TIE2-Expressing Monocytes as a Diagnostic
Marker for Hepatocellular Carcinoma Correlates
With Angiogenesis
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Angiogenesis is a critical step in the development and progression of hepatocellular carcinoma
(HCC). Myeloid lineage cells, such as macrophages and monocytes, have been reported to regu-
late angiogenesis in mouse tumor models. TIE2, a receptor of angiopoietins, conveys pro-angio-
genic signals and identifies a monocyte/macrophage subset with pro-angiogenic activity. Here,
we analyzed the occurrence and kinetics of TIE2-expressing monocytes/macrophages (TEMs)
in HCC patients. This study enrolled 168 HCV-infected patients including 89 with HCC. We
examined the frequency of TEMs, as defined as CD14+CD16+TIE2+ cells, in the peripheral
blood and liver. The localization of TEMs in the liver was determined by immunofluorescence
staining. Micro-vessel density in the liver was measured by counting CD34+ vascular sauc-
tures. We found that the frequency of circulating TEMs was significantly higher in HCC than
non-HCC patients, while being higher in the liver than in the blood. In patients who under-
went local radio-ablation or resection of HCC, the frequency of TEMs dynamically changed in
the blood in parallel with HCC recurrence. Most TEMs were identified in the perivascular areas
of tumor tissue. A significant positive correlation was observed between micro-vessel density in
HCC and frequency of TEMs in the blood or tumors, suggesting that TEMs are involved in
HCC angiogenesis. Receiver operating characteristic analyses revealed the superiority of TEM
frequency to AFP, PIVKA-II and ANG-2 serum levels as diagnostic marker for HCC. Conclu-
sion: TEMs increase in patients with HCC and their frequency changes with the therapeutic
response or recurrence. We thus suggest that TEM frequency can be used as a diagnostic marker
for HCC, potentially reflecting angiogenesis in the liver. (Heparorocy 2013;57:1416-1425)

See Editorial on Page 1294

epatocellular carcinoma (HCC) is one of the
most prevalent malignancies and the third
leading cause of cancer-related deaths world-
wide.! Clinically, HCC frequently develops from liver
cirrhosis, with most etiologies involving hepatitis B and
C virus (HBV and HCV) infection.” Since the major-

ity of HCCs are characterized by a florid intra-tumoral
vasculature, angiogenesis is deemed to be a critical step
in the development and progression of HCC.? Some
clinical studies have demonstrated that the degree of vas-
cularity in HCC tissues correlates with the severity of
the disease condition,” suggesting that prevention of this
process could have beneficial impact on patient progno-
sis. However, the precise mechanisms of HCC-related
angiogenesis in the liver remain obscure.

Abbreviations: AFP, a-fetoprotein; ANG, angiopoietin; BCLC, Barcelona-Clinic Liver Cancer; CH, chronic hepatitis; CT, computed tomography; HBY,
hepatitis B virus; HCC, hepatocellular carcinoma; HCV, hepatitis C virus; LC, liver cirvhosiss MIFE macrophage migratory inhibitory factor; MRI,
magnetic resonance imaging; PBMC, peripheral blood mononuclear cells; PIVKA-II, protein induced by vitamin K absence or antagonist II; ROC, receiver
operating characteristic; sVEGFR-1, soluble vascular endothelial growth facror receptor-1; TEMs, TIE2-expressing monocytess VEGE vascular endothelial

growth factor.
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In general, two types of components are cooperatively
involved in the progression of angiogenesis: humoral angio-
genesis factors and vascular progenitor cells.* Many studies
have reported that angiogenesis factors produced from
HCC drive tumor vascularization, which supports the de-
velopment and progressmn of liver cancer, including inva-
sion and metastasis.’ Among such factors, serum levels of
angiopoietin-2 (ANG-2), macrophage migration inhibitory
factor (MIF), vascular endothelial cell growth factor
(VEGE), and soluble vascular endothelial cell growth factor
receptor-1 (SVEGFR-1) have been reported to be higher in
HCC patients than non-HCC subjects and to correlate
with poorer prognosis or survival.”'" However, such angio-
genesis molecules have failed to show any advantage over
other dlinically available markers for HCC diagnosis.'*

Hematopoietic lineage cells, including hematopoietic
progemtors and myeloid lineage cells, have been 1mph—
cated in the promotion of tumor angiogenesis.”
Tyrosine kinase with Ig and EGF homology domains 2
(TIE2) is a receptor of angiopoietins (ANGs); it is pri-
marily expressed on endothelial cells and is capable of
binding to all the known ANGs (ANG-1, ANG- 2 and
ANG-3/ANG-4). TIE2-expressing monocytes (TEMs)
are a recently described subpopulation of peripheral and
tumor-infiltrating  myeloid cells presumed to be
equipped with profound pro-angiogenic activity; these
cells are found both in mice and humans.'>"

Among human cancers, TEMs have been reported
in tumors of the kidney, colon, pancreas and lung, as
well as in soft tissue sarcomas,’” where angiogenesis is
known to be important for tumor progression. How-
ever, it is not known whether TEMs are present in
HCC, and their significance for the pathophysiology
of the disease remains to be investigated.

In this study, we analyzed TEMs in HCC patients
by investigating their frequency, localization and corre-
lation with microvessel density and other clinical pa-
rameters in HCC patients. Our findings suggest that
TEMs could serve as a diagnostic marker of HCC.

Materials and Methods

Subjects
Among chronically HCV-infected patients who had
been followed at Osaka University Hospital, 168 patients
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Table 1. Clinical Background of Subjects

Clinicopathologic

Characteristics CH Lc HCC
Gender: male/female 21728 13/17 63/26
Age: mean * SD 63.4 *+ 7.8 67.5 = 8.8 70.0 £ 7.0
Alanine aminotransferase  56.1 = 43.5 54.0 = 28.6 46.3 = 29.5

(/L)

Prothrombin time (%) 915+ 148 734 97 77.7 = 154
Platelet (x 10%/mm®) 15.8 = 5.0 86+ 3.7 115+ 57
Albumin (g/dL) 40 £ 03 35+ 04 35+ 0.5
Total bilirubin (mg/dL) 0.7 +03 09 =04 0.9 = 0.6
Child-Pugh grade: A/B 49/0 21/9 59/30
u-fetoprotein (ng/mL) 8.7 = 10.7 426 x 80.6 264.0 £ 1281.7
TNM stage: I/1/1l/IV 33/37/15/4
BCLC stage: A/B/C/D 44/13/26/6

BCLC, Barcelona-Clinic Liver Cancer; CH, chronic hepatitis; LC, liver cirrhosis;
HCC, hepatocellular carcinoma.

were enrolled (Table 1). They were categorized into three
groups according to the stage of the liver disease: chronic
hepatitis (CH), liver cirrthosis (LC) and hepatocellular
carcinoma (HCC). The clinical stage of HCC was deter-
mined according to the TNM classification system of the
International Union against Cancer (7th edition) or the
BCLC staging classification system. The protocol of this
study was approved by the ethical committee of Osaka
University Hospital and Osaka University Graduate
School of Medicine. At enrollment, written informed
consent was obtained from all padents and volunteers.
Some of the HCC patients in this study received radio-
frequency ablation (RFA) therapy based on the therapeu-
tic guidelines for HCC promoted by the Japan Society
of Hepatology.'® After the RFA sessions, the efficacy of
tumor ablation or HCC recurrence was evaluated by
computed tomography (CT) or magnetic resonance
imaging (MRI) scanning. With some of the HCC
patients who underwent surgical resection, cancerous
and adjacent non-cancerous tissues were obtained at
operation for further analyses of TEMs. As controls, we
examined healthy subjects (HS) without history of liver
disease, HCC patients with HBV infection (HBV-HCC
group) and those without HBV or HCV (non-B, non-C
[NBNC]-HCC group). The clinical backgrounds of the

subjects are shown in Table 1.

Reagents
The fluorescence-labeled mouse or rat monoclonal
antibodies against relevant molecules used in this study
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were: CD14 (M5E2), CXCR4 (12G5), CD40 (5C3),
CD16 (3G8), CD34 (563),

CD11b (ICRF44), CD49d (9F10), CD80
(L307.4), CD86 (2331), CD33 (WM53), CCR4
(1G1), HLA-DR (1243) and CCR5 (2D7/CCRS5),
which were purchased from Becton Dickinson (BD)
Biosciences, San Jose, CA. Anti-human VEGFR2
(89106) or TIE2 (83715) Abs were purchased from
R&D SYSTEMS, Minneapolis, MN; anti-human
CD45 (HI30) from BioLegend, San Diego, CA; anti-
human CX3CR1 (2A9-1) was from Medical &
Biological Laboratories (MBL), Nagoya, Japan, and
anti-AC133 (AC133) was from Militenyi Biotec.

Phenotype and frequency analysis of peripheral
and tumor-infiltrating TEMs

After peripheral blood mononuclear cells (PBMC)
had been separated from heparinized venous blood by
Ficoll-Hypaque (Nacalai tesque, Kyoto, Japan) density
gradient centrifugation, they were stained with a com-
bination of fluorescence-labeled anti-human mouse
mAbs against CD14, CD16 and TIE2. For the analy-
ses of liver-infiltrated cells, fresh liver specimens were
washed twice with phosphate-buffered saline (PBS)
and then diced into 5-mm pieces. After these pieces
had been passed through a nylon mesh (BD Falcon,
San Jose, CA), tumor- infiltrating and non-cancerous
tissue-infiltrating leukocytes were isolated by density
gradient centrifugation as described above. These cells
were stained with fluorescence-labeled Abs (CD14,
CD16 and TIE2) as done for PBMC. The stained
cells were analyzed using FACS Cantoll (BD) and
FCS Express software (De Novo, Los Angeles, CA,
USA).

Western-blot analysis

CD16+ and CD16- monocytes were sorted using a
FACS sorter. The sorted cells (105-5x105) were sub-
jected to Western blot analysis for TIE2 expression as
described elsewhere.'?

Immunofluorescence staining analysis

Tissue specimens were obtained from surgical resec-
tions of HCCs. Five-micrometer sections were fixed in
4% paraformaldehyde (PFA) for 15 minutes and im-
munostained. Briefly, the sections were incubated with
the following antibodies by detection with a polymeric
labeling 2- step method as described:"® rabbit anti-
human CD14 antibody (clone, HPA001887; Sigma),
mouse anti-human CD16 (2H7; MBL) and mouse
anti-human TIE2 (AB33; Upstate Biotechnology) anti-
bodies and subsequently with secondary goat anti-
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rabbit Alexa Fluor®488 or goat anti-mouse Alexa
Fluor®594 (Invitrogen, Molecular Probes) antibodies.
Cell nuclei were counterstained with Dapi-Fluoro-
mount-GTM  (SouthernBiotech, Birmingham, AL).
The stained tissues were analyzed by fuorescence
microscopy (Model BZ-9000; Keyence, Osaka, Japan).

Immunobhistochemical analysis and assessment of
microvessel density

To evaluate microvessel density (MVD), immuno-
histochemical  analyses were  performed — with
anti-CD34 antbody (1/50 dilution; QB-END/10,
Novo-castra, Newcastle, UK) using the avidin- biotin
complex (ABC) method (Vectastain) as described."”

Single microvessels were detected as any - brown
CD34-immunostained  endothelial cell structures.
MVD  was evaluated according to the method
described by Poon et al.’” Sections were read by two
double-blinded pathologists according to
stainingintensity.

Statistical analysis

Differences between two groups were assessed by
the Mann-Whitney nonparametric U test, and multi-
ple comparisons between more than two groups by the
Kruskal-Wallis nonparametric test. Paired t tests were
used to compare differences in paired samples using
GraphPad Prism software (GraphPad Prism, San
Diego, CA, USA). To differentiate HCC and LC,
receiver operating characteristics (ROC) analyses were
done using JMP software (SAS, Cary, NC, USA). The
correlation between two groups was assessed by Pear-
son’s analysis. The recurrence-free survival rate in
patients with HCC who underwent the treatment was
compared using the Kaplan-Meier method, with the
log-rank test for comparison. Associations among the
variables were determined by %2 test of Fisher exact
test and Student t test. All tests were two-tailed, and a
P value of less than 0.05 was considered statistically
significant.

Results

TIE2 is selectively expressed on CD14+CD16+
monocytes

In order to examine which population of cells
expresses TIE2, we stained PBMC obtained from
HCC patients with relevant Abs. Among PBMC,
CD14-+HLA-DR+ monocytes we found to express
TIE2 (Fig. 1A), whereas CD14-HLA-DR- cells did
not (Fig. 1A). In partcular, T-cells, B-cells, natural
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Fig. 1. Identification and phenotypic analyses of TEMs as CD14-+CD16+TIE2+ cells in the peripheral blood. A. PBMC obtained from HCC
patients were stained and analyzed by flow cytometry. CD14+ monocytes were divided into two distinct subsets, CD14++CD16- and
CD14+4-CD16+ cells. These cells were examined for TIE2 expression. The numbers in the histograms depict the percentages of gated cells. Rep-
resentative plots from three patients are shown. B. The frequency of TIE2-+ cells in CD14+ monocytes was compared in the two monocyte sub-
sets (CD16+ monocytes and CD16- monocytes; see Fig.1A). The bars indicate mean = SE in 89 patients. *: p<0.0001 by Mann-Whitney
nonparametric U test. C. Westemn-blot analysis of TIE2 expression in FACS-sorted CD14-+CD16+ and CD14+--CD16- cells from HCC patients.
Bands correspond to TIE2 (140 kDa molecular weight; top panels) and P-actin (45 kDa molecular weight; bottom panels). The results are repre-
sentative of three series of experiments from 7 HCC patients. D. TEMs and TIE2- monocytes in the peripheral blood were gated and analyzed for
the expression of various cell surface markers, as indicated in the histogram plots. The filled light gray line, black line and gray line depict the
negative control, the expression of relevant markers in TEMs and TIE2- monocytes, respectively. The percentage of the marker-positive cells is
shown in the histograms. The upper numbers indicate TEMs; the lower numbers TIE2- monocytes. The plots are representative of six series of
experiments. E. Comparative analysis of the expression of CCR4, CCR5, CX3CR1, CD40 and CD86 in TEMs and TIE2- monocytes, assessed by
FACS as described above. The bars indicate mean * SE of six series of experiments. *: p<0.05, **: p<0.005, ***: p<0.001 by Mann-Whit-
ney non- parametric U test.

killer (NK) cells, NKT cells, and dentritic cells did not
express detectable TIE2 (data not shown).

Monocytes can be divided into two distinct subsets
according to the expression of CD14 and CDI16:
CD14++CD16- and CD14+CDI16+ monocytes,
respectively  (Fig. 1A). CDI14+CD16+ monocytes
express TIE2 to a higher degree than CD14+4-CD16-
monocytes (Fig. 1B). By Western blot analysis, TIE2
was expressed in CD14+CD164 cells to a lesser
extent than in HUVEC (used as a positive control);

however, TIE2 expression was higher in CDI14+
CD16+ than CD1444CD16- cells (Fig. 1C), in
agreement with the flow cytometry data. From here
on, we refer to CD14+CD16+4TIE2+ cells as TIE2-
expressing monocytes (TEMs).

TEMs are phenotypically and functionally distinct
from TIE2- monocytes or endothelial progenitor cells
in myeloid lineage

TEMs were found to express CD45, CDI11b,
CCR4, CCR5, CX3CRI, CD40 and CD86, the
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Fig. 2. Peripheral blood frequency of TEMs is increased in patients with HCC, with changes paralleling post-therapy HCC recurrence. A. The
frequency of TEMs in CD14+ monocytes is shown in four groups of HCV-positive patients; HS, CH, LC and HCC, see Table.1. *: p<0.0001 by
Kruscal-Wallis test with Dunn’s multiple comparison test. B. Frequency of TEMs in the blood of HCC patients at different clinical TNM stages
(early stage; I+, n=70, advanced stage; IlI+-1V; n=19). n.s., not significant by Mann-Whitney nonparametric U test. C. In patients who under-
went RFA therapy or resection of HCC, the frequency of TEMs among CD14+4 monocytes was examined serially after confirmation of complete
ablation or surgery to remove HCC lesions. The bold arrows depict the time point of RFA therapy or the operation. Both panels depict the fre-
quency of TEMs in patients before and after treatment. The left panel shows TEM frequency in patients without HCC recurrence (n=12)

as assessed by CT/MRI examinations, while the right panel shows TEM

frequency in patients with HCC recurrence (n=>5) *: p<0.05 by Paired t-

test. D. In HCC patients who underwent RFA or surgical resection, the recurrence-free survival rate after treatment was compared between
patients with TEMhigh (frequency of TEMs >2.75%; n=45) and TEMlow (frequency of TEMs < 2.75%; n=44) using the Kaplan-Meier method,
with the log-rank test for comparison. TEMhigh and TEMlow, see Table 2. p = 0.047.

expression of which was generally higher than in
TIE2- monocytes (Fig. 1D, 1E). The expression of
CD33, HLA-DR, CD49d and CXCR4 was compara-
bly high in monocytes regardless of CD16 or TIE2
expression. Since TEMs have been reported to be

4,13,18

involved in the promotion of angiogenesis, we

analyzed the expression of endothelial progenitor cell
(EPC) markers."”” We found that TEMs do not express
the EPC markers AC133, VEGFR2 or CD34 (Fig.
1D). Together, these results confirm that TEMs are
phenotypically and functionally distinct from TIE2-
monocytes or EPCs.

TEMs are significantly increased in the peripheral
blood of HCC patients and their increase is associated
with cancer occurrence and recurrence

We compared the frequency of TEMs in PBMC
among healthy subjects and chronically HCV- infected
patients with various stages of liver disease. With
respect to the demographics of the subjects, no differ-
ence was found in the clinical and pathological charac-
teristics among patient groups (Table 1). In HCC

patients, the frequency of TEMs in the blood was sig-
nificantly higher than that in all other groups (Fig.
2A). However, the frequency of TEMs did not differ
between patients at advanced HCC stages (TNM
stages III and IV) and those at early HCC stages
(stages 1 and II) (Fig. 2B). Similar results were
obtained with the classification according to the BCLC
staging system. Indeed, the frequency of TEMs did
not differ between patients with advanced HCC stages
(BCLC, C and D) and those with early stages (A and
B) (3.6 = 2.2% vs. 3.3 & 2.3%). These results show
that the increase of TEMs is closely related to the
presence of HCC, irrespective of the stage of cancer.
Furthermore, we observed higher TEM frequency in
non- HCV-infected HCC patients (NBNC-, alcoholic-
and HBV-HCC patients),than non-HCC subjects
(Supplementary figure 1), suggesting that the increase
of circulating TEMs is influenced by HCC, not by
infection with hepatitis viruses.

We then serially examined the frequency of TEMs
in HCC patients who underwent RFA therapy or
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Table 2. Comparison of Clinical Parameters of HCC Patients
Between Those with Higher Frequency of TEMs and Those
with Lower Frequency

Peripheral Tl
Clinicopathologic eripheral TEMs

Characteristics High {n = 45) Low {n = 44) P
Gender: male/female 32/13 31/13 1.000*
Age: mean = SD 71.4 + 6.6 68.7 = 7.3 0.065%
Child-Pugh grade: A/B 24/20 34710 0.043*
MELD score 9.1+23 82 *+ 1.8 0.010%
o-fetoprotein (ng/ml) 471.0 + 1785.2 52.3 = 101.4 0.101%
TNM stage: {+-1l/H14-IV 35/10 35/9 1.000*
BCLC stage: A+B/C+D 25/20 32/12 0.123*
Vascular invasion: 4/41 2/42 0.677*

present/absent
Tumor size: <3/>3cm 36/9 34/10 0.800*
Tumor number: 21/24 25/19 0.399*
single/ multiple
Alanine aminotransferase 51.5 = 345 41.0 = 22.6 0.251%
(/L)
Prothrombin time (%) 73.3 + 145 82.6 = 15.0 0.004%
Platelet (x10%/mm®) 10.8 * 5.2 122 + 62 0.319%
Albumin (g/dL) 34+ 04 3.6 = 0.6 0.0451
Total bilirubin (mg/dL) 09 * 0.6 09 =05 0.820%

P < 0.05 in bold.
*y2 test or Fisher’s exact test; 1Student t test; fMann-Whitney U test.
TEMs, TIE2-expressing monocytes; MELD, model for endstage liver disease.

tumor resection. We assessed the viability of HCC by
CT or MRI scanning every 3 to 6 months after the
treatment. In patients without HCC recurrence, the
frequency of TEMs dramatically decreased after
successful HCC ablation or resection (Fig. 2C). By
contrast, in patients with subsequent HCC recurrence,
TEMs increased before the apparent radiological iden-
tification of HCC (Fig. 2C). Therefore, TEM fre-
quency dynamically changes in patients in correlation
with the presence or recurrence of HCC.

In order to assess the clinical significance of TEMs as
tumor biomarkers, we compared various clinical param-
eters in patients with either high or low TEM fre-
quency. We fractionated HCC patients according to the
frequency of circulating TEMs, defined as higher
(TEMhigh) or lower (TEMlow) than the median value
(cut off value = 2.75%). We found that HCC patients
in the TEMhigh group displayed (i) a more advanced
Child-Pugh grade (B); (ii) a higher model for endstage
liver disease (MELD) score; (iii) a lower prothrombin
time; (iv) a lower serum albumin level (Table 2). These
results suggest that elevated TEM frequency in the pe-
ripheral blood is associated with a deterioration of liver
function in HCC patients. Furthermore, patients in the
TEMhigh group showed significantdy shorter recur-
rence-free survival rates than those in the TEMlow
group (assessed before RFA treatment or resection of
HCC), suggesting that the assessment of TEM fre-
quency in the blood holds prognostic value (Fig. 2D)
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TEMs are located in the perivascular areas of
HCC ' \

We found that most TEMSs, identified as
CD14+TIE2+ cells by immunofluorescence staining,
were located in the perivascular areas of HCC (Fig. 3A-
[A], [B], [DD. Most of the CD16+ cells co-stained
with CD14+TIE2+4 cells (Fig. 3A-[C]). Some of the
TEMs were observed in the lumen of intra-tumoral
blood vessels, identified as CD14-TIE2+ vascular struc-
tures (Fig. 3A- [D]). However, TEMs were scarce in

the adjacent non-cancerous liver tissue (not shown).

TEMs accumulate in HCC tissue

The frequency of TEMs among tumor-infiltrating
leukocytes (TIL) was higher than nontumor- infiltrating
leukocytes (NIL) and PBMC (Fig. 3B), suggesting that
TEMs preferentially accumulate in the HCC tissue as
compared with normal liver tissue. Moreover, in
patients with HCC, the frequency of TEMs in PBMCs
correlated with that in TIL (Fig. 3C), suggesting that
TEM frequency in the blood may represent a surrogate
biomarker of TEM infiltration in the tumors.

TEM frequency correlates with microvessel density
(MVD) in HCC

To study whether the frequency of circulating and
intra-hepatic TEMs correlate with tumor angiogenesis,
we measured microvascular density by ant-CD34
staining in liver tissue obtained from 12 HCC
patients. The expression of CD34 was predominantly
confined to the cytoplasm of vascular endothelial cells.
Microvessels were identified as brow/yellow capillaries
or small cell clusters. The CD34+ microvessels were
located mainly in tumor cell areas (Fig. 4A). MVD
tended to be higher in HCC (67.0 % 57.8) than in
non-cirrhotic (26.7 %= 7.5) or cirthotic non- cancerous
tissues (32.1 £ 11.6). Furthermore, MVD in HCC
correlated with both circulating and

intra-hepatic  TEM  frequency (Fig. 4B). These
results might suggest that TEMs are involved in the
promotion of neo-vascularization in HCC.

Blood TEM frequency is superior to AFP and
PIVKA-II serum levels as diagnostic marker
in HCC

In order to evaluate the significance of TEM fre-
quency as a diagnostic marker of HCC, we examined
whether TEM frequency correlates with various clinical
parameters in HCC patients. No correlation was found
between TEM frequency and other HCC-specific
markers such as a- fetoprotein (AFP) or protein induced
by the absence of vitamin K or antagonist I (PIVKA-II)
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Fig. 3. TEMs are observed in perivascular areas of HCC tissue, and their frequency is higher in HCC tissue than in the peripheral blood. A.
Immunofluorescence staining of CD14 (green), CD16 (red) and TIE2 (red) identifies CD14+TIE2-, CD14+-TIE24, CD14+CD16- and
CD14+CD16+ monocytes in human liver tissue (blue: nuclei counterstained with Dapi). Representative results of the resected samples obtained
from 12 HCC patients are shown. The panels show CD14+TIE2+ TEMs (A, B, D) and CD14+CD16+ cells (C) in the perivascular areas of HCC
(magnification, 400x). Bold arrows depict CD14+TIE24 TEMs; thin arrows depict CD14+CD164 cells; bold arrowheads depict TIE2+CD14-
blood vessels; and thin arrowheads depict CD144-TIE2- cells. B. The frequency of TEMs in 9 patients with HCC was assessed in the peripheral
blood and in liver tissue. Liver-infiltrating leukocytes are divided into two distinct groups: leukocytes infiltrating non-tumor tissue (NIL) and tumor-
infiltrating leukocytes (TIL). Cells were stained using anti-human CD14, CD16 and TIE2 mAbs. The samples were obtained from 9 patients who
underwent tumor resection. *: p<0.05, **: p<0.0005, by Paired t-test. C. Correlation between the frequency of TEMs in PBMC and tumor-infil-
trated lymphocytes. The analysis (n=14) was based on Pearson’s correlation coefficient. P = 0.003, R2 = 0.53.

(Fig. 5A). In addition, circulating TEM frequency did
not correlate with the levels of examined angiogenic fac-
tors, such as VEGE, ANG-2, sVEGFR-1 and MIF (Sup-
plementary figure 2). As for the diagnostic value of
TEM frequency for differentiating HCC from chronic
liver disease (CLD; chronic hepatitis and liver cirrhosis
patients) or liver cirrhosis, its sensitivity and specificity
were 86.1 and 71% and 81.3 and 90%, respectively (Ta-
ble 3). ROC analyses revealed that TEM frequency was
superior to AFP, PIVKA-II and ANG-2 levels as a diag-
nostic marker for HCC (Fig. 5B and Table 3).

Discussion

In this study, we defined TEMs as CD144+CD16+
TIE2+ cells and examined their frequency, localization

and correlation with micro-vessel density in HCC. We
show that: (i) TEM frequency is significantly increased
both in PBMC and tumors of HCC patients, and
positively correlates with MVD in the HCC tissue; (ii)
TEM frequency dynamically changes in relation to tu-
mor ablation or recurrence; (iii) The frequency of
TEMs in the peripheral blood may serve as a better
diagnostic marker of HCC than AFP, PIVKA-II and
ANG-2 serum levels. These results may suggest that
certain HCC-derived factors stimulate the differentia-
tion of TEMs, whose abundance in HCC correlates
with the degree of vascular densiry.

According to the pattern of CD16 and CD14
expression, it has been reported that monocytes can be
categorized into distinct subsets, such as classical

(CD14+CD16-) and  non-classical  monocytes
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Fig. 4. The degree of MVD in HCC correlates with the frequency of TEMs A. Assessment of angiogenesis in HCC was performed by
immunostaining of CD34 in resected samples obtained from patients with HCC. Microvessels are shown by the brown/yellow staining of
capillaries or small cell clusters. Representative results are shown. The panel shows a tumor cell area of a high grade tumor. B. Corre-
lation between TEM frequencyand MVD in HCC patients. The panels show the correlation of peripheral blood (left: n=11) or intra-
tumoral (right: n=9) TEM frequency and MVD (p = 0.0009, R2 = 0.72 and p = 0.04, R2 = 0.44, respectively). Analysis was based

on Pearson’s correlation coefficient.

(CD14+CD16+).%° Such populations are regarded as
functionally  distinct, since the frequency of
CD14+CD16+ cells predominanty increases under
inflammatory conditions such as chronic hepatitis and
inflammatory bowel disease.”’** We identified TEMs
within the CD14+CD16+ monocyte subset, suggest-
ing that TIE2 is predominanty expressed/induced in
the CD16+ monocytes. However, the precise mecha-
nisms regulating TIE2 induction in monocytes remain
largely unknown. Furthermore, it is yet to be clarified
whether CD16+ monocytes derive from CDI16-
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Table 3. Assessment of Diagnostic Value of TEMs, AFP. and PIVKA-II by ROC Analyses

Discrimination

Positive Predictive Negative Predictive

Between Parameter AUC Cutoff Value Sensitivity {%) Specificity (%) Values (%) Values (%)

HCC and CLD TEMs 0.85 1.46 86.1 71 76.3 82.4
AFP 0.69 10 65.9 439 65.9 56.1
PIVKA-1I 0.77 47 56.3 96.5 97.8 445
ANG-2 0.62 2681 51.4 67.3 52.8 64

HCC and LC TEMs 0.93 2.75 81.3 90 89.7 81.8
AFP 0.61 10 71.9 321 54.8 50
PIVKA-II 0.79 39 64.5 93.3 95.2 56
ANG-2 0.57 2440 68.8 52 478 72.2

The optimal cutoff point was determined as those yielding the minimal value for (1-sensitivity)? + (1-specificity)®. Such points with those sensitivity and speci-

ficity values are the closest to the (0, 1) point on the ROC curve. .

AUC, area under the curve; TEMs, TIE2-expressing monocytes; CLD, chronic liver disease; LC, liver cirrhosis; ANG-2, angiopoietin-2.

However, no correlation was found between the fre-
quency of TEMs and that of angiogenesis factors in
the serum of HCC patients (Supplementary figure 2).
It is thus plausible that a combination of HCC-derived
factors contributes to the induction/expansion of
TEMs, as suggested by preliminary studies (manuscript
in preparation).

Although the presence of TEMs has been reported
in cancer tssues from patients with colorectal, pancre-
atic or renal cancer,'” the actual role of TEMs in the
angiogenic process of HCC remains to be elucidated.
In this study, we showed that blood and intra-hepatic
frequency of TEMs positively correlate with the den-
sity of microvascular structures in the liver. Addition-
ally, we found that TEMs accumulate in the liver and
are mostly located in the perivascular HCC areas. In
support to our observations, Venneri et al. reported
that TEMs preferentially localize in the vicinity of tu-
mor blood vessels in human cancer specimens, but are
not found in non-neoplastic tissues adjacent to
tumors."” These results suggest that TEMs may have a
role in HCC-induced angiogenesis. Further studies are
now needed to identify the molecular mechanisms that
regulate TEM accumulation in the liver. Interactions
between chemokine and their receptors, such as CCR5
or CX3CRI (which are expressed in TEMs), may be
involved in such process.””

Thus far, many studies have reported that the histo-
logical degree of angiogenesis in the liver closely corre-
lates with prognosis or survival of HCC patients.
Accordingly, several serum angiogenesis factors, such as
VEGE ANG-2, sVEGFR-1 and MIFE, were reported as
markers of prognosis, invasiveness and/or post-thera-
peutic recurrence in HCC patients.”"" Multivariate
analysis showed that the degree of angiogenesis in the
liver, as assessed by MVD, is an independent predicti-
vefactor for disease-free survival in patients with resect-

able HCC.'” Therefore, the positive

correlation

between circulating/intra-hepatic TEM frequency and
MVD in the liver observed in our supports the notion
that TEMs could represent a prognostic marker in
HCC patients. In support of this, we found that
patients with higher TEM frequency were at a more
advanced Child-Pugh stage, had poorer liver function
and showed higher rate of posttherapy recurrence.

In order to diagnose HCC, serum AFP and PIVKA-
IT levels have been commonly used in the clinical prac-
tice. However, the sensitivity and specificity of both
markers are unsatisfactory for the detection of HCC."*
In the present study, ROC analysis revealed that the
frequency of TEMs in the peripheral blood has higher
sensitivity and specificity than serum AFP, PIVKA-II,
ANG-2 levels in differentiating HCC from CLD or
LC. However, evaluation of the clinical value of TEMs
in the long-term prognosis of HCC patients is needed
as the observation periods in the current study were
limited to a maximum of 2 years.

In summary, we found that TEMs are significantly
increased both in the peripheral blood and liver of HCC
patients, thus holding diagnostic value for HCC. Fur-
thermore, the frequency of TEMs correlated with the
degree of angiogenesis in HCC tissue. Thus, TEMs
might represent a novel diagnostic cellular marker for
HCC, potentially reflecting angiogenesis in the liver.
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Background: A fine balance between the anti- and pro-apoptotic multidomain Bcl-2 family proteins controls hepatocyte

apoptosis in the healthy liver.

Results: Disruption of the BH3-only proteins Bim and Bid prevents spontaneous hepatocyte apoptosis in the absence of

anti-apoptotic Bcl-2 family proteins.

Conclusion: Hepatocyte integrity is maintained by the well orchestrated Bcl-2 network.
Significance: We demonstrated the novel involvement of BH3-only proteins in the healthy Bcl-2 network of the liver.

An intrinsic pathway of apoptosis is regulated by the B-cell
lymphoma-2 (Bcl-2) family proteins. We previously reported
that a fine rheostatic balance between the anti- and pro-apo-
ptotic multidomain Bcl-2 family proteins controls hepatocyte
apoptosis in the healthy liver. The Bcl-2 homology domain 3
(BH3)-only proteins set this rheostatic balance toward apopto-
sis upon activation in the diseased liver. However, their involve-
ment in healthy Bcl-2 rheostasis remains unknown. In the pres-
ent study, we focused on two BH3-only proteins, Bim and Bid,
and we clarified the Bcl-2 network that governs hepatocyte life
and death in the healthy liver. We generated hepatocyte-specific
Bcl-xL- or Mcl-1-knock-out mice, with or without disrupting
Bim and/or Bid, and we examined hepatocyte apoptosis under
physiological conditions. We also examined the effect of both
Bid and Bim disruption on the hepatocyte apoptosis caused by
the inhibition of Bcl-xL and Mcl-1. Spontaneous hepatocyte
apoptosis in Bcl-xL- or Mcl-1-knock-out mice was significantly
ameliorated by Bim deletion. The disruption of both Bim and
Bid completely prevented hepatocyte apoptosis in Bcl-xL-
knock-out mice and weakened massive hepatocyte apoptosis via
the additional in vivo knockdown of mcl-1 in these mice. Finally,
the hepatocyte apoptosis caused by ABT-737, which is a Bel-xL/
Bcl-2/Bcl-w inhibitor, was completely prevented in Bim/Bid
double knock-out mice. The BH3-only proteins Bim and Bid are
functionally active but are restrained by the anti-apoptotic Bcl-2
family proteins under physiological conditions. Hepatocyte
integrity is maintained by the dynamic and well orchestrated
Bcl-2 network in the healthy liver.

Apoptosis via the intrinsic pathway, which is known as the
mitochondrial pathway, is regulated by Bcl-2 family members.
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These members are divided into two groups as follows: core
Bcl-2 family proteins, which possess three or four Bcl-2 homol-
ogy domains (BH1-BH4)? and the Bcl-2 homology domain 3
(BH3)-only proteins (1). The former, which are multidomain
proteins, are subdivided into pro- and anti-apoptotic proteins.
Pro-apoptotic core Bcl-2 family members, such as Bax and Bak,
serve as effector molecules of this apoptotic machinery. Upon
activation, these members can form pores to permeabilize the
mitochondrial outer membrane. Apoptogenic factors, such as
cytochrome ¢, can then be released through this membrane into
the cytosol, leading to the activation of the caspase cascade and
to cellular demise (2). Anti-apoptotic core Bcl-2 family mem-
bers, including Bcl-2, Bcl-xL, Mcl-1, Bcl-w, and Bfl-1/A1,
inhibit the intrinsic pathway of apoptosis by either directly or
indirectly antagonizing Bak/Bax activity (3—5). In the original
rheostasis model, cellular life and death are regulated by a bal-
ance between these anti- and pro-apoptotic core Bcl-2 family
proteins (6). We previously reported that the hepatocyte-spe-
cific deletion of the bcl-x gene resulted in spontaneous hepato-
cyte apoptosis, and this effect could be completely prevented by
the additional deletion of the bak and bax genes (7). These
findings elucidated the importance of the rheostatic balance of
the core Bcl-2 family proteins in controlling hepatocyte apo-
ptosis in the healthy liver.

The BH3-only proteins, which include at least eight mem-
bers, are considered to function as pro-apoptotic sensors, and
these proteins set this rheostatic balance toward apoptosis
upon activation by a variety of apoptotic stimuli (8, 9). It has
been reported that hepatocyte apoptosis through the activation
of these BH3-only proteins is involved in the pathophysiology
of various liver diseases (10—12). Alternatively, we previously
reported that the slight activation of Bid, which can trigger he-
patocyte apoptosis, occurs even in the healthy liver and that the
inactivation of Bid partially ameliorated spontaneous hepato-

2 The abbreviations used are: BH1-BH4, Bcl-2 homology domains 1-4; SCID,
severe combined immune deficiency; ALT, alanine aminotransferase.
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cyte apoptosis in Bcl-xL- or Mcl-1-knock-out mice (7, 13). In
the present study, we focused on another BH3-only protein,
Bim, which promotes hepatocyte apoptosis upon activation by
free fatty acids or by reactive oxygen species in pathological
settings, and we further clarified the orchestration of the Bcl-2
network, which governs hepatocyte life and death in the phys-
iological state (10, 11, 14, 15). We found that the disruption of
Bim ameliorated hepatocyte apoptosis in Bcl-xL- or Mcl-1-
knock-out mice, indicating the involvement of Bim in this he-
patocyte apoptosis machinery in the healthy liver as well as that
of Bid. Additionally, the deletion of both Bim and Bid prevented
the massive hepatocyte apoptosis caused by the inhibition of
both Bcl-xL and Mcl-1, suggesting that Bim and Bid are func-
tionally active in the healthy liver and are essential regulators
for promoting the intrinsic pathway of apoptosis in hepatocytes
in the absence of anti-apoptotic Bcl-2 family proteins. Our
present study unveiled the fine and dynamic Bcl-2 networks,
the orchestration of which determines hepatocyte life and
death in the healthy liver.

EXPERIMENTAL PROCEDURES

Mice—Mice carrying a bcl-x gene with two loxP sequences at
the promoter region and a second intron (bcl-#"*%), mice
carrying an mcl-1 gene encoding amino acids 1-179 flanked by
two loxP sequences, and heterozygous alb-cre transgenic mice
expressing the Cre recombinase gene under regulation of
the albumin gene promoter have been described previously
(16 ~18). Hepatocyte-specific Bcl-xL-knock-out mice (bcl-
w1 No%glh-cre) (17), hepatocyte-specific Mcl-1-knock-out
mice (bel-#"*"*qlb-cre) (13), systemic Bid-knock-out mice
(bid™'7) (12), and Bcl-xL/Bid double knock-out mice (bid ™'~ bcl-
#o*%%q]b-cre) (7) have also been described previously. We
purchased C57BL/6] mice from Charles River (Osaka, Japan),
systemic Bim-knock-out mice (bim ™' ~) from the Jackson Lab-
oratory (Bar Harbor, ME), and NOD/ShiJic-scid Jcl mice from
Clea Japan Inc. (Osaka, Japan). We generated Bcl-xL/Bim dou-
ble knock-out mice (bim™'~bcl-#"*"%glb-cre), Mcl-1/Bim
double knock-out mice (bim™'~ mecl-F**"**gb-cre), Bcl-xL/
Bim/Bid triple knock-out mice (bim ™'~ bid ™'~ bcl-o/* % alp-
cre), and Bim/Bid double knock-out mice (bim ™'~ bid~'~) by
mating the strains. We generated mice with a hepatocyte-
specific deletion of Mcl-1 and homozygote severe combined
immune deficiency (SCID) mutations (mcl- P/ pridc=@**g]pb-
cre) by mating hepatocyte-specific Mcl-1-knock-out mice (bcl-
#*f°%q1h-cre) and NOD/ShiJic-scid Jcl mice. Genotyping of
prkdc*™® gene mutation was performed by the PCR-confront-
ing two-pair primer (PCR-CTPP) method reported previously
(19). The mice were maintained in a specific pathogen-free
facility and were afforded humane care under approval from
the Animal Care and Use Committee of Osaka University Med-
ical School.

Histological Analyses—Liver sections were stained with
hematoxylin and eosin (H&E). To detect apoptotic cells, the
liver sections were also subjected to staining by terminal de-
oxynucleotidyltransferase-mediated deoxyuridine triphos-
phate nick-end labeling (TUNEL) according to a procedure
reported previously (20). For immunohistochemical detection
of cleaved caspase-3, the liver sections were incubated with the
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polyclonal rabbit anti-cleaved caspase-3 antibody (Cell Signal-
ing Technology, Beverly, MA) according to a procedure
reported previously (20).

Caspase-3/7 Activity—Serum caspase-3/7 activity was meas-
ured by a luminescent substrate assay for caspase-3 and
caspase-7 (Caspase-Glo assay, Promega) according to the man-
ufacturer’s protocol.

Western Blot Analysis—Liver tissue was lysed in lysis buffer
(1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 1X
protein inhibitor mixture (Nacalai tesque, Kyoto, Japan), 1X
phosphatase inhibitor mixture (Nacalai tesque), and phos-
phate-buffered saline, pH 7.4). The liver lysates were cleared by
centrifugation at 10,000 X g for 15 min at 4 °C. The protein
concentrations were determined using a bicinchoninic acid
protein assay kit (Pierce). The protein lysates were electropho-
retically separated with SDS-polyacrylamide gels and were
transferred onto a polyvinylidene fluoride membrane. For
immunodetection, the following antibodies were used: a rabbit
polyclonal antibody to Bcl-xL (Santa Cruz Biotechnology, Inc.),
arabbit polyclonal antibody to Bid, a rabbit polyclonal antibody
to Bax, a rabbit polyclonal antibody to cleaved caspase-3, a rab-
bit polyclonal antibody to cleaved caspase-7, a rabbit polyclonal
antibody to Puma (Cell Signaling Technology, Beverly, MA), a
rabbit monoclonal antibody to Bad, a rabbit polyclonal anti-
body to Noxa (Abcam, Cambridge, MA), a rabbit polyclonal
antibody to Bak (Millipore, Billerica, MA), a rabbit poly-
clonal antibody to Bim (Enzo Life Sciences Inc., Farm-
ingdale, NY), a rabbit polyclonal antibody to Mcl-1 (Rock-
land, Gilbertsville, PA), and a mouse monoclonal antibody to
B-actin (Sigma-Aldrich).

Real-time Reverse Transcription Polymerase Chain Reaction
(Real-time RT-PCR) for mRNA—Total RNA was extracted
from liver tissues using an RNeasy minikit (Qiagen, Valencia,
CA), was reverse-transcribed, and was subjected to real-time
RT-PCR as described previously (21). The mRNA expression of
specific genes was quantified using TagMan gene expression
assays (Applied Biosystems, Foster City, CA) as follows: murine
bcl2l11 (assay ID: MmO00437796_m1), murine fas (assay ID:
MmO01204974_m1l), murine bik (assay ID: MmO00476123_
m1l), murine srk (assay ID: Mm01208086_m1), murine bmf
(assay ID: MmO00506773_m1), and murine actb (assay ID:
Mmo02619580_g1 or Mm00607939_s). The transcript levels
are presented as -fold inductions.

siRNA-mediated in Vivo Knockdown—The hepatocyte-
specific Bcl-xL-knock-out mice (bcl-#"*°*4lb-cre) and the
Bcl-xL/Bim/Bid triple knock-out mice (bim™'~hid™'"bcl-
Ko exglh-cre) were injected with 5 mg/kg in vivo grade
siRNA against mcl-1 (MSS275671_eON), which was mixed
with Invivofectamine (Invitrogen), via the tail vein according
to the manufacturer’s protocol. The mice were sacrificed and
examined as indicated by the time courses. The Stealth RNAi
negative control with low GC content (Invitrogen) was used
as the control.

In Vivo.ABT-737 Experiment—ABT-737 was dissolved in a
mixture of 30% propylene glycol, 5% Tween 80, and 65% D5W
(5% dextrose in water) with pH 4—5. ABT-737 (100 mg/kg) was
intraperitoneally administered to the Bim/Bid double knock-
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out mice (bim~'"bid™'") or to the Bid-knock-out mice
(bid~'7). The mice were sacrificed and examined 6 h later.

Statistical Analysis—All of the data are expressed as means =
S.D. unless otherwise indicated. Statistical analyses were per-
formed using an unpaired Student’s £ test or a one-way analysis
of variance unless otherwise indicated. When the analyses of
variance were applied, the differences in the mean values
among the groups were examined by Scheffe’s post hoc correc-
tion unless otherwise indicated. p < 0.05 was considered statis-
tically significant.

RESULTS

The Disruption of Bim Alleviated Spontaneous Hepatocyte
Apoptosis in Hepatocyte-specific Bcl-xL-knock-out Mice—To
investigate the involvement of the BH3-only protein Bim in the
hepatocyte apoptosis caused by Bcl-xL deficiency, hepatocyte-
specific Bcl-xL-knock-out mice (bcl-#"?alb-cre) were mated
with systemic Bim-knock-out mice (bim~'~). Offspring from
the mating of bim ™'~ bel-#""alb-cre mice and bim™'~ bcl-#""
mice were examined at 6 weeks of age. A Western blot study
confirmed the disappearance of both Bcl-xL and Bim protein
expression in the liver tissue of the double knock-out mice
(bim ™'~ bel-#™alb-cre) (Fig. 1A). In agreement with our previ-
ous report (7, 17), H&E staining of the liver sections showed an
increase in the number of hepatocytes, with chromatin conden-
sation and cytosolic shrinkage in the liver lobules of the Bcl-xL-
knock-out mice (Fig. 1B). The staining also showed a significant
increase in TUNEL-positive cells and cleaved caspase-3-posi-
tive cells in the liver (Fig. 1, B-D). Consistent with these histo-
logical observations, the levels of serum caspase-3/7 activity
and serum alanine aminotransferase (ALT), which can be used
as indicators of hepatocyte apoptosis (22, 23), were significantly
higher in the Bcl-xL-knock-out mice than in their wild-type
littermates (Fig. 1, E and F). Additionally, cleaved caspse-3 and
-7 were detected in the livers of the Bcl-xL-knock-out mice by
Western blotting (Fig. 1A). All of these findings indicated spon-
taneous hepatocyte apoptosis in these mice. Bim-knock-out
mice did not show any phenotypes in the liver under physiolog-
ical conditions (Fig. 1, B—F). Alternatively, the disruption of
Bim significantly improved all of the parameters that are indic-
ative of hepatocyte apoptosis in Bcl-xL-knock-out mice, includ-
ing the TUNEL-positive cell counts, cleaved caspase-3-positive
cell counts, serum ALT levels, and serum caspase-3/7 activity
(Fig. 1, B-F). These findings clearly demonstrated that Bim was
involved in the hepatocyte apoptosis caused by Bcl-xL disrup-
tion. It should be noted that the gene and protein expression
levels of Bim were not different between the Bcl-xL-knock-out
mice and their wild-type littermates (Fig. 1, A and G), indicating
that the Bim expression levels observed in the healthy liver
could induce hepatocyte apoptosis in the absence of the Bcl-2
family proteins.

The Disruption of Bim Alleviated Spontaneous Hepatocyte
Apoptosis in Hepatocyte-specific Mcl-1-knock-out Mice—Of
the five members of the anti-apoptotic Bcl-2 family proteins, we
previously reported that Mcl-1 and Bcl-xL played a pivotal anti-
apoptotic role in maintaining hepatocyte integrity in the
healthy liver (13). We thus examined the role of Bim in the
hepatocyte apoptosis caused by Mcl-1 deficiency. We gener-
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ated Mcl-1/Bim double knock-out mice (bim ™'~ mcl- V" alb-
cre) by mating the hepatocyte-specific Mcl-1-knock-out mice
(mcl-P"Palb-cre) with the systemic Bim-knock-out mice
(bim™'7). A Western blot study confirmed the disappearance
of both Mcl-1 and Bim protein expression in the liver tissue of
the double knock-out mice (bim ™'~ mcl-P"alb-cre) (Fig. 2A).
Consistent with our previous report (13), hepatocyte-specific
Mcl-1-knock-out mice showed apoptosis phenotypes very sim-
ilar to those of the Bcl-xL-knock-out mice, as assessed by
TUNEL staining (Fig. 2, B and C), cleaved caspase-3 staining
(Fig. 2, Band D), serum caspase-3/7 activity (Fig. 2E), and serum
ALT levels (Fig. 2F). In contrast, Mcl-1/Bim double knock-out
mice showed significant improvement in these parameters (Fig.
2, B—F), indicating that Bim is also involved in the hepatocyte
apoptosis induced by the disruption of Mcl-1.

The Disruption of Bim and Bid Prevented Spontaneous Hepato-
cyte Apoptosis in Hepatocyte-specific Bcl-xL-knock-out Mice—
We previously reported that a small amount of Bid, which is
another BH3-only protein, was constitutively active and was
involved in the spontaneous hepatocyte apoptosis in Bcl-xL- or
Mcl-1-knock-out mice (7, 13). We thus examined whether
these BH3-only proteins redundantly or cooperatively pro-
moted hepatocyte apoptosis in the absence of Bcl-xL. To this
end, Bim/Bid/Bcl-xL triple knock-out mice (bim ™'~ bid ™'~ bcl-
#"alb-cre) were generated by mating the Bim/Bcl-xL double
knock-out mice (bim ™'~ bcl-#""alb-cre) with the Bid/Bcl-xL
double knock-out mice (bid ™'~ bcl-#""alb-cre). The offspring
from the mating of bim™'~bid—/—bcl-x"alb-cre mice with
bim ™'~ bid™' " bel-#"" mice were examined at 6 weeks of age. A
Western blot study confirmed that Bcl-xL, Bid, and Bim protein
expression disappeared from the liver tissue of the triple knock-
out mice (bim ™'~ bid™'~bcl-¥""alb-cre) (Fig. 34). Liver sec-
tions of the Bim/Bid/Bcl-xL triple knock-out mice were histo-
logically normal compared with those of the Bid/Bcl-xL double
knock-out mice (bim™'*bid™'" bcl-s""alb-cre), which still
contained some hepatocytes with apoptotic morphologies (Fig.
3B). Both the number of TUNEL-positive cells and the serum
caspase-3/7 activity in the triple knock-out mice were significantly
lower than those in the Bid/Bcl-xL double knock-out mice and did
not differ from their control Bid-knock-out or Bim/Bid double
knock-out littermates (Fig. 3, B—D). Moreover, in contrast to the
mild elevation of serum ALT levels in the Bid/Bcl-xL double
knock-out mice, the levels in the triple knock-out mice were com-
pletely normal (Fig. 3E). These findings demonstrated that hepa-
tocyte apoptosis in the absence of Bcl-xL was completely depend-
ent on these two BH3-only proteins.

Bim and Bid Are Essential Regulators for the Promotion of the
Intrinsic Pathway of Apoptosis in Hepatocytes in the Absence of
Anti-apoptotic Bcl-2 Family Proteins—We then attempted to
further examine the involvement of Bim and Bid in hepatocyte
apoptosis in the absence of both Bcl-xL and Mcl-1, which are
two major anti-apoptotic proteins in the liver. Because, as we
reported (13), the hepatocyte-specific Bcl-xL and Mcl-1 double
knock-out mice died within 1 day after birth due to impaired
liver development, we performed an siRNA-mediated in vivo
knockdown of mcl-1 in the Bcl-xL-knock-out mice and in the
Bim/Bid/Bcl-xL triple knock-out mice. mcl-1 siRNA adminis-
tration efficiently reduced Mcl-1 protein expression in the liver
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FIGURE 1. The disruption of Bim alleviated spontaneous hepatocyte apoptosis in the absence of Bcl-xL. A-F, the offspring from the mating of bim*bcl-
x"Mox glb-cre mice with bim=bcl-x""* mice were examined at 6 weeks of age. Bcl-xL ™'+ and Bcl-xL ™', bcl-x"""°% and bcl-x"/"%glb-cre, respectively. A,
Western blot analysis of whole liver lysates for the expression of Bimg,, Bid, Bcl-xL, Mcl-1, Bak, Bax, Noxa, Bad, Puma, cleaved caspase-3, cleaved caspase-7, and
B-actin. B, representative images for liver histology stained with hematoxylin-eosin (HE), TUNEL, and cleaved caspase-3 (original magnifications, X100 (large
panels) and X400 (insets)); black arrows indicate apoptotic bodies. C, TUNEL-positive cell ratio; n = 8 mice/group; ¥, p < 0.05 versus all. D, cleaved caspase-3-
positive cell ratio; n = 3 mice/group; *, p < 0.05 versus all. £, serum caspase-3/7 activity; n = 11 mice/lgroup; * p < 0.05 versus all. F, serum ALT levels; n = 13
mice/group; *, p < 0.05 versus all. G, offspring from the mating of bcl-x"/*glb-cre mice with bcl-x"#%% mice were examined at 6 weeks of age. Bcl-xL*/* and
Bcl-xL™"~, bcl-x 0 and bcl-x"1%alb-cre, respectively. bim mRNA levels in the whole liver tissue were determined by real-time RT-PCR; n = 6 mice/group.

Error bars, S.D. RLU, relative light units; /U, international units.

tissue of both mice (Fig. 44), but it caused severe liver injury
only in the Bcl-xL-knock-out mice (Fig. 4B) when assessed by
the H&E staining of liver sections. Notably, mcl-1 siRNA
administration caused massive hepatocyte apoptosis in the Bcl-
xL-knock-out mice, but this apoptosis was weakened in the
Bim/Bid/Bcl-xL triple knock-out mice, as evidenced by the
TUNEL staining of the liver sections, serum caspase-3/7 activ-
ity, and serum ALT levels (Fig. 4, C-E). In agreement with these
findings, mcl-1 siRNA treatment impaired the liver function of
the Bcl-xL-knock-out mice, as evidenced by an increase in the

30012 JOURNAL OF BIOLOGICAL CHEMISTRY

serum bilirubin levels, but not the liver function of the triple
knock-out mice (Fig. 4F). These findings demonstrated that the
massive hepatocyte apoptosis and liver failure caused by
decreases in these anti-apoptotic Bcl-2 family proteins were
dependent on Bid and Bim.

The Presence of Bim- and Bid-induced Constant BH3 Stress in
the Healthy Liver Causes Hepatotoxicity with the Use of Anti-
cancer Agents That Target the Anti-apoptotic Bcl-2 Family
Proteins—Recent advances in cancer therapy have enabled the
selective targeting of some anti-apoptotic Bcl-2 family proteins,
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FIGURE 2. The disruption of Bim alleviated spontaneous hepatocyte apoptosis in the absence of Mcl-1. The offspring from the mating of bim™ ~mcl-

1flox/fox g1 _cre mice with bim™/~mcl-179%"% mice were examined at 6 weeks of age. Mcl-1*/* and Mcl-17/~, mcl-

1 flox/flox 1 flox/flox

and mcl- alb-cre, respectively. A,

Western blot analysis of whole liver lysates for the expression of Bimg, Bid, Bcl-xL, Mcl-1, Bak, Bax, cleaved caspase-3, cleaved caspse-7, and B-actin. B,
representative images for liver histology stained with hematoxylin-eosin (HE), TUNEL, and cleaved caspase-3 (original magnification, X 100). C, TUNEL-positive
cellratio; n = 3-6 mice/group;*, p < 0.05 versus all. D, cleaved caspase-3-positive cell ratio; n = 3 mice/group; *, p < 0.05 versus all. E, serum caspase-3/7 activity;
n = 9-15 mice/group; *, p < 0.05 versus all. F, serum ALT levels; n = 9-15 mice/group; *, p < 0.05 versus all. Error bars, S.D. RLU, relative light units; I/U,

international units.

which are often dysregulated in malignant cells. ABT-737,
which is a BH3 mimetic, could inhibit Bcl-xL, Bcl-2, and Bel-w,
and it has induced the regression of solid tumors (23). We
previously reported that high dose ABT-737 administration
caused hepatocyte apoptosis even in a normal liver, which was
partly due to constitutive Bid-mediated BH3 stress (7). This
finding led us to investigate the involvement of Bim and Bid
in this ABT-737-mediated hepatotoxicity. Bim/Bid double

OCTOBER 18, 2013+VOLUME 288-NUMBER 42

knock-out mice (bim~'~bid '") were generated by mating
Bim knock-out mice (bim™'") with Bid knock-out mice
(bid~'~), and the offspring were then treated with this drug.
Western blot analysis confirmed the efficient deletion of Bim
and Bid from the liver tissue of the double knock-out mice (Fig.
5A). Upon ABT-737 treatment, the Bim/Bid double knock-out
mice showed complete prevention of ABT-737-induced hepa-
tocyte apoptosis and hepatotoxicity (Fig. 5, B—F), in sharp con-
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FIGURE 3. The disruption of Bim and Bid prevented spontaneous hepatocyte apoptosis in the absence of Bcl-xL. The offspring from the mating of
bim™'~bid ™'~ bcl-x"""*alb-cre mice with bim™’~bid~/~bcl-x""** mice were examined at 6 weeks of age. Bcl-xL*/* and Bcl-xL ™', bcl-x"1°% and bcl-
xoxfoxglb-cre, respectively. A, Western blot analysis of whole liver lysates for the expression of Bimy, Bid, Bcl-xL, Mcl-1, Bak, Bax, and B-actin. B, representative
images of liver histology stained with hematoxylin-eosin (HE) and TUNEL (original magnifications, X 100 (large panels) and X400 (insets)). Black arrows indicate
apoptotic bodies. C, TUNEL-positive cell ratio; more than 5 mice/group; *, p < 0.05 versus all. D, serum caspase-3/7 activity; more than 6 mice/group; *, p < 0.05
versus all. E, serum ALT levels; more than 6 mice/group; *, p < 0.05 versus all. Error bars, S.D. RLU, relative light units; /U, international units.

trast to their Bid-knock-out littermates, which still showed
moderate hepatocyte apoptosis (Fig. 5, C-E) and increased
serum ALT levels (Fig. 5F). These findings suggested that Bim-
and Bid-mediated constant BH3 stress evoked hepatotoxicity
by promoting the intrinsic pathway of apoptosis with the use of
the inhibitors of the Bcl-2 family.

DISCUSSION

At least eight BH3-only proteins are known, and five have
been reported to exist in hepatocytes: Bid, Bim, Noxa, Puma,
and Bad (22). We also confirmed these five proteins in the liver
tissue of our mice (Fig. 14), and we detected at least the mRNA
expression of three other genes (supplemental Fig. 1). These
proteins are considered to function as pro-apoptotic sensors
upon activation by a variety of apoptotic stimuli, thereby pro-
moting an intrinsic pathway of apoptosis in a manner that is
dependent on the presence of Bak and Bax. In previous studies,
bile acids or death receptor stimuli activated Bid and induced
liver injury, which was alleviated by Bid disruption (12, 22). Bim
activation was involved in hepatocyte lipoapoptosis, which is a
critical feature of non-alcoholic steatohepatitis, and in reactive
oxygen species-induced hepatocyte apoptosis (10, 11, 14).
Additionally, a recent in vivo study revealed that the activation
of Bid and Bim played a central pro-apoptotic role in fatal TNF-
a-induced hepatitis (24). Taken together, these findings indi-
cated the importance of these two BH3-only proteins in the
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pathogenesis of various liver diseases (12, 24, 25). Conversely,
the systemic knock-out of Bid or Bim in mice did not result in
any liver abnormalities under normal conditions; therefore,
there has not been much interest in studying their physiological
involvement in the healthy liver (12, 26). However, our present
study showed that spontaneous hepatocyte apoptosis in the
absence of Bcl-xL was alleviated by the deletion of either Bim or
Bid, and it was diminished by the deletion of both. These results
indicated that these BH3-only proteins are functionally active
even in the healthy liver, but they are fully restrained by the
anti-apoptotic Bcl-2 family proteins in the physiological state.
What type of stimuli constitutively activate these BH3-only
proteins remains unknown. The liver is a specific organ that can
be continuously exposed to a variety of stimuli, such as bile
acids and enteric endotoxin, as well as interactions with
immune cells. These stimuli might cause constitutive BH3-only
stress through the activation of death receptors, such as Fas,
tumor necrosis factor (TNF), and TNF-related apoptosis-in-
ducing ligand (TRAIL) receptors. To explore the involvement
of Fas signaling in generating this BH3-only stress, we studied
the effect of fas inhibition in the hepatocyte apoptosis induced
by the genetic disruption of Bcl-xL or ABT-737 administration.
siRNA-mediated in vivo knockdown of fas did not alleviate
their hepatocyte apoptosis (supplemental Fig. 2, B and D), sug-
gesting that Fas signaling may not be the origin of this BH3-only
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analysis of whole liver lysates for the expression of Bimg,, Bid, Bcl-xL, Mcl-1, Bak, Bax, and B-actin. B, representative images of liver histology stained with
hematoxylin-eosin (original magnifications, X100 (large panels) and X400 (insets)). C, representative images of liver histology stained with TUNEL (original
maghnification, X 100). D, serum caspase-3/7 activity; n = 3-4 mice/group. £, serum ALT levels; n = 4 mice/group; data are presented as means = S.E. (error bars).
F, serum T-bilirubin levels; n = 4 mice/group. RLU, relative light units; /U, international units.

stress. However, it should be noted here that siRNA adminis-
tration only decreased fas mRNA levels to around half (supple-
mental Fig. 2, A and C). Therefore, genetic study is still
necessary to clarify its involvement. In order to examine the
involvement of T and B cells, which comprise about 50% of
intrahepatic resident immune cells (27), in producing the BH3-
only stress in the healthy liver, we crossed hepatocyte-specific
Mcl-1 knock-out mice with homozygous SCID mutant mice,
which are characterized by an absence of functional T cells and
B cells (28). The spontaneous hepatocyte apoptosis of the Mcl-1
knock-out mice was unchanged even in the homozygous SCID

OCTOBER 18, 2013+«VOLUME 288+-NUMBER 42

mutant background, monitored by serum ALT levels and
serum caspase-3/7 activity (supplemental Fig. 3, A-D). These
data indicate that these immune cells are not the major source
of the BH3-only stress in the liver under physiological condi-
tions. Therefore, further study is required to identify the main
source of constitutive BH3-only stress in the healthy liver. We
previously reported that Mcl-1 and Bcl-xL individually worked
as apoptotic antagonists in differentiated hepatocytes (13).
However, the hepatocyte-specific deletion of both led to early
postnatal death due to the failure of hepatocyte development in
the fetal liver (13), thus hampering the clarification of their
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levels; more than 5 mice/group; *, p < 0.05 versus all. Error bars, S.D. RLU, relative light units; I/U, international units.

cooperative involvement in the adult liver. In the present study,
the combination of genetically engineered mice and in vivo
siRNA technology enabled the investigation of their coopera-
tive roles for the first time, and we found that the inhibition of
Mcl-1 caused sublethal liver injury with massive hepatocyte
apoptosis in Bcl-xL-knock-out mice. Meanwhile, we also found
that sublethal apoptosis was prevented in a Bim/Bid double
knock-out background, suggesting that, of the BH3-only
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proteins, Bim and Bid are important for activating the intrin-
sic pathway of hepatocyte apoptosis in the absence of anti-
apoptotic Bcl-2 family proteins. It would also be interesting
to determine whether other anti-apoptotic Bcl-2 family pro-
teins or BH3-only proteins are involved in this healthy Bcl-2
rheostasis.

The anti-apoptotic Bcl-2 family proteins are often dysregu-
lated in a variety of malignancies, and they have been recog-
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nized as important oncogenes (29). ABT-737, which was
recently developed to inhibit the Bcl-xL, Bcl-w, and Bcl-2 pro-
teins, displays anti-tumor activity against lymphoid malignan-
cies and small-cell lung carcinoma (23). These drugs were con-
sidered to selectively target tumor cells because malignant cells
receive many genotoxic and environmental stress-induced
BH3-only signals, so these cells are thus dependent on the anti-
apoptotic Bcl-2 family members for their survival. However, we
previously reported that the high-dose administration of ABT-
737 (100 mg/kg) elicited hepatotoxicity via Bak/Bax-dependent
apoptosis in normal hepatocytes (7), suggesting that depen-
dence on the anti-apoptotic Bcl-2 family proteins is not a specific
feature of tumor cells but is the case in healthy liver cells. In the
present study, we demonstrated that the disruption of Bim and
Bid completely prevented hepatocyte apoptosis and hepatotox-
icity induced by high dose ABT-737 (100 mg/kg), suggesting
that these proteins are responsible for this hepatotoxicity.
Meanwhile, although 25 mg/kg ABT-737, which is relatively
close to the clinical dose, caused moderate hepatocyte apopto-
sis, this apoptosis was completely blocked by Bid inhibition
(supplemental Fig. 4). Therefore, it is unclear whether both Bid
and Bim are truly involved in hepatotoxicity when using ABT-
737 at clinically relevant doses.

This study demonstrated that Bim was also involved in the
hepatocyte apoptosis caused by Mcl-1 deficiency in addition to
Bid, which was noted in our previous report (13). Several pre-
vious human studies have reported that Mcl-1 proteins were
down-regulated in the liver tissues of non-alcoholic steato-
hepatitis and primary biliary cirrhosis patients (30, 31), and
experimental studies have demonstrated that Mcl-1 down-reg-
ulation by saturated fatty acids caused hepatocyte lipoapopto-
sis, which plays an important role in the development of fatty
liver disease (32, 33). Taken together with our findings, these
reports suggest the possibility that Bim- and Bid-mediated con-
stant BH3 stresses might constitute therapeutic targets of the
hepatotoxicity observed in these human liver diseases.

In conclusion, we have demonstrated that the novel rheo-
static balance between the pro-apoptotic BH3-only proteins
Bim and Bid and the anti-apoptotic Bcl-2 family proteins Bel-xL
and Mcl-1 regulates hepatocyte life and death in the physiolog-
ical state. Our present study sheds new light on the dynamic
and well orchestrated Bcl-2 networks in the healthy liver.
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