich, P2287]). Primary antibody incubation
was carried out overnight at 4°C. After 3 x 5 min washes,
secondary antibody and Hoechst 33,342 were incubated for
1 h at room temperature. Antibodies and dilution: mouse
anti-yH2AX (Merck Millipore, 05-636) 1:500; mouse anti-8
hydroxyguanosine (Abcam, ab62623) 1:1000; rabbit anti-
ENDOG/endonuclease G (ProSci, 3035) 1:300; rabbit anti-
5-hydroxymethylcytosine (ACTIVE MOTIF, 39,769) 1:500;
mouse anti-TOMM20 (Abcam, ab56783) 1:200; rabbit anti-
ATM (phospho-Ser1981) (GeneTex, GTX132146); FITC-
conjugated goat anti-mouse IgG (Sigma Aldrich, F9006)
1:100; FITC-conjugated goat anti-rabbit IgG (Sigma
Aldrich, F9887) 1:100; TRITC-conjugated goat anti-mouse
IgG (Sigma Aldrich, T5393) 1:200. Images were acquired in
a Carl Zeiss AxioObserver Al or confocal microscopy Zeiss
LSM700 with the 63x oil objective. Quantification was done
by automatic acquisition of images using the Image]
software.

Mitochondrial DNA copy number

Cells were collected with total DNA lysis buffer for genomic
DNA extraction according to the instruction manual
(Genomic DNA Purification Kit; Promega, A1125). Genomic
DNA (100 ng) was used for quantitative PCR (qPCR) analysis
(StepOne, ABI, Inc.) with the primer complementary to mito-
chondrial DNA sequence (mt-tRNA). The ACT value of mt-
tRNA was normalized with the value of ACTB/B-actin (actin
beta). The primer sequences for qPCR are shown as follows:
mt tRNA forward: 5'-CACCCAAGAACAGGGTTTGT-3'
mt tRNA reverse: 5'-TGGCCATGGGTATGTTGTTA-3'
ACTB forward: 5'-GCGGGAAATCGTGCGTGACATT-3'
ACTB reverse: 5'-
GATGGAGTTGAAGGTAGTTTCGTG-3'

Cytosolic mtDNA quantification

Cells (2x10°) were lysed with 170 pl digitonin buffer (150 mM
NaCl, 50 mM HEPES, pH 7.4, 25 ug/ml digitonin [Merck
Millipore, 300,410]), followed by rotation at room temperature
for 10 min and centrifugation at 16,000 x g for 25 min at 4 °C. The
supernatant (cmtDNA) was used for gPCR. The remaining pellet
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was resuspended in DNA lysis buffer for genomic DNA extraction
according to the instruction manual (Promega, A1125). The DNA
pellet was resuspended in 340 pl of TE buffer, subjected to qPCR
analysis (StepOne, ABI, Inc.). The cmmtDNA detected in the super-
natant was normalized to the total mtDNA in the pellet. The
primer sequences for qPCR are shown as follows:

MT-RNR2/mtrRNA 16§ forward: 5-GCCTTCCCCCG
TAAATGATA-3'

MT-RNR2/mtrRNA 16§ reverse: 5-TTATGCGATTACC
GGGCTCT-3'

Western blot analysis

Cell pellets were collected and lysed in RIPA buffer (50 mM
Tris, pH 7.4, 150 mM NaCl, 1% Nonidet P-40 [Sigma Aldrich,
13021], 0.25% sodium deoxycholate [Sigma Aldrich, D6750],
5 mM EDTA, pH 8.0, 1 mM EGTA, pH 8.0, protease inhibi-
tors [Sigma Aldrich, P8340] and phosphatase inhibitors
[1 mM sodium fluoride, 10 mM sodium pyrophosphate,
2 mM sodium orthovanadate]). Samples were denatured at
95°C for 5 min. Proteins were separated on 7-12% Bis-Tris
acrylamide gels. After separation, proteins were transferred to
polyvinylidene difluoride membranes (Merck Millipore, PK-
NEF1005) followed by blocking with 5% milk in TBS-Tween
20. Primary antibodies are shown as follows: ENDOG (rabbit
anti-ENDOG; Sigma Aldrich, SAB3500213), ATG5 (rabbit
anti-ATG5; Novus Biological, NB110-53,818), LC3 (rabbit
anti-LC3; Novus Biologicals, NB100-2331), SQSTM1/p62
(rabbit anti-SQSTM1; GeneTex, GTX100685), ATM p-S1981
(rabbit anti-ATM p-S1981; GeneTex, GTX132146), ATM
(rabbit anti-ATM; Cell Signaling Technology, 2873), YH2AX
(rabbit anti-yH2AX; Abcam, ab2893), TET2 (rabbit anti-
TET2;, GeneTex, GTX124205), BCL2L1/BCL-xL (rabbit anti-
BCL2L1; Cell Signaling Technology, 2764), GAPDH (mouse
anti-GAPDH; GeneTex, GTX627408), ACTB/B-actin (mouse
anti-aCTB; Sigma Aldrich, A5441), TUBB/B-tubulin (mouse
anti-TUBB; Sigma Aldrich, T4026), HBx (mouse anti-HBx;
a gift from Ning-Shao Xia, National Institute of Diagnostics
and Vaccine Development in Infectious Diseases, School of
Public Health, Xiamen University, Xiamen, China) and horse-
radish peroxidase-conjugated goat anti-rabbit IgG (Sigma
Aldrich, API32P), goat anti-mouse IgG (Santa Cruz
Biotechnology, sc-2005) as secondary antibodies. Blots were
probed with HRP-conjugated secondary antibodies and devel-
oped with ECL Western blotting Detection Reagent (Merck
Millipore, WBLUF0500).

Mice and HCC development

Generation of the A106 HBx transgenic (HBx-TG) mice were
described previously [50]. The albumin-HBx transgenic mice
were generated using the pronucleus microinjection of C57
BL/6 fertilized eggs. All the mice used in this study are males.
All of the mice have a pure C57 BL/6 background and were
bred/housed in a specific pathogen-free (SPF) facility with
a 12 h light/12 h dark cycle at constant temperature (20-22°
C). For the hepatocellular carcinoma (HCC) carcinogenesis,
the HBx-TG mice were sacrificed at 16-month old to analyze

their tumor burden and pathology. The animal protocol was
approved by the Institutional Animal Care and Use
Committee (IACUC) of National Yang-Ming University.

Immunohistochemistry staining

Immunohistochemistry was performed on paraffin-embedded
mouse liver tissue sections. The tissue sessions were dewaxed
and rehydrated using the standard protocol of xylene-ethanol
procedure. Antigen retrieval was performed by boiling tissues
for 20 min in sodium citrate buffer (10 mM sodium citrate,
0.05% Tween 20, pH 6.0), followed by ENDOG staining or
15 min in Tris-EDTA buffer (10 mM Tris-Base, 1 mM EDTA
solution, 0.05% Tween 20, pH 9.0) for yH2AX staining using
a microwave. Blocking was performed in TBS (20 mM Tris-
Base, 0.8% NaCl, pH 7.6) with 10% normal goat serum (Vector
Laboratories, S-1000) and 1% BSA at room temperature for 2 h
and incubated with primary antibodies (anti-ENDOG 1:500,
Sigma Aldrich, SAB3500213; anti-yH2AX 1:200, GeneTex,
GTX127340; anti-SQSTM1/p62 1:1000, GeneTex, GTX100685)
at 4°C overnight. Afterward, sections were incubated with 0.3%
H,0, in TBS at room temperature for 15 min to inhibit the
endogenous peroxidase activity. HRP-conjugated secondary
antibody diluted in TBS with 1% BSA was added for 1 h of
incubation at room temperature. Sections were rinsed in TBS
and then developed using 3,3'-diaminobenzidine chromogen
(DAB) with counterstaining using hematoxylin.

Human samples

The paraffin sections of the tumor and non-tumorous part of
an HBV-related hepatocellular carcinoma were retrieved from
the database of Department of Pathology, National Taiwan
University Hospital. ENDOG expression was detected by
immunohistochemical staining using a Ventana BenchMark
ULTRA stainer (Ventana, Oro Valley, AZ, USA). Antigen
retrieval was performed by incubating slides in CC1 solution
for 16 min at 100°C. Then, the slides were incubated with an
anti-ENDOG antibody at 1:100 dilution for 18 min at room
temperature. The slides were then incubated with a polymer-
HRP reagent (OptiView DAB IHC detection kit; Ventana,
760-700). The peroxidase activity was visualized using
a diaminobenzidine tetrahydrochloride solution. The sections
were counterstained with hematoxylin.

Statistical analysis

All values are presented as mean + SEM. Statistical analysis of
the results from three independent experiments was per-
formed by a two-sample t-test for comparison of two groups
or two-way analysis of variance (ANOVA) with Tukey’s hon-
est significant difference (HSD) post-hoc tests for multiple-
comparisons. The P-value less than 0.05 was considered as
statistically significant.
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