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Fig, 2. Effect of AG1024 on IGF-1R activation, PANC-1 cells incubated in DMEM for
24 h were washed with PBS and the medium was replaced with either {resh DMEM
or NDM. The cells were incubated with the indicated concentration of AG1024 for
1 h before stimulation with 50 ngfml IGF-1 for 10 min. Cell lysates were resolved
using SDS-PAGE and transferred to membranes for western blotting with specific
antibodies.

anti-phospho-Erk, or anti-tubulin antibodies. Horseradish peroxi-
dase-linked anti-rabbit IgG or anti-mouse IgG antibodies were
used as secondary antibodies (GE Healthcare, Piscataway, NJ).

The blots were developed using ECL reagent according to the man-
ufacturer's instructions (GE healthcare).

Flow cytometric analysis. PANC-1 cells (5 x 10°) in 60-mm dishes
were incubated in DMEM for 24 h. The cells were washed with PBS
and the medium was replaced with either fresh DMEM or NDM.
AG1024 (0.3 uM) was then added and the cells were cultured for
12 h. The cells were incubated with annexin V-FITC and propidium
iodide using an annexin V-FITC apoptosis detection kit (Biovision
Research Products, Mountain View, CA) and analyzed using a flow
cytometer (FACSCalibur; BD Biosciences, Franklin Lakes, NJ).

Statistical analysis. All data are representative of three indepen-
dent experiments with similar results, The statistical data are ex-
pressed as mean z SD using descriptive statistics.

Results

AG1024 is preferentially cytotoxic to human pancreatic cancer PANC-1
cells in nutrient-deprived conditions

To identify cytotoxic agents that function preferentially on
nutrient-deprived cells, we tested the cytotoxic effects of smail-
molecule inhibitors in the SCADS inhibitors kit I, As.shown in Table
S1, a specific inhibitor of IGF-1R tyrosine kinase, termed AG1024,
was found to be cytotoxic to PANC-1 cells in nutrient-deprived
medium (NDM), but not in normal medium (DMEM). The structure
of AG1024 [22], otherwise known as 2-(3-bromo-5-t-butyl-4-
hydroxybenzylidene)malonitrile, is shown in Fig. 1A, To determine
the dose-response relationship of AG1024 cytotoxicity, PANC-1

[¢]
A B = 120
OH g L
H3CO AN £ 100 L
CN 8 L
HO' £ : OH 5 80 |-
I K -
T_“' 60 |-
2 40l
pur d }
> 20}
[} b
o 0
0.1 1 10 100 1000
1-OMe-AG538 (uM)
DMEM NDM
C
-OMe-AG538 0 0 003 03 3 © 0 003 03 3(uM)
IGF- - + + o+ -+ o+ o+ o+

Phospho- IGF-IR
IGF-IR

Phospho-Akt (Thr 308)

Phospho-Akt (Ser 473}
Akt
Phospho-Erk1/2

Erk1f2

o-Tubulin

Fig. 3. Effect of 1-OMe-AGS538 on survival of nutrient-deprived PANC-1 cells. (A) Structure of 1-OMe-AG538. (B) Effect of I-OMe-AG538 on PANC-1 cell viability in DMEM (®)
or NDM (O). PANC-1 cells were incubated with the indicated concentrations of -OMe-AG538 i DMEM or NDM for 24 h. {C) Effect of 1-OMe-AG538 on IGF-1R activation.
PANC-1 cells in DMEM or NDM were incubated with the indicated concentration of 1-OMe-AG538 for 1 h before stimulation with 50 ng/m! IGF-1 for 10 min. Cell lysates were
resolved using SDS-PAGE and transferred to membranes for western blotting with specific antibodies.
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cells grown in NDM or DMEM were exposed to increasing concen-
trations of AG1024 for 24 h (Fig. 1B). The cytotoxic effect of
AG1024 was more than 100 times greater on nutrient-deprived
PANC-1 cells (NDM ICso 0.055 pM) relative to cells in nutrient-suf-
ficient medium (DMEM IC5q 21 pM). In DMEM, 0.3 ptM AG1024 did
not induce any significant PANC-1 cell death as determined using
propidium iodide and annexin V staining and flow cytometry
(Fig. 1C). In contrast, 34% of the cells grown in NDM and treated
with the same concentration of AG1024 showed propidium io-
dide-positive/annexin V-negative staining. We compared the cyto-
toxicity of AG1024 to that of several conventional anticancer drugs,
including doxorubicin, 5-fluorouracil and paclitaxel, in PANC-1
cells grown in NDM versus DMEM (Fig. 1D). The cytotoxicity of
doxorubicin, 5-fluorouracil and paclitaxel on PANC-1 cells grown
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Fig. 4. Effect of AG1024 and I-OMe-AG538 on various human pancreatic cancer ceil
lines in nutrient-deprived conditions. Human pancreatic cancer cells were incu-
bated with indicated concentrations of AG1024 or 1-OMe-AG538 in DMEM (@) or
NDM (O) for 24 h. AB, Capan-1; C,D, MIA Paca-2; EF, BXPC-3; GH, PSN-1.

in either medium for 24 h was significantly weaker than AG1024.
These results demonstrate clearly that AG1024 exhibits preferen-
tial cytotoxicity to nutrient-deprived PANC-1 cells.

AG1024 inhibits activation of IGF-1R in nutrient-deprived PANC-1 cells

Because AG1024 is a specific inhibitor of IGF-1R kinase, we
examined the effect of AG1024 on IGF-1-mediated phosphoryla-
tion of IGF-1R in PANC-1 cells grown in different media (Fig. 2).
While addition of 0.3 pM AG1024 to PANC-1 cells grown in NDM
resulted in a complete inhibition of IGF-1R autophosphorylation,
phosphorylation of IGF-1R was only weakly inhibited in cells
grown in DMEM with 10-fold higher concentrations of AG1024
(3 pM). AG1024 also inhibited the phosphorylation of Akt (Thr
308), Akt (Ser 473) and Erk, which normally occur as a result of
IGF-1R activation, These results démonstrate that AG1024 is a po-
tent inhibitor of IGF-1R activation in nutrient-deprived PANC-1
cells. )

1-OMe-AG538 is preferentially cytotoxic to nutrient-deprived PANC-1
cells

In testing whether other IGF-1R inhibitors also functioned pref-
erentially in nutrient-deprived cells, we found that I-OMe-AG538
[23] (another specific inhibitor of IGF-1R, Fig. 3A) also was more
cytotoxic to cells in nutrient-deprived medium relative to those
in nutrient-sufficient conditions (Fig. 3B). The effect of I-OMe-
AG538 on IGF-1R activation in nutrient-deprived cells was similar
to AG1024, in that it blocked phosphorylation of IGF-1R, Akt and
Erk {Fig. 3C). Our results demonstrate clearly that the IGF-1R inhib-
itors AG1024 and I-OMe-AG538 both inhibit IGF-1R-mediated sig-
naling and are preferentially cytotoxic to nutrient-deprived PANC-
1 cells. - ’

Inhibitors of IGF-1R show preferential cytotoxicity to various human
pancreatic cancer cells lines in nutrient-deprived conditions

To determine whether inhibitors of IGF-1R kinase exhibit pref-
erential cytotoxicity to other nutrient-deprived human pancreatic
cancer cell lines, we examined the cytotoxic effects of AG1024
and I-OMe-AG538 on Capan-1, MIA Paca-2, BXPC-3, and PSN cells
(Fig. 4). AG1024 and 1-OMe-AG538 were significantly more cyto-
toxic to all four human pancreatic cancer cell lines in NDM relative
to DMEM, indicating that the cytotoxicity of IGF-1R kinase inhibi-
tors is likely to occur in nutrient-deprived human pancreatic can-
cer cells. To understand the specificity of IGF-1R kinase
inhibitors, we also examined the cytotoxic effects of other repre-
sentative receptor tyrosine kinase inhibitors (Fig. S1). The cytotox-
icities of AG1296 (a PDGFR kinase inhibitor) [24] and AG1478 and
PD168393 (EGFR kinase inhibitors) [25-27] were significantly re-
duced, relative to IGF-1R inhibitors, in both nutrient-deprived
and -fed PANC-1 cells. These results indicate that specific inhibi-
tion of IGF-1R Kkinase is important in promoting preferential cyto-
toxicity in nutrient-starved human pancreatic cancer cells.

Discussion

Tumor microenvironment strongly influences tumor growth
and progression, Many aspects of physiology that differentiate so-
lid tumors from normal tissues arise from differences in vascula-
ture. Disorganized vascular systems in tumors result in large
areas of tumor exposed to nutrient starvation and hypoxic condi-
tions. In addition, due to the unregulated growth of tumor cells
caused by genetic and epigenetic alterations, cells proliferate more

' rapidly than normal cells and nutrient and oxygen demands often

exceeds supply [28-30]. Cancer cells, in particular highly aggres-
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sive tumors such as pancreatic cancer that are relatively hypovas-
cular, are able to survive even in conditions of Jow nutrients and
low oxygen supply. Since chronic nutrient deprivation seldom oc-
curs in normal tissues, one strategy for anticancer agent develop-
ment is to target cancer cells growing in nutrient-deprived
conditions. Thus, we screened to identify cytotoxic agents that
function preferentially in nutrient-deprived cells.

We found that AG1024, a specific inhibitor of IGF-1R kinase,
showed preferential cytotoxicity to human pancreatic cancer
PANC-1 cells grown in nutrient-deprived medijum. Conventional
chemotherapeutic drugs such as doxorubicin, 5-fluorouracil and
paclitaxel, were only weakly cytotoxic to nutrient-deprived
PANC-1 cells, suggesting that AG1024 may be a unique and attrac-
tive starting compound in the development of an antitumor agent.
AG1024 has been reported to induce apoptosis in human breast
cancer MCF-7 cells [31]. In our present study, flow cytometric anal-
ysis showed that AG1024 increased propidium iodide staining
without annexin V of nutrient-deprived PANC-1 cells. Kigamicin

D and (6aR11aR)-3,8-dihydroxy-9-methoxypterocarpan induced

necrosis in nutrient-deprived cells {4,32]. Therefore, AG1024 may
induce necrosis under nutrient starvation. I-OMe-AG538, another
IGF-1R kinase inhibitor that differs in structure from AG1024,
was also cytotoxic to nutrient-deprived PANC-1 cells. These IGF-
1R kinase inhibitors also were cytotoxic to other nutrient-deprived
human pancreatic cancer cell lines, including Capan-1, MIA Paca-2,
BxPC-3 and PSN.

IGF-1 binding to the IGF-1R results in activation of receptor
tyrosine kinases that stimulates signaling through intracellular
networks, including PI3K-AKT-TOR and RAF-MAPK, which then
promote cell proliferation and inhibit apoptosis. We found that
the IGF-1R Kkinase inhibitors AG1024 and 1-OMe-AG538 blocked
phosphorylation of IGF-1R by IGF-1 preferentially in cells cultured
in nutrient-deprived conditions relative to those in nutrient-suffi-
cient conditions. These IGF-1R kinase inhibitors also suppressed
phosphorylation of Akt and Erk, demonstrating that activation of
pathways downstream of the IGF-1R were also blocked in nutri-
ent-deprived conditions.

Unlike AG1296 (a PDGFR kinase inhibitor) or AG1478 and
PD168393 (EGFR kinase inhibitors), which are less cytotoxic in
nutrient-deprived PANC-1 cells, preferential inhibition of IGF-1
signaling by IGF-1R kinase inhibitors suggests that this pathway
may play an important role in cell survival in stress conditions
such as nutrient deprivation, The Akt pathway, which functions
downstream of IGF-1R, plays a critical role in the proliferation,
survival, motility, morphology and therapeutic resistance of can-
cer cells [33,34]. Because Akt has been demonstrated to regulate
cell survival in various stress conditions, including nutrient
deprivation, this kinase is viewed as a promising target for can-
cer therapeutics. Akt inhibitors have been developed including
PX-316, which shows antitumor activity against human MCF-7
breast cancer and HT-29 colon cancer xenografts in mice [35].
Thus, part of the preferential cytotoxicity of IGF-1R kinase inhib-
itors in nutrient-deprived conditions may be due to inhibition of
Akt activation.

The IGF-1 receptor is universally expressed in various hemato-
logic and solid tumor cells. NVP-ADW742, another specific inhibi-
tor of IGF-1R kinase, has been shown to be a significant antitumor
agent in an orthotopic xenograft multiple myeloma model [20].
Oral administration of the IGF-1R kinase-specific inhibitor NVP-
AEWS541 has been shown to inhibit IGF-1R signaling in tumors
and to reduce tumor growth in a xenograft fibrosarcoma model
| 19]. The potent cytotoxicity of AG1024 and 1-OMe-AG538 to pan-
creatic cancer cell lines deprived of nutxients (simulating a tumor
microenvironment) makes IGF-1R a promising target for new
drugs that may be developed to treat a broad spectrum of malig-
nant tumors.
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Because autonomous proliferating cancer cells are often exposed to
hypoxic conditions, there must be an alternative metabolic pathway,
such as autophagy, that allows them to obtain energy when both
oxygen and glucose are depleted. We previously reported finding
that autophagy actually contributes to cancer cell survival in colorectal
cancers both in vitro and in vivo. Pancreatic cancer remains a devastating
and poorly understood malignancy, and hypoxia in pancreatic cancers
is known to increase their malignant potential. In the present study
archival pancreatic cancer tissue was retrieved from 71 cases treated
by curative pancreaticoduodenectomy. Autophagy was evaluated
by immunohistochemical staining with anti-LC3 antibody, as LC3 is
a key component of autophagy and has been used as a marker of
autophagy. The results showed that strong LC3 expression in the
peripheral area of pancreatic cancer tissue was correlated with a
poor outcome (P = 0.0170) and short disease-free period (P = 0.0118).
Two of the most significant correlations among the clinicopathological
factors tested were found between the peripheral intensity level of LC3
expression and tumor size (P = 0.0098) or tumor necrosis (P = 0.0127).
Activated autophagy is associated with pancreatic cancer cells, and
autophagy is thought to be a response to factors in the cancer micro-
environment, such as hypoxia and poor nutrient supply. This is the
first study to report the clinicopathological significance of autophagy
in pancreatic cancer. (Cancer Sci 2008; 99: 1813-1819)

Cancers are abnormal tissue masses whose growth exceeds
and is uncoordinated with that of adjacent normal tissues,
and which persist in the same excessive manner after cessation
of the stimulus that evoked them.!” All cancers ultimately
depend on the host for their nutrition and blood supply, but as
the preexisting vasculature is obviously insufficient to support
the cancers’ unlimited requirements for energy and nutrition as
a result of their unregulated growth, angiogenesis has been con-
sidered pivotal to providing proliferating cancer cells with an
adequate source of oxygen, energy, and nutrients. However, recent
studies have revealed that even after new blood vessels have
formed, both the oxygen and glucose supply is insufficient for
the aggressively proliferating cancer cells in locally advanced
cancers.® Tumor hypoxia has been used as a marker of poor
prognosis;®® however, how cancer cells become more malignant
or survive with an extremely poor blood supply, as for example
in pancreatic cancer, is poorly understood.” When cancer cells
are exposed to hypoxia, anaerobic glycolysis increases and provides
energy for cell survival, but as the glucose supply is also
insufficient because of the poor blood supply, there must be an
alternative metabolic pathway that provides energy when both
oxygen and glucose are depleted.®® We have reported that
several cancer cell lines, including pancreatic cancer- and
colorectal cancer-derived cell lines, are resistant to nutrient-deprived
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conditions. We have named this starvation-resistant phenotype
‘austerity’ and speculated that austerity may contribute to cancer
cell survival in a nutrient-deficient microenvironment.®?

Autophagy has long been known to be a non-specific self-
degradation mechanism that is triggered by nutrient deprivation,
but recently it has been shown to play an important role in removing
redundant or faulty cell components, such as damaged mitochondria
and other organelles that are targeted for lysosomal degradation.!?
The autophagic process occurs in three steps: (1) autophagosome
formation; (2) lysosomal fusion with the autophagosome; and
(3) lysosomal degradation. In step 1, a cup-shaped lipid bilayer
called the isolation membrane is formed and engulfs cytosolic
components, including organelles. In step 2, the isolation membrane
closes, forming an autophagosome. Cytosolic LC3 (microtubule-
associated protein 1 light chain 3), a mammalian homolog of
yeast ATG8, is converted to LC3-I (soluble unlipidated form of
LC3) during this step and LC3-I is then modified to form LC-3-11
(a membrane-bound form) and becomes localized on autophago-
somes. Autophagosomes fuse with lysosomes to form autolyso-
somes. In step 3, the contents of the autolysosomes are degraded
rapidly by lysosomal hydrolases, including cathepsins B, D, and L.
Intra-autophagosomal LC3-II is also degraded at the same time.""
Thus, 1.C3 is a key component of autophagy, and it has been used
as a marker of autophagy.

Pancreatic cancer remains a devastating and poorly understood
malignancy. Its poor prognosis has been attributed to the inability
to make a diagnosis while the tumor is still resectable and a
propensity toward early vascular dissemination and spread to

" regional lymph nodes. Up to 60% of patients have advanced

pancreatic cancer at the time of diagnosis, and their median
survival time is a dismal 3-6 months.!? Several pathological
features, including tumor size, tumor grade, nodal metastasis,
lymphatic or vascular infiltration, and perineural invasion, have
been reported to be prognostic pathological parameters for
patients with invasive ductal carcinoma (IDC) of the pancreas.!*9
However, their prognostic value has been a matter of controversy
because the studies were based on relatively small numbers of
IDC patients. Hypoxia in pancreatic cancer has been reported to
increase its malignant potential.*® Studies investigating associa-
tions between tumor necrosis in IDC and expression of hypoxic
markers, such as hypoxia-inducible factor-1at or carbonic anhydrase
IX (CA IX), are expected to provide useful information concerning
hypoxia-driven angiogenesis in IDC of the pancreas.®**» However,
most tissue samples of IDC of the pancreas have been found
to be relatively hypovascular compared with the surrounding
pancreatic tissue.” Proliferating cancer cells require more nutrients
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than surrounding non-cancerous cells do, though nutrition is
supplied via functionally structurally immature neovessels. In
other words, because autonomous proliferating cancer cells are
often exposed to hypoxic conditions, autophagy is a ntarker of
malignant transformation under hypoxic stress. We speculate
that the important process for cancer cells might be autophagy
as hypoxia in pancreatic cancer has been reported to be a marker of
poor prognosis.&® :

Experimental evidence supports a role for autophagy in both
cancer development and suppression. Because autophagy-specific
genes promote the survival of normal cells during nutrient star-
vation in all eukaryotic organisms, autophagy may support the
survival of rapidly growing cancer cells that have outgrown their
vascular supply and are exposed to an inadequate oxygen supply
or metabolic stress. By contrast, excessive levels of autophagy
promote cell death, presumably via self-cannibalization. Antitumor
effects are observed at all levels of autophagy, in the form of
either cell death (when the autophagy level is very low or very
high) or cell death-independent tumor-suppressor effects (when
the autophagy level is intermediate).? There might be a balance
between the autophagy level and survival of rapidly growing
cancer cells if autophagy were turned on or off, according to the
nutritional status of cancer cells during the processes of growth,
invasion, and metastasis. In a previous study, we showed that
autophagosomes are produced actively and consumed promptly
in colorectal cancer cells during amino acid starvation, and
autophagosome formation was seen only in the tumor cells,
never in the adjacent non-cancerous cells. In other words, we
found that active autophagy contributes to cancer cell survival in
colorectal cancers both in vitro and in vivo.®

It is easy to speculate that the pathophysiological role of
autophagy in proliferating cancer cells varies with the type of
cancer cell. Autophagy is thought to react to the cancer micro-
environment, such as hypoxia and low nutrient supply. There
have been no reports of studies on how autophagy functions in
cancer tissue, comprising cancer cells and their microenvironment.
In the present study we extended our investigation to an in vivo
study of pancreatic cancer tissue and to elucidating the significance
of autophagy in cancer tissue.

Materials and Methods

Patients. The subjects of this study were 71 patients who
underwent curative pancreaticoduodenectomy at the National
Cancer Center Hospital East, Chiba, Japan between December 1992
and February 2004. The pathological diagnosis in every case
was IDC of the pancreas. The median age of the patients was
65 years (mean age 64.3 years), and 31 patients were women.
None of the patients received neo-adjuvant therapy before the
operation. Regional lymph node dissection was carried out in all
patients. None of the 71 patients received adjuvant therapy. All
patients agreed to enrollment in the study and each gave informed
consent. The institutional review board of the National Cancer
Center approved all protocols on the patients’ agreements.

Pathological examination. The resected specimens were fixed
in 10% formalin at room temperature, and the size and gross
appearance of the tumors were recorded. The entire tumor was
sectioned at intervals of approximately 0.5 cm, and all tumor-
containing sections were processed routinely and embedded in
paraffin. Serial sections of each tumor were cut and stained with
hematoxylin—eosin, and then examined to confirm the pathological
diagnosis. Elastica staining was used to examine them for blood
vessel infiltration.

Clinicopathological parameters. The prognostic value of the
following histological parameters was assessed in the present
study: (1) age (265 vs <65 years); (2) sex; (3) tumor size (23 vs
<3 cm); (4) predominant differentiation of the tumor (well,
moderately, or poorly differentiated); (5) lowest degree of tumor
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differentiation (well, moderately, or poorly differentiated); (6)
Iymphatic vessel infiltration (22 [score 2 or 3] vs <2 [score 0 or 11);
(7) blood vessel infiltration (22 [score 2 or 3] vs <2 [score O or 11);
(8) intrapancreatic neural invasion (22 [score 2 or 3] vs <2 [score 0
or 1]); (9) retroperitoneal invasion (absent vs present); (10) Inter-
national Union Against Cancer (UICC) pathological T (pT)

category (pT1, pT2, or pT3); (11) UICC pathological N (pN)

category (pNO vs pN1); (12) UICC pathological stage (pStage)
(=pStagellB vs <pStagellA); (13) tumor necrosis (absent vs
present); and (14) nerve plexus invasion (absent vs present).?®
Fourteen histological parameters were evaluated in this study
according to the UICC,®® World Health Organization,®” and the
Japan Pancreas Society.®™ Predominant and lowest differ-
entiation was evaluated according to the World Health Organization
classification.®” Tumor necrosis was defined as confluent cell death
in invasive areas of primary cancers, visible at an objective lens
magnification of x4,

Outcome. All 71 patients were followed for survival, and the
follow-up period was measured from the date of surgery to 29
November 2004. The median follow-up period was 371 days.
Overall, 34 patients were diagnosed with local recurrence, 31
patients with liver metastasis, and nine patients with peritoneal
metastasis during the follow-up period. Fifty-eight patients died
of their disease. Recurrence was defined as initial tumor recurrence.
Metastasis or local recurrence was considered as evidence of tumor
relapse, and only deaths from pancreatic cancer were considered
for the purposes of this study.

Immunohistochemical staining. The method of production of rabbit
polyclonal L.C3 antibody and of immunohistochemical staining for
LC3 have been described previously.®®) Formalin-fixed, paraffin-
embedded tissue sections containing the maximal cancer tissue
area were processed for immunohistochemical staining to enable
evaluation of the several clinicopathological factors described below.
Some representative cases were used for immunohistochemical
staining using rabbit polyclonal CA IX antibody (1 : 50 dilution)
(H-120; sc-25599; Santa Cruz Biotechnology) as a hypoxia
marker,*" to examine whether the tumor cells with enhanced
LC3 expression were under hypoxic stress.

Evaluation of LC3 expression level by immunohistochemical staining
using LC3 antibody. Because nerve cells stain positive for LC3
immunohistochemically,® we used the immunohistochemical
staining of nerve cells in the tissue as an internal positive control
to validate the immunohistochemical staining in each case. Cancer
cells whose staining intensity was equal to or stronger than that
of nerve cells were judged to be strongly positive, whereas those
whose staining was clearly weaker than that of the nerve cells
were judged to be weakly positive. Cancer cells that did not stain
positively for LC3 immunohistochemically despite a positive internal
control were judged to be negative. We selected sections containing
the maximal cancer tissue area that included the center of the
cancer tissue and the periphery and invasive border between the
cancer tissue and non-cancerous tissue. The midpoint between
the margin and the center of the cancer tissue was defined as the
border between the ‘peripheral area’ or ‘central area’. In other
words, the area outside the border and the area inside the border
were defined as the peripheral area or the central ared, respectively.
Thus, the peripheral area contained the invasive border of cancer
tissue. Figure 1 shows a schema of how the central area and the
peripheral area were defined for each tumor.

The dominant intensity level of LC3-positive cells was evaluated
in each central area and peripheral area as follows. The level of
intensity of LC3 staining in each area was determined by the per-
centage of cells that stained negative, weakly positive, and strongly
positive. When more than 50% of the LC3-positive cancer cells
were strongly positive for LC3 in each area (peripheral area and
central area), the area was evaluated as strongly positive, and when
more than 50% of the LC3-positive cancer cells were weakly
positive for L.C3, the area was designated weakly positive.
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Central area

Peripheral area

Fig. 1. The central area and the peripheral area of the pancreatic
cancer tissue, We mapped the margin of the tumor tissue area of each
case and drew a bold dotted line surrounding the tumor tissue area
using some slides covering the entire tumor tissue. The margin of
tumor tissue is shown as the bold dotted line. The center is decided
from the overview. The midpoint between the margin and the center
of the cancer tissue was defined as the border between the ‘peripheral
area’ or ‘central area’. As shown, the diameter (a small-dotted straight
black line) from the marginal bold dotted line of the tumor tissue to
the border line and the diameter (a black straight line) from the border
line to the center of the tumor tissue were the same. The border line
(a black curved line) was drawn so that the diameters were almost the
same inside the tumor tissue area. In other words, the area outside the
border and the area inside the border were defined as the ‘peripheral
area’ and the ‘central area’, respectively. Thus, the peripheral area
contained the invasive border of cancer tissue.

The cases were classified into three groups according to the
dominant overall intensity of the cancer tissue: negative, weakly
positive, or strongly positive. The dominant overall intensity in
each case was determined according to the predominant intensity
of LC3 positivity. When 30% of the cancer cells were weakly
positive and 40% were strongly positive, the predominant intensity
was recorded as strongly positive. One pathologist (S.F.) evaluated
all of the immunohistochemical slides in the present study,
and other pathologists (M.Y. and A.O.) also evaluated them to
validate the reproducibility of immunohistochemical analyses. -

The LC3 immunohistochemical staining factors were analyzed
statistically to examine the relationship between clinicopathological
factors, overall survival, and disease-free survival.

Statistical analysis. All methods of statistical analysis have been
described in a previous report.?® Overall survival curves and
disease-free survival curves were drawn using the Kaplan-Meier
method. During the overall survival and disease-free survival
periods, significant differences in the levels of LC3 expression
that were classified into two or three categories were examined
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using the log-rank test. In the present study, the clinicopathological
factors of pancreatic cancer were classified into two groups similar
to the previous study.®® The relationships between the level of LC3
expression and clinicopathological factors were examined using
the -test. The clinicopathological factors that were significantly
associated with the expression level of LC3 in the peripheral
area were further analyzed together in multivariate analyses using
the Cox proportional hazard regression model to identify the factors
that were most significantly associated with the tumor progression
of pancreatic cancer. The P-values were two-sided, and the
significance level was set at P < 0.05. All analyses were carried
out using the Statview-J 5.0 package, Windows version (SAS).

Results

LC3 is expressed in pancreatic cancer tissue. As imaging analyses
of pancreatic cancer invivo have shown that cancer tissue is
more hypovascular than the surrounding non-cancerous tissue,”
it is speculated that cancer cells use autophagy as a means of
nutrition. We evaluated autophagy in surgically resected pancreatic
cancer tissue by immunohistochemical staining with anti-LC3
antibody. Formalin-fixed and paraffin-embedded tissue samples
from 71 cases of IDC were processed for immunohistochemical
analysis, and L.C3 expression in the cancer tissue was assessed by
comparing it with the staining intensity of nerve cells in intra- or
peripancreatic tissue, which expresses LC3 consistently (Figs 2,3).
Most pancreatic cancer tissues stained positively for LC3. Weakly
or strongly positive expression of LC3 was observed in 62 of the
71 cases of IDC of the pancreas, but there were no positive cells

‘in the cancer tissue from the other nine cases. Table 1 compares

the intensity of LC3 expression between the peripheral area and
central area of the pancreatic cancer tissue. Intensity in the peripheral
area was negative, weakly positive, and strongly positive in nine
cases (12.7%), 23 cases (32.4%) and 39 cases (54.9%), respectively.
The peripheral area of the pancreatic cancer tissue was strongly
positive for LC3 expression in more than half of the cases examined
in the present study. The intensity in the central area was negative,

- weakly positive, and strongly positive in 17 cases (23.9%), 33 cases

(46.5%), and 21 cases (29.6%), respectively: The dominant overall
intensity of L.C3 expression (the most representative level of intensity
in the cancer tissue as a whole) was negative, weakly positive,

- and strongly positive in nine cases (12.7%), 31 cases (43.65%),

and 31 cases (43.65%), respectively (Table 1). Thus, the number
of cases in which the individual cancer cells were weakly or
strongly positive for LC3 was the same as the number of cases

<counted from the view of dominant overall intensity of LC3

expression.

We examined the difference in intensity level of LC3 expression
in the peripheral area and central area of the pancreatic cancer
tissue from all 71 cases (Table 2). We classified the pattern of
intensity level into three groups according to whether the periph-
eral or central area contained more cells that stained immuno-
histochemically positive for LC3: (1) peripheral > central; (2)
peripheral = central; and (3) peripheral < central. The peripheral
intensity level of LC3 staining was stronger in 25 (40.3%) of the
62 cases that were positive for LC3 expression, and weaker in
only two cases (3.2%), and LC3 expression in the peripheral area
and central area was the same in 35 cases (56.5%). There was a
trend toward a stronger level of intensity of LC3 expression in
the peripheral area of the pancreatic cancer tissue, which included
the invasive border.

To address the question of whether peripheral tumor cells
with enhanced LC3 expression are under hypoxic stress, we
carried out immunohistochemical staining using CA IX as a hypoxia
marker on some representative cases. The results showed that in
some cases the tumor cells with strong LC3 expression at the
peripheral area concomitantly showed enhanced expression of
CA IX (Fig. 4).
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Fig. 2. LC3 protein was detected in pancreatic
cancer tissue by immunohistochemical staining with
LC3 antibody. Cancer tissue stained immunohis-
tochemically with LC3 antibody and corresponding
hematoxylin-eosin (HE)-stained sections are shown.
A nerve cell (Nv) was used as an internal positive
control to validate immunohistocheimical staining
and evaluate the level of intensity of LC3 expression.
The inserts are the photographs at higher magnifi-
cation. (a) The cancer cells that stained as or more
intensely for LC3 than the nerve cells were recorded
as strongly positive. (b) The cancer cells that stained
less intensely for LC3 than the nerve cells were
recorded as weakly positive.

Fig. 3. A representative pancreatic tumor is shown.
Cancer tissue (d-f) stained immunohistochemically
with LC3 antibody and (a—) corresponding
hematoxylin-eosin (HE)-stained sections are shown.
The peripheral area of the pancreatic cancer tissue
(Pe) is more strongly positive for LC3 protein than
the central area (Ce). Mp, main pancreatic duct;
Ny, nerve cell.

Table 1. Intensity level of LC3 expression between the peripheral area and central area of the pancreatic cancer tissue, and the dominant overall

intensity of LC3 expression of the pancreatic cancer tissue

Dominant intensity in

Dominant intensity in Dominant overall

Staining the peripheral area (%) the central area (%) intensity (%)
Negative 9(12.7) 17 (23.9) 9 (12.7)
Weakly positive 23 (32.4) 33 (46.5) 31 (43.65)
Strongly positve 39 (54.9) 21 (29.6) 31 (43.65)
Total cases 71 (100) 71 {100) 71 (100)

Table 2. Differences in the intensity level of LC3 expression in the
peripheral area and central area of the pancreatic cancer tissue

Pattern of intensity level

No. cases Peripheral Peripheral Peripheral

> central (%) = central (%) < central (%)
62 25 (40.3) 35 (56.5) 2 (3.2)
1816

Strong expression of LC3 in the peripheral area of the cancer tissue
correlates with poor outcome and a short disease-free period. We
analyzed the relationship between the intensity of LC3 expression
(negative, weakly positive, strongly positive) in the peripheral
area of pancreatic cancer tissue and overall survival. There was
a trend toward the group with a strongly positive peripheral area
to have a poor outcome (P = 0.0579) (Fig. 5a). We speculated that
the cells strongly positive for LC3 in the peripheral area of the
cancer tissue have a significant role in the characteristics of
aggressive pancreas cancers and we divided the cases into two
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' Fig.4 Tumor cells with enhanced LC3 expression

at the peripheral area concomitantly expressed
carbonic anhydrase X (CA IX) as a hypoxia marker.
Three photographs of a representative case are
shown (hematoxylin-eosin and CA IX and LC3
expression by immununohistochemical staining).
The black arrows show the peripheral nerve at
the peripheral area of the tumor tissue and
which served as a positive internal control of LC3
expression.
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Fig. 5. Overall survival curves and disease-free curve according to the level of intensity of LC3 protein expression in the peripheral area and the
dominant overall intensity of LC3 expression. (a) Overall survival curves according to the level of intensity of LC3 expression in the peripheral area
of the cancer tissue in a negative group, weakly positive group, and strongly positive group. There was a trend for patients with strongly positive
expression of LC3 protein to have a poor outcome (P=0.0579). (b) Overall survival curves according to the level of intensity of LC3 protein
expression in the peripheral area of the cancer tissue in the negative and weakly positive group and the strongly positive group. The group with
strongly positive expression of LC3 protein had a significantly shorter survival time (P=0.0170). (¢) Overall survival curves according to the
dominant overall intensity of LC3 protein expression in the negative and weakly positive group and the strongly positive group. The group with
strongly positive expression of LC3 protein had a significantly shorter survival time (P =0.0301). (d) Disease-free curves according to the level of
intensity of LC3 protein expression in the peripheral area of the cancer tissue in the negative and weakly positive group and the strongly positive
group. The group with strongly positive expression of LC3 protein in the peripheral area of the cancer tissue had a significantly shorter disease-

free period (P=0.0118).

groups, a negative or weakly positive group and a strongly positive
group, according to the results for staining in the peripheral area.
Interestingly, there was a significant correlation between the level
of intensity of L.C3 expression in the peripheral area of the cancer
tissue and poor outcome (P =0.0170) (Fig. 5b). Moreover, cases
in which the dominant overall intensity of LC3 expression was
strongly positive had a poorer outcome than the group in which
the dominant overall intensity was weakly positive or negative
(P =0.0301) (Fig. 5c). Cases with a strongly positive intensity level
in the peripheral area of the cancer tissue had a significantly
shorter disease-free period than the cases with a negative or weakly
positive intensity level (P =0.0118) (Fig. 5d).

LC3 expression is correlated with clinicopathological factors, including
tumor necrosis, differentiation, blood vessel infiltration, and tumor
necrosis. In our sfudy, there were significant correlations between
a strong intensity of LC3 expression in the peripheral area, which
included the invasive border, and a poor outcome and short disease-
free survival time. In the next step, we investigated the relationship
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between LC3 expression and clinicopathological factors, including
age, sex, tumor size, predominant differentiation, lowest differ-
entiation, lymphatic vessel infiltration, blood vessel infiltration,
intrapancreatic neural invasion, retroperitoneal invasion, UICC pT,
UICC pN, UICC pStage, tumor necrosis, and nerve plexus invasion.
The results showed significant correlations between the intensity
level of LC3 expression in the peripheral area of the tumor and tumor
size, predominant differentiation, lowest degree of differentiation,
blood vessel infiltration, and tumor necrosis (P < 0.05) (Table 3),
and two of the most significant correlations were with tumor size
(P =0.0098) or tumor necrosis (P =0.0127) (Table 3).
Multivariate analyses of parameters significantly associated with
overall survival. We carried out multivariate analyses to investigate
the prognostic value of tumor size greater than 3.0 cm, predominantly
poor differentiation, lowest degree of differentiation, 2 or 3 degrees
of blood vessel infiltration, tumor necrosis and strongly positive
intensity at the peripheral area, but only tumor size greater than
3.0 cm significantly increased the hazard ratio for overall survival
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Table 3. Relationship between LC3 expression and clinicopathological
factors of pancreatic cancer

LC3 expression

No. cases P-value
N W S
Age
<65 years 37 3 10 24
265 years 34 6 13 15 0.1875
Sex
Male 40 5 13 22
Female 31 4 10 17 0.9987
Tumor size
<3.0cm 34 3 17 14
23.0 cm 37 6 6 25 0.0098
Predominant differentiation
Well 25 5 13 7
Moderately 37 3 8 26 00227
Poorly 9 1 2 6
Lowest differentiation
Well 8 2 5 A
Moderately 27 2 11 14 0.0431
Poorly 36 5 7 24
Lymphatic vessel infiltration
Oor1 50 6 19 25
2or3 21 3 4 14 0.2940
Blood vessel infiltration
Oor1 7 1 5 1
2or3 64 8 18 38 0.0497
Intrapancreatic neural invasion
Oort 20 3 6 11
20r3 51 6 17 28 0.1680
Retroperitoneal invasion
Qor1 27 4 12 11
2or3 44 5 11 28 0.1567
uIcC pT
pT1 or pT2 4 1 1 2
pT3 67 8 22 37 0.7415
UICC pN
pNO 11 2 5 4
pN1 60 7 18 35 0.4038
UICC pStage
IA/IB/IA 14 2 6 6
HB/IV 57 7 17 33 0.5805
Tumor necrosis
Absent 50 7 21 22
Present 21 2 .2 17 0.0127
Nerve plexus invasion
Absent ' 26 3 9 14
Present 45 6 14 25 0.9450

N, negative; S, strongly positive; W, weakly positive.

(P =0.0018, hazard ratio=2.8, 95% confidence interval = 1.4-5.2),
None of the other factors significantly increased the hazard ratio
for overall survival in the multivariate analyses.

Discussion

The clinicopathological significance of autophagy in cancer pro-
gression has remained unclear, and the role of autophagy in cell
fate decisions remains a matter of controversy. Autophagy has
been regarded as playing a role in providing nutrients by degrading
existing cellular components. It is referred to as a recycling of
cell constituents and an adaptive response to various cell stresses,
such as energy deficiency.!” Recently, the role of autophagy has
also been shown to be an indispensable physiological reaction in
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caspase-independent programmed cell death (autophagic death),
and autophagic cell death has been found to eliminate damaged
and harmful cells, such as cancer cells damaged by anticancer
reagents and cells infected with pathogenic microorganisms,#03
Paradoxically, autophagy has been proposed to be an indispensable
physiological reaction for sustaining cell viability under nutrient-
starved conditions."? In our previous study, we showed that
colorectal cancer cells harbor functional autophagic machinery
and that the autophagic machinery functions to prolong cell
survival during shortages of nutrients.®” The membrane-bound
LC3-II protein level is used as a marker of autophagosome
formation. We detected 1.C3-II by western blotting with the anti-
LC3 antibody used in the previous study, and LC3 protein has
also been detected in colon cancer cells by immunohistochemical
staining.® We demonstrated that LC3 protein detected by immuno-
histochemical staining coincided with the localization of auto-
phagosomes in colon cancer tissue specimens containing L.C3
protein by electron microscopy and that autophagy contributes
directly to cancer cell survival during nutrient starvation,®” In a
previous experiment, both an autolysosomal protease inhibitor
and 3-methyladenine, an inhibitor of autophagosome formation,
induced marked apoptotic death in all colorectal cancer cells
examined.”?> However, the significance of excess expression of
autophagic machinery in cancer tissue samples remained unclear.
In the present study we showed that LC3 positivity of pancreatic
cancer tissue was correlated with poor overall survival and a
shorter disease-free period. Constitutive formation of autophago-
somes in cancer cells may contribute to cell survival in the harsh
cancer microenvironments in which cancers are known to progress.

On the other hand, autophagy may not be a causal step in
malignant transformation at the cellular level and may instead
be an indicator of a poor blood supply in the cancer microenvi-
ronment.®? Interestingly, however, significant associations were
found between the LC3 expression level in the peripheral area,
which included the invasive margin, and several clinicopatholog-
ical factors, including tumor size, predominant differentiation,
lowest differentiation, blood vessel infiltration, and tumor necrosis.
Multivariate analyses showed that the LC3 expression level in
the peripheral area was not an independent prognostic factor, but
that tumor size greater than 3.0 cm, which was the factor most
significantly correlated with LC3 expression (P = 0.0098, Table 3),
was significantly associated with poor overall survival. Moreover,
there was a correlation between tumor necrosis and strong expression
of LC3 in pancreatic cancer tissue (P =0.0127; Table 3). Two
cases showed decreased intensity of LC3- expression by immu-
nohistochemical staining at the peripheral area (Table 2). Both
of them showed an absence of tumor necrosis and the sizes of
both tumors were less than 3 cm. Nine cases were totally negative
for LC3 expression (Table 3). Only two cases (2.8%) were negative
for LC3 expression and tumor necrosis, whereas 19 cases (26.8%)
were positive for LC3 expression and tumor necrosis, Six cases
(8.5%) were negative for LC3 expression and had a tumor size
of 3.0 cm < 0. Twenty-five cases (35.2%) were positive for LC3
expression and had a tumor size of <3.0 cm. Negative cases showed
lesser tumor size (<3.0 cm) and an absence of tumor necrosis with
significant correlations. These results suggest the functional
significance of autophagy in pancreatic cancer tissue. This obser-
vation indicates that autophagy may promote cell viability in
hypovascular pancreatic cancer tissue, where only limited oxygen
and nutrient supplies would be expected. To address the question
of whether peripheral tumor cells with enhanced LC3 expression
are under hypoxic stress, we carried out immunohistochemical
staining using CA IX as a hypoxia marker on some representative
cases. There were some cases whose tumor cells with strong LC3
expression at the peripheral area showed concomitant enhanced
expression of CA IX (Fig. 4). However, further studies are needed
to address the relationship between autophagy and hypoxia,
angiogenesis, and nutrient starvation by investigating a large

doi: 10.1111/1.1349-7006.2008.00893.x
© 2008 Japanese Cancer Association



number of cases and many kinds of cancer tissues. No L.C3 expres-
sion was detected in the non-cancerous ductal epithelium of the
pancreas in the present study (data not shown). We do not understand
this discrepancy if autophagy is regarded as just a physiological
response to poor blood supply. Moreover, as LC3 expression was
significantly correlated with various clinicopathological factors,
further study will be needed to determine its significance in
relation to the malignant character of cancer cells.

Based on all of the above, taken together, we conclude that
activated autophagy is associated with pancreatic cancer cells
and that LC3 expression by pancreatic cancer cells is signifi-
cantly correlated with a poor outcome. This is the first study to
show the clinicopathological significance of autophagy in relation
to a poor outcome and associations with clinicopathological
parameters. It is speculated that autophagy may play a variety of
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pathophysiological roles in carcinogenesis, cancer progression,
and metastasis, and that its role may vary with the cancer cell
type due to differences in the characters of the cancer cells
themselves and the microenvironment of the cancer tissue. To
better understand the autophagic machinery for cancer cell sur-
vival related to carcinogenesis and cancer progression, we plan
to extend our investigation to other cancer cell types by using
cancer tissue samples.
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Loss of Pten, a tumor suppressor, causes the strong inhibition
of autophagy without affecting LC3 lipidation
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IPten (phosphatase and tensin homolog deleted on chromo-
some ten), a tumor suppressor, is a phosphatase with a variety of
substrate specificities. Its function as a negative regulator of the
class 1 phosphatidyl-inésitol 3-kinase/Akt pathway antagonizes
insulin-dependent cell signaling. The targeted deletion of Pten in
mouse liver leads to insulin hypersensitivity and the upregulation
of the phosphatidyl-inositol 3-kinase/Akt signaling pathway. In this
study, we investigated the effects of Pten deficiency on autophagy,
a major cellular degradative system responsible for the turnover
of cell constituents. The autophagic degradation of [4C]-leucine-
labeled proteins of hepatocytes isolated from Pten-deficient livers
was strongly inhibited, compared with that of control hepatocytes.
However, no significant difference was found in the levels of the
Atgl2-Atg5 conjugate and LC3-1I, the lipidated form of LC3, an
intrinsic autophagosomal membrane marker, between control and
Pten-deficient livers. Electron microsopic analyses showed that
numerous autophagic vacuoles (autophagosomes plus autolyso-
somes) were present in the livers of control mice that had been
starved for 48 hours, whereas they were markedly reduced in Pten-
deficient livers under the same conditions. In vivo administration
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of leupeptin to control livers caused the inhibition of autophag
proteolysis, resulting in the accumulation of autolysosomes. The:
autolysosomes could be separated as a denser autolysosom:
fraction from other cell membranes by Percoll density gradier
centrifugation. In leupeptin-administered mutant livers, howeve
the accumulation of denser autolysosomes was reduced substar
tially. Collectively, we conclude that enhanced insulin signaling i
Pten deficiency suppresses autophagy at the formation and matur:
tion steps of autophagosomes, without inhibiting ATG conjugatic
reactions.

Introduction

Insulin plays a critical role in controlling glucose and lipid metal
olism in liver, muscle and adipose tissues. In muscle and adipo.
tissue, insulin promotes glucose uptake from circulating blood 1
cells, resulting in a decrease in blood glucose levels. In liver, insuli
stimulates glycogen synthesis, glycolysis, fatty' acid synthesis ar
protein synthesis. The binding of insulin to insulin receptors induc
a series of complex cell signaling pathways, in which the class I pho
phatidylinositol 3-kinase (PI3-kinase)/Akt plays a key role, upstrea:
in the pathway. The insulin signal causes the activation of class
PI3-kinase.!3 Activated class I PI3-kinase phosphorylates phosphat
dylinositol 4-phosphate and phosphatidylinositol (4,5)-bisphospha
(PtdIns(4,5)P,) to form phosphatidylinositol (3,4)-bisphospha
(PtdIns(3,4)P,) and phosphatidylinositol (3,4,5)-trisphospha
(PedIns(3,4,5)P5), respectively.4 Both PtdIns(3,4)P, andPtdIns(3,4,:
P, bind to Akt (protein kinase B) and its activator phosphoinositid
dependent kinase-1.5¢ Activated Akt is required for the subseques
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inactivation of glycogen synthase kinase 3P, which eventually leads
to the stimulation of glycogen synthesis and fatty acid synthesis.”
Activated Ake also stimulates the mTor /P70S6-kinase pathway,
the activation of which is required for the initiation of protein
synthesis.®? Pten is a tumor suppressor, with multifunctional phos-
phatase activity.!? Pten specifically dephosphorylates PtdIns(3,4,5)P,
to produce PtdIns(4,5)P,, thus functioning as a negative regulator of
the class 1 PI3-kinase/Akt pathway.!! It has been reported that Pten
is frequently mutated in many cancer cells. The inactivation of Pten
results in hyper activation of the class I PI3-kinase/Akt pathway,
which is closely correlated with the dysregulation of cell prolifera-
tion.

Autophagy is a catabolic system that plays a major role in the
turnover of cell constituents, including organelles and cytosolic
proteins.!?13 Autophagy has been most fully investigated in the liver.
Under nutrient-rich conditions, autophagy proceeds at the basal rate
(~1.5% of total liver protein/hour). Under starvation conditions, the
rate is enhanced ~3-fold to a maximal level (-4-5% of the total liver
protein/hour).4 In nutrient starved cells, numerous autophagosomes
engulfing cytoplasmic organelles (mitochondria, endoplasmic retic-
ulum, ribosomes, etc.,) and soluble cytosolic proteins are formed.
The autophagosome then fuses with a lysosome to mature into an
autolysosome, in which sequestered cytoplasmic components are
degraded by lysosomal hydrolases. More than 20 ATG genes that
are essential for autophagy have been identified and characterized to
date.!>1¢ Many of the ATG genes play pivotal roles in two ubiquity-
lation-like protein conjugation systems.

Autophagy is distinctly controlled by two different classes of
PI3-kinase.!” The stimulation of class I PI3-kinase activity inhibits
autophagy, whereas the class III PI3-kinase that phosphorylates
PtdIns to produce PtdIns(3)-phosphate is required for autophagy.
It has been reported that feeding HT-29 cells with synthetic
lipids dipalmitoyl PtdIns(3,4)P, and dipalmitoyl PtdIns(3,4,5)P,
or the activation of class I PI3-kinase by interleukine 13 causes
a significant inhibition in autophagy, whereas feeding synthetic
dipalmitoyl PtdIns(3)-phosphate, a class III PI3-kinase product,
stimulates autophagy.!® In fact, the overexpression of wild-type
Pten in HT-29 cells reversed the inhibitory effect of autophagy by
interleukine 13, whereas the overexpression of a mutant form' of
Pten, which lacks phosphoinositide phosphatase activity, failed to
reverse the inhibition of autophagy.!® In addition, overexpression
of the constitutively active form of Akt in HT-29 cells caused the
inhibition of autophagy, whereas the overexpression of the consti-
tutively inactive form of Akt caused the activation of autophagy.!?
These results suggest that the signaling pathway downstream
from Akt is important for the negative control of autophagy. In
the yeast Saccharomyces cerevisiae, PI3-kinase Vps34 forms two
distinct protein complexes. One complex, comprised of Vps34/
Vps15/Atg6(Vps30)/Vps38, functions in post-Golgi membrane
transport and the other complex, comprised of Vps34/Vps15/
Atg6(Vps30)/Atgl4, functions in autophagy.20 In mammals, class
III PI3-kinase, a mammalian homologue of yeast Vps34, forms a
complex with beclin 1{mammalian Atg6 homologue) in the trans
Golgi network?! and this complex formation has been shown to
be essential for autophagy.?!?? In contrast to the essential role of
the class 1II PI3-kinase in autophagy, the molecular mechanism, by
which autophagy is inhibited by the class I PI3-kinase, is not fully

www.landesbioscience.com

understood. In particular, little is known as to which of the three
steps of autophagy, i.e., autophagosome formation, the maturatior
of autophagosomes into autolysosomes, and autolysosomal degrada:
tion, is most affected by the stimulation of the class I PI3-kinase/Ak
pathway. In order to address this issue, we identified an anima
model in which the class I PI3-kinase is constitutively activated
thus permitting autophagy to be suppressed, irrespective of the
nutrient conditions.

Hepatocyte-specific Pten-deficient mice were a useful experi-
mental system for investigating the effects of hyper activation of the
class I PI3-kinase/Akt pathway on metabolism.?>24 As expected, the
loss of Pten function elicited insulin hypersensitivity with elevatec
levels of phosphorylated Akt and led to tumorigenesis, the develop-
ment of adenomas and hepatocellular carcinomas.?* Unexpectedly
the Pren deficiency induced diverse genes that are involved in fatty
acid synthesis and B-oxidation, resulting in a fatty liver and stearo-
hepatitis with accumulated triglycerides.??>4 Using this anima
model, we investigated the effects of a Pten deficiency on hepatocyte
autophagy, focusing our attention on each step of autophagy, i.e., the
formation of autophagosomes, the maturation of autophagosome:
into autolysosomes, and autolysosomal degradation.

Results

Degradation of long-lived proteins under starvation conditions
To assess quantitative effects of Pten deficiency on autophagy, we
first examined the degradation of long-lived proteins of culturec
hepatocytes. Figure 1A summarizes the data for the degradation of
long-lived hepatocyte proteins labeled with 4C-leucine for 22 h. Ir
control hepatocytes, the degradation was markedly enhanced unde
starvation conditions (upper left-side box, lane A vs. upper right
side box, lane A). Under starvation conditions, the degradation was
effectively inhibited in the presence of 3-methyladenine, a specific
inhibitor of autophagy (lane B), E64d plus pepstatin, lysosoma
proteinase inhibitors (lane C), 5 mM methylamine (lane D) anc
20 mM NH,CI (lane F) that neutralize lysosomal lumenal pH. The
simultaneous addition of E64d plus pepstatin and methylamine o
NH,CI to the chase medium maximally inhibited protein degrada-
tion (lanes E and G). In contrast, the degradation in Pten-deficien
hepatocytes was substantially inhibited. No large difference wa:
found between starved and non-starved conditions and, the fractior
of degradation sensitive to lysosomal proteinase inhibitors in Pten-
deficient hepatocytes (-3—4% under starvation conditions, lowes
lefe-side box) was much smaller than that in control hepatocyte:
(~7-8% under starvation conditions, upper left-side box). These dat:
clearly demonstrate that autophagic protein degradation is markedly
diminished in Pten-deficient hepatocytes.

The magnitude of the inhibition of autophagic protein degradatior
in Pten-deficient hepatocytes was comparable to that of autophagy-
deficient hepatocytes, in which Atg7, an El-like enzyme, which i
essential for autophagy, was deleted.34 It is generally thought tha
the activation of Akt stimulates the mTor /P70S6-kinase pathway
the activation of which causes the suppression of autophagy.!” W
therefore reasoned that the inhibition of autophagy could be medi-
ated through activation of the mTor/P70S6-kinase pathway by «
Pten-deficiency. We surveyed the phosphorylation state of Akt
the ribosomal S6 subunit, and initiation factor 4E-binding proteir
by immunoblotting (Fig. 1B). As expected, all of these molecule:
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Figure 1. Degradation of longlived proteins of control and Pten-deficient hepatocytes under
starved and non-starved conditions. {A} Hepatocytes isolated from control and Pten-deficient liv-
ers were cultured in Williams E/10% FCS. The cells were then incubated with Williams E/10%
FCS containing ['4CHeucine {0.5 uCi/ml) for 22 h to label the longlived proteins. The cells
were then washed with Williams E/10% FCS containing 2 mM unlabelled leucine and incubated
with the medium for 2 hours. The cells were washed with PBS and incubated for 4 hours with
either KrebsRinger bicarbonate buffer (leftside boxes, starved) or Williams E/10% FCS {right-
side boxes, non-starved} in the presence {lanes B to G} or absence {lane A} of various inhibitors.
The inhibitors added were: 10 mM 3-methyladenine {lane B}, 10 pg/ml E64d and 10 pg/ml
pepstatin {lane C), 5 mM methylamine {lane D}, 5 mM methylamine plus 10 pg/m! E64d and 10
ng/ml pepstatin {lane E), 20 mM NH,CI {lane F} and 20 mM NH,Cl plus 10 pg/ml Eé4d and
10 pg/ml pepstatin {lane G}. At the end of the incubation, trichloroacetic acid-soluble radioactiv-
ity released in the medium and trichloroacetic acid-insoluble radioactivity remaining in the cells
were determined separately as described in Materials and Methods, Degradation (% of total)
determined in triplicate assay, is expressed as the mean (%) = S.D. (B} Whole liver lysates from
control [+/+) and Pten-deficient {-/-) mice starved for 12 h were separated in SDS-polyacrylamide
gels and the separated proteins were electrophorefically transferred to a PYDF membrane. Pten,
Akt, phosphorylated Akt, phosphorylated ribosomal S6 and inifiation factor 4E-binding protein
were determined by immunoblotting analysis using respective antibodies. (C} Longived proteins
of conirol and Pten-deficeint hepatocytes were labeled with [14ClHeucine {0.5 pCi/ml}, chased
with Williams E/10% FCS containing 2 mM unlabelled leucine for 2 h, and incubated with either
Krebs-Ringer bicarbonate buffer (KRB) or Williams E/10% FCS in the presence of absence of 0.2
mM rapamycin for 4 hours. Degradation (% of fotal) determined in triplicate is expressed as the
mean (%} = S.D.

694 Autophagy

were in the phosphorylated state in starved Pten
deficient livers, while they were dephosphorylate.
in control livers (Fig. 1B).

We next tested whether or not rapamyci
could enhance autophagic protein degradatio.
in Pten-deficient hepatocytes under nutrient-ric
conditions. Rapamycin is known to inactivat
mTor and induce autophagy even under nutrient
rich conditions. When rapamycin was adde
to the chase medium under both starved an
non-starved conditions, rapamycin substar
tially enhanced protein degradation in contrc
hepatocytes under non-starved conditions to
level almost equivalent to that obtained unde
starved conditions. In contrast, no_ significar
enhancement was observed with Pten-deficier
hepatocytes under both starved and non-starve
conditions (Fig. 1C). Thus, inactivation of mTo
P70S6-kinase pathway by rapamycin was nc
sufficient for reversing autophagy suppression i
Pten-deficient livers.

Expression of ATG genes in wild type an
Pten-deficient livers. We next examined the poss
bility that hyper-activation of Akt in Pten-deficier
livers may suppress the expression of ATG. .
comprehensive DNA microarray using mRN.
isolated from control and Pten-deficient mou:
hepatocytes revealed. that expression of som
ATG genes was substantially decreased in mutar
hepatocytes, compared with control hepatocyu
(data not shown). This was further confirme

- by RT-PCR analysis (Fig. 24). ATG7, ATG3 an

ATGIO0 are genes that encode El-like enzym
(Atg7) and E2-like enzymes (Atg3 and Atgl0
respectively, which participate in the autophag
specific protein conjugation system.!>!6 The
expression was decreased by 20-60% in Pter
deficient hepatocytes, compared with contr
hepatocytes. The expression of two gene
ATGI12 and MAP-LC3, which encode modifie
(Atgl2 and LC3) of the two ATG conjugatio
systems, was also decreased to less than 50% i
mutant hepatocytes, whereas expression of ATG
(BECLIN) and ATG16 was less affected. Thus,
Pten-deficiency or hyper-activation of the class
P13-kinase/Akt pathway elicited the downregul:
tion of transcription of some ATG genes that a
essential to autophagy.

The decrease in the transcription level of the.
ATG genes, however, did not parallel the chang
in protein levels of the ATG gene product
Figure 2B shows immunoblotting analyses da
for liver homogenates. A Pten-deficiency cause
hepatomegaly?324
mutant livers was increased by 30-50%, compare
with that of control livers. Therefore, the amoun
of protein loaded onto SDS-polyacrylamide ge

and the total liver protein «
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were arranged so that the levels of ATG gene products per liver
could be directly compared. Contrary to the data on message levels
(Fig. 2A), significantly more Atg7, Atg3, Atgl0 and Argl2-Arg5
conjugate were present in Pten deficient livers than in control
livers (Fig. 2B). This was also the case for LC3 expression between
control and mutant livers. Intriguingly, both LC3-I and LC3-1I were
present in Pten-deficient livers and in the control livers, LC3-T is a
soluble form with a free carboxyl terminal glycine, while LC3-I1 is
a lipidated form with its carboxyl-terminal glycine conjugated with
phosphatidylethanolamine. Since it is the latter form of LC3 that is
recruited onto autophagosomal membranes, the results indicate that
autophagy-specific protein conjugation reactions function normally
in Pten-deficient livers. In order to examine intracellular distribution
of LC3-I and LC3-I, liver homogenate was separated in mitochon-
drial/lysosomal, microsomal and cytosolic fractions (Fig. 2C). There
was no significant difference in the distribution of LC3-I and LC3-1I
between control and Pten-deficient livers. LC3-1I was most abun-
dant in mitochondrial/lysosomal fraction, whereas LC3-I was mainly
present in the cytosolic fraction (Fig. 2C).

Morphological analysis of autophagic vacuoles in wild type and
Pten-deficient livers. As LC3-II was expressed normally in mutant
livers, it is important to determine whether or not autophagosomes
can be formed in mutant livers under starvation conditions. The
administration of leupeptin, a potent inhibitor of lysosomal cysteine
proteinases, to rats and mice is known to cause the accumulation of
autophagic vacuoles (autophagosomes and autolysosomes) by inhib-
iting lysosomal proteolysis.35‘37 We therefore injected leupeptin, as
described in the Materials and Methods section, into both control
and mutant mice that had been starved for 48 hours. One hour after
the injection, the livers were subjected to perfusion-fixation with
glutaraldehyde and examined by electron microsopy. Figure 3 shows
that autophagic vacuoles were abundantly present in control livers
(A and C), but only a few were observed in mutant livers (B and C).
Morphometry revealed that the number of autophagic vacuoles per
100 um? of hepatocyte cytoplasm in control livers is 44.37 + 13.66
(mean + S.D., n = 30) whereas that in mutant livers is 11.78 + 8.6
(mean + S.D., n = 30) (Fig. 3E). Interestingly, some vacuoles in
mutant livers possessed lumenal structures with sequestered compo-
nents shrunken to the center of the vacuoles (Fig. 3D, arrows). In
contrast, the sequestered components in most of the vacuoles in
control livers appeared to have blurred lumenal structures, suggesting
that the vacuoles consist of typical autolysosomes. Thus, the accumu-
lation of autophagic vacuoles is severely hindered in Pten-deficient
livers, compared with control livers, consistent with biochemical
data showing that the starvation-enhanced degradation of long-lived
protein is markedly suppressed by the loss of Pten.

Assessment of autolysosomes in control and mutant livers. The
decreased number of autophagic vacuoles may reflect a reduction
in autophagosome formation and/or the retardation of autophago-
some maturation to autolysosome. Because the levels of LC3-I],
an autophgaosomal membrane marker, were slightly increased, but
total number of autophagic vacuoles was markedly decreased in
Pten-deficient livers, compared to control livers, we hypothesized
that the autophagy dysfunction in the Pten-deficiency could be
primarily attributed to an impairment in autophagosome formation.
Additionally, another possibility for an impairment of autophago-
some maturation into autolysosome should also be considered. In
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Figure 2. Expression of ATG gene products in conirol and Pien-deficien
livers. {A} Messenger RNAs exiracted from control and Pten-deficient liver:
were subjected to RT-PCR analysis as described in Materials and Methods
The expression levels of mRNAs were defermined for some representative
ATG genes and the ratios of the levels between Pten-deficient livers (KO
and control livers {Control) were plotied. (B} Immunoblotting was performec
with whole cell lysates from control and Plen-deficient livers. As the total livel
protein of mutant livers was 1.3-fold higher than that of control livers due
to hepatomegaly, 26 ug protein of mutant liver lysate and 20 g protein o
control lysate were run in 10% or 12.5% SDS-polyacrylamide gels and the
separated polypeptides were subjected to immunoblotting analyses. Dalc
shown are representative of three separate experiments. Quantitative densi
tometry was performed using NIH imaging system. As for LC3, the data fo:
LC3-Hf are shown. [C) Mitochondrial/lysosomal {ML), microsomal {MS), anc
cytosol (S} fractions were isolated from normal and Pten-deficient livers a
described in Materials and Metheds. Twenty five microgram protein of eact
fraction was separated on 12.5% SDS-polyacrylamide gels and subjected 1
immunoblotting analysis using anti-LC3 antibedy.
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Figure 3. Electron microscopic examination of control and Plen-deficient liv-
ers. Normal control and liver-specific Pten-deficeint mice were starved for 48
hours and leupepfin (0.15 mg/10 g body weight] was injected intraperitone-
ally. One hour later, the livers were perfusion-fixed and subjected to electron
microscopic analyses as described in Materials and Methods. Autophagic
vacuoles accumulating in the cytoplasm of conirol hepatocytes (A and C}
and mutant hepatocytes (B and D) are shown by arrowheads. Bar, 1 pm. E.
Morphometric analysis of autophagic vacuoles was performed with 30 differ-
ent areas of the cytoplasm of control and mutant hepatocytes. Numbers of the
vacuoles per 100 pm? cytoplasm were expressed as the mean + S.D.

order to examine this possibility further, we conducted a density-shift
assay of autolysosomes on Percoll gradients. '
When leupeptin was intraperitoneally administered to starved rats
or mice, it was preferentially incorporated into hepatocyte lysosomes,
eliciting considerable inhibition of autolysosomal proteolysis.3>-
41 As a consequence, autolysosomal turnover was also inhibited,
resulting in the accumulation of autolysosomes holding sequestered
components in their lumen 334! Due to the accumulated autophagic
substrates in the lumen, the density of these autolysosomes was
higher than other cell organelles and membranes, thus enabling them
to be separated by Percoll gradient centrifugation.3%4! We isolated
mitochondrial/lysosomal fractions from leupeptin-administered
control and mutant livers. The mitochondrial/lysosomal fraction,
as isolated, was loaded onto isotonic 53% Percoll and centrifuged as
described in the Materials and Methods section. As the distibution
of lysosomal B-hexosaminidase activity as well as LGP85 and LC3-1I
shows, the denser autolysosomes were separated in fractions No. 1
to No.8 (Fig. 4A, left) in the control livers. More than 60% of the
B-hexosaminidase activity was recovered in the lower autolysosomal
fractions. In contrast, the accumulation of denser autolysosomes was
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Figure 4. Density-shift of leupeptin-inhibited autolysosomes revealed t
Percoll gradient centrifugation. [A) Lliver mitochondrial/lysosomal fractic
{35 mg protein) isolated from control {+/+} and Pten-deficient -/ mic

. starved for 48 hours was loaded onto 53% Percoll in 5 mM TesNaOH (p

7.5)0.3 M sucrose and centrifuged at 50,000 x g for 40 min. After centril
gation, 1.5 ml fractions were collected from the bottom {No. 1) to the fc
{No. 17). Beta-hexosaminidase activity was assayed and plotted in upp
line graphs. Total activity recovered was 565 pmole/min (control) and 4
pmole/min (Pten-deficient), respeciively. Distribution of LGP85, LC3AI, ar
the p32 fragment of BHMT {p32) in the denser autolysosome fractions {N
1-No. 8) were determined by immunoblotting andlysis. (B} Schematic pr
sentafion showing how a p32 fragment of BHMT accumulates in leupepti
treated autolysosomes. In the absence of leupeptin, the BHMT sequestere
in autophagosomes is completely degraded upon fusion of autophagosom:
with the lysosomes to form auiolysosomes {upper route}. In the presence

leupeptin, BHMT is degraded to form a 32 k-Da fragment, which remains

the autolysosomal lumen {lower route). For details, see reference 27.

significantly inhibited and ~40% of the B-hexosaminidase activi
was recovered in autolysosomal fractions in the Pten-deficient liver
(Fig. 4A, right) We previously found that betaine homocysteir
methyltransferase was sequestered in the autophagosomal lume
together with other cytoplasmic proteins in the liver.?” The enzyn
was immediately degraded by lysosomal proteinases upon maturatic
of autophagosomes into autolysosomes. In the presence of leupepti:
however, the degradation ceased to accumulate a 32 k-Da fragme:
(p32) of the enzyme as a partially digested intermediate (Fig. 4B
As the production of p32 is dependent on the inhibition of cycteir
proteinases by leupeptin, p32 can be used as a convenient marker fc
autolysosomes accumulating in the presence of leupeptin. As show
in Figure 4A, distribution of p32 coincides with those of LGP¢
and LC3 in these fractions obtained from control livers. In contras
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weaker signals of LC3-II and LGP85 as well as p32 were detected
in these fractions of mutant specimens. These data indicate that
autophagosome maturation into autolysosomes is also substantially
inhibited in Pten deficient livers.

Discussion

Hepatocyte-specific Pren-deficient mice have lower glucose levels
than wild type mice and exhibit hyper insulin sensitivity,?>24 indi-
cating that a hepatic Pten deficiency exerts profound effects on the
entire metabolism of the body. As expected, phosphorylated Akt
and MAPK, two signaling molecules that are located downstream of
class I PI3-kinase, were markedly increased in Pten-deficient hepa-
tocytes, compared to control hepatocytes.?324 Thus, the loss of Pten
function in the liver caused the constitutive activation of the class I
P13-kinase/Akt pathway.

The findings herein show that the autophagic protein degrada-
tion of long-lived proteins is strongly suppressed in Pten-deficient
hepatocytes, compared to control hepatocytes. The magnitude of
the suppression was almost equivalent to that of Atg7-deficient
hepatocytes.>* Our data are consistent with the previous observa-
tions of colon cancer HT29 cells, in which the class I PI3-kinase/Akt
pathway was activated by incubating the cells with dipalmitoy!
PtdIns(3,4,5)P3, a class I PI3-kinase product, but not with dipalmi-
toyl PtdIns(4,5)P,, leading to the inhibition of autophagic protein
degradation.!8 Activation of Akt stimulates the mTor/P70S6-kinase
pathway and the activation of mTor/P70S6-kinase pathway induces
suppression of autophagy.!” We confirmed that both ribosomal S6
and initiation factor 4E-binding protein, downstream components
of the mTor/P7086-kinase pathway, were phosphorylated in starved
Pten-deficient livers. However, rapamycin, which induces autophagic
protein degradation of control hepatocytes even under non-starved
conditions by inhibiting mTor/P70S6-kinase pathway, did not
stimulate protein degradation of Pten-deficient hepatocytes. Thus,
autophagy suppression of Pten-deficient hepatocytes cannot be
explained as a result of chronic activation of the mTor/P70S6-kinase
pathway, but rather may be attributable to some mTor-independent
mechanism that has yet to be understood. Transcription regulation
by Foxo3 has been proposed recently as a potential mechanism for
controlling the ubiquitin-proteasome system and autophagy in skel-
etal muscles. 4243 Activated Akt phosphorylates Foxo3 and inhibits its
transcriptional functions by keeping Foxo3 away from the nucleus.
Dephosphorylated Foxo3 stimulates the transcription of autophagy-
related genes—including some ATG genes. It has been also found
that a trimeric GTP-binding protein G;; mediates insulin-dependent
suppression of autophagy in the rat liver4 Connection between
activated class I PI3-kinase and G;; may be also considered. Further
investigations are necessary to clarify the mechanism by which hyper-
activation of the class I PI3-kinase in Pten-deficient mouse livers
causes suppression of autophagy.

RT-PCR analysis indicated that the transcription of some ATG
genes that are involved in the ATG conjugation system was signifi-
cantly decreased. We therefore speculated that chronic activation of
Akt might cause the direct inhibition of the ATG conjugation reac-
tion. However, the decreased expression of such messages was not
connected to a decrease in translation: the cellular levels of these gene
products were increased slightly in Pten-deficient livers compared to
a normal control. Notably, the levels of Atgl12-Atg5 conjugate are
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higher in mutant livers than in control livers, and LC3 is presen
in both the free (LC3-I) and lipidated form (LC3-II) in bott
livers. Furthermore, cell fractionation analysis revealed that there it
no significant- difference in intracellular distribution of LC3-1 anc
LC3-1I between normal and Pten-deficient livers (Fig. 2C). These
data clearly indicate that the loss of Pten does not affect ATG conju-
gation reactions per se. The slight increase in the levels of these Atg
proteins may reflect a, compensatory reaction to circumvent the
autophagic defect under Pten-deficiency.

Morphological data obtained by electron microsopy demonstrate
that autophagic vacuoles (autophagosomes plus autolysosomes,
accumulating in the presence of leupeptin decreased by ~70% ir
Pten-deficient livers compared with  control livers. This markec
reduction in the: number of autophagic vacuoles is likely due tc
an impaired autophagosome formation and is considered to be ¢
major cause of the defect in autophagic protein degradation. Ir
addition, we were able to assess the reduction in autophagosomse
maturation into autolysosome in Pten-deficiency by biochemica
techniques. The centrifugal analysis of denser autolysosomes isolatec
from leupeptin-administered livers clearly showed that the inhibi
tion of autophagosome maturation into autolysosomes contributet
significantly to the defects in autophagic proteolysis. Leupeptin-
inhibited autolysosomes from control livers were separated at the
bottom fractions in Percoll density-gradient centrifugation anc
possessed lysosomal (B-hexosaminidase and LGP85), autophago-
somal (LC3-II), and autolysosomal (p32) markers. The distributior
of these marker proteins in favor of the denser fractions was consider-
ably inhibited in the fractions obtained from Pten-deficient livers.

The inactivation and decreased expression of Pten has frequently
been observed in many types of cancer cells, including hepatocellulas
carcinomas, glioblastomés, breast cancers and prostate cax;cer.‘ﬁ’46 i
has been also noted that autophagy is suppressed in many cancer cells
and the inactivation of Pten has been proposed as a potential mecha-
nism for the suppressed autophagy in cancer cells.)’ In summiary
our data provides the first evidence showing that the loss of Prer
function causes a strong inhibition of the formation and subsequeni.
maturation of autophagosomes, but does not affect ATG conjugatior
reactions. In the yeast Saccharomyces cerevisiae, all ATG gene product:
cooperate with one another to form the pre-autophagosomal struc:
ture in starvation-induced autophagy.47 The pre-autophagosoma
structure consists of an Atgl2-Atg5S conjugate and the lipidatec
form of Atg8 (yeast counterpart of LC3-1I) as essential components
and is thought to be an organizing center for autophagosomes. Foi
the organization of the pre-autophagosomal structure, the func
tion of the class IIT PI3-kinase complex together with Atgl6 anc
Atg9 is required. Meanwhile, some Atg proteins, including Atgl
protein kinase (class A Atg proteins), are required for the late stage:
of autophagosome formation. In other words, they play pivota
roles as a bridge between the pre-autophagosomal structure anc
autophagosomes.#” It is possible that the loss of Pten function o1
hyper activation of class I PI3-kinase/Akt elicits the inhibition of
the mammalian counterparts of class A Atg proteins. The identifica-
tion and characterization of mammalian class A Atg proteins, whict
awaits future investigation, will be important in developing a bette:
understanding of the mechanism of the autophagy defect in the
Pten-deficiency.
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Materials and Methods

Control and hepatocyte specific Pten-deficient mice. Pren/
Jox mice (1290la x C57BL6/] F2) were mated to AbCre transgenic
mice (C57BL6/]) as described previously.24 The expression of Cre is
controlled by the promoter of the hepatocyte-specific albumin gene.
Offspring carrying AlbCre plus two copies of the floxed Pren allele
(AlbCrePren*fiox), AlbCre plus one copy of the floxed Pren allele
(AlbCrePsen™+), and AlbCre plus two copies of the wild type Pren
allele (AlbCrePsen*’*) correspond to homozygous mutant, heterozy-
gous mutant and wild-type mice, respectively. For all experiments
described herein, homozygous mutant mice and wild type mice
between 10 to 15 weeks after birth were used as Pten-deficient and
control mice, respectively. All animal experiments were approved
by the Institutional Review Board of the Akita University School
of Medicine and the Review Board of the Center for Biomedical
Research Resources of Juntendo University.

DNA microarray. RNAs purified from Pten-deficient and control
hepatocytes were amplified, converted to complementary DNAs,
and labeled with cyanin 3-CTP and cyanin 5-CTP using a LRIFLA
kit (Agilent Technologies, Palo Alto, CA) following the manufactur-
er’s recommended protocol. The resulting amplified complementary
RNAs were fragmented and hybridized using the Agilent in situ
hybridization plus kit (Agilent Technologies) and subjected to DNA
microarray analysis as described by Sato et al.2>

RT-PCR. RT-PCR was performed for the following seven genes:
beclin (Atg6), MAP-LC3B, Atg3, Atg7, Atgl0, Atgl2, Atgl6 and
B actin. One microgram of RNA samples prepared as templates
for the DNA' microarray analysis was treated with DNase (Life
Technologies, Gaithersburg, MD) and then reverse transcribed
using the TagMan SuperScript™ first strand synthesis system
for RT-PCR (Invitrogen, Carlsbad, CA) according to the manu-
facturer’s instructions. RT-PCR was carried out according to the
method described previously.24 The following primer sequences were
used: Beclin, forward primer (AGCTCAGTACCAGCGGGAGT)
and reverse primer (TGGAAGGTGGCATTGAAGACQ);
LC3B, forward primer (AGATAATCAGACGGCGCTTG)
and reverse  primer {(ATGTCTCCTGCGAGGCATAA);

- Atg3, forward primer (ATCCTCATCTCCCACCACCT)

and reverse primer (TTGGAATGACAGCTTGAACAAA);
Atg7, forward primer (GCTGTGGAGCTGATGGTCTC)
and reverse primer (CCAGGCTGACAGGAAGAACA);
Atgl0, forward primer (CCCAGCAGGAACATCCAATA) and
reverse  primer (AGGCTCAGCCATGATGTGAT); Argl2,
forward primer (AACAAAGAAATGGGCTGTGG) and reverse
primer (TTGCAGTAATGCAGGACCAG); Atgl6L, forward
primer (GAATTCAAGGGCTCCCTGTC) and reverse primer
(CCTGTGAGTGTGTGCCGTAA); B actin, forward primer (TCC
ATG AAATAA GTG GTT ACA GGA AGT C) and reverse primer
(CAA AAATGA AGT ATT AAG GCG GAA GAT T). The signal
for B actin RNA was used as an internal control. All samples were
run in triplicate and the final quantification was archived using a

" relative standard curve.

Electron microscopy. Mouse livers were perfused and fixed with
3% glutaraldehyde (TAAB Laboratory Equipment Ltd., Reading,
UK) in 0.05 M sodium cacodylate buffer at pH 7.2, post-fixed with
2% osmic acid, epon-embedded, sectioned at a thickness of 1 pim,
and stained with toluidine blue. Ultrathin sections were observed
using a Hitachi H7100 electron microscope.

698 Autophagy

Protein degradation assay. Primary hepatocytes were isolates
from control wild type and mutant mice according to a conventions
collagenase perfusion procedure26 and cultured in Williams™ mediun
E containing 10% FCS (Williams E/10% FCS), as described.?
Hepatocytes grown in 24-well microplates were incubated wit]
Williams E/10%-FCS containing [4C]-leucine (0.5 puCi/ml) fo
22 h to label long-lived proteins. The cells were then washed wid
Williams E/10% FCS containing 2 mM unlabelled leucine an
incubated with the medium for 2 h to allow degradation of short
lived proteins and to minimize the incorporation of labeled leucin
released by proteolysis into protein. The cells were then washed wit/
20 mM Na-phosphate, pH 7.4, 0.15 M NaCl (PBS) and incubate.
at 37°C with Krebs-Ringer bicarbonate buffer and Williams E/109
FCS in the presence or absence of protease inhibitors. During th
next 4 h of the chase period, aliquots of the medium were taken an
a one-tenth volume of 100% trichloroacetic acid was added to eac
aliquot. The mixtures were centrifuged at 12,000 x g for 5 minute:
and acid-soluble radioactivity was determined by liquid scintillatio.
counting. At the end of the experiment, the cultures were washe
with PBS, and 1 ml of cold trichloroacetic acid was added to fix th
cell proteins. The fixed-cell monolayers were washed with trichlc
roacetic acid and dissolved in 0.5 ml of IN NaOH at 37°C. Th
amount of radioactivity in an aliquot of 1 N NaOH was determine
by liquid scintillation counting. Percent protein degradation we
calculated according to a previously published procedure.?

Density-shift assay of leupeptin-induced autolysosomes usin
percoll gradient centrifugation. Leupeptin (0.4 mg) dissolved i
0.9% NaCl was injected intraperitoneally into control and mutar
mice that had been starved for 48 h. The mice were killed after 1
and the livers were excised, dissected into small pieces with scissor:
and suspended in 4 volumes of ice-cold 5 mM Tes-NaOH, pH 7.4
0.3 M sucrose, 0.5 pg/ml leupeptin, 0.5 pg/ml pepstatin (extractio
buffer). The mixture was homogenized with a motor-driven, loose
fitting glass/Teflon homogenizer (4 up-down strokes at 800 rpm,
The homogenate was centrifuged at 500 x g for 5 minutes, and th
postauclear supernatant was carefully removed. The precipitate we
suspended in extraction buffer (5 ml/liver) and recentrifuged at 50
x g for 5 minutes. The combined postnuclear supernatants wei
supplemented with 100 mM CaCl, to give a final concentration of
mM. The resulting suspension was incubated at 30°C for 10 minute
to allow the mitochondria to swell, and then it was centrifuged «
12,000 x g for 20 minutes. The pelleted mitochondrial/lysosom:
fraction was suspended in extraction buffer. A portion (2 ml) of th
suspension was loaded onto 23 ml of 53% Percoll containing 5 m)
Tes-NaOH, pH 7.4, 0.3 M sucrose and centrifuged at 50,000 x g fc
45 minutes using a Beckman 50.2 Ti rotor. After the centrifugatior
fractions of 1.5 ml were collected from the bottom to the top.

In experiments shown in Figure 2C, mitochondrial/lysosoma
microsomal and cytosolic fractions were prepared from starve
normal and Pten-deficient livers without leupeptin administratior
Namely, the post-nuclear supernatants obtained as described abov
were centrifuged at 12,000 x g for 20 minutes. The pelleted mitc
chondrial/lysosomal fraction was suspended in extraction buffe
The supernatants {post mitochondrial/lysosomal supernatant) wei
further centrifuged at 100,000 x g for 1 hr. The resultant pelles
and supernatants were used as microsomal and cytosolic fraction:
respectively.
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Reagents. Leupeptin, pepstatin and E64d were obtained from the
Peptide Institute, Inc., (Osaka, Japan). Percoll was purchased from
GE Healthcare Biosceince Co., (Piscataway, NJ). Protein A-Agarose
was obtained from Santa Cruz Biotechnology, Inc., (Santa Cruz,
CA). Williams medium E was purchased from: Invitrogen Corp.,
(Carlsbad, CA). Fetal calf serum albumin (FCS) was purchased
from JRH Biosciences Inc., (Menesas, KS). Paraformaldehyde was
obtained from Merck (Darmstadt, Germany). Nonidet P-40 (NP-
40) and digitonin were obtained from Nacalai Tesque, Inc., (Kyoto,
Japan). [*C]-leucine (300 mCi/mmol) was purchased from Perkin
Elmer Co., Ltd. (Boston, MA).

Antibodies. Rabbit antibodies against phosphorylated and
unphosphorylated forms of Pten, Akt and ribosomal S6 subunit were
obtained from Cell Signaling Technology (Danvers, MA). Horseradish
peroxidase-labeled antibodies against rabbit and mouse IgG (heavy
and light chains) were purchased from Jackson ImmunoResearch
Laboratories, Inc., (West Grove, PA). A

To prepare antibodies against Atg12, LC3, beclin and GABARAT,
the maltose-binding protein (MalBP) fused with mouse Apgl2
(mAtgl2), and glutathione-S-transferase (GST) fused with human
LC3 (GST-hLC3), human beclin 1 (GST-hbeclin) and human
GABARAP (GST-hGABARAP) were overexpressed in E. coli grown
in a 1] culture at 37°C for 18 h. The fusion proteins were purified
by affinity chromatography on an amylose or glutathione-Sepharose
column, and 200 mg of each of the purified fusion proteins was
emulsified in complete Freund’s adjuvant and injected subcuta-
neously into Japanese white rabbits. Four, ‘six and eight weeks
later, each rabbit was injected with a booster of 100 mg of the
appropriate antigen emulsified in incomplete Freund’s adjuvant.
Antisera were precipitated by ammonium sulfate (50% saturation)
and dialyzed against PBS, and the antibodies were affinity-purified
by adsorption to MalBP-mAtgl2-, GST-hLC3- GST-hbeclin- or
GST-hGABARAP-immobilized Sepharose columns, followed by
elution with 0.2 M glycine-HCl (pH 2.8). Each eluate was concen-
trated using an Amicon Diaflo apparatus (Danvers, MA) and passed
through a MalBP- or GST-immobilized Sepharose column to
remove anti-MalBP and anti-GST antibodies. Antibodies to Atg7
and Atg5 were prepared as described previously.??>* An antibody
that specifically recognizes a 32 k fragment of betaine homocysteine
methyltransferase (BHMT) was prepared according to a previously
published procedure.?’ An antibody to initiation factor 4E-binding
protein was purchased from Zymed Laboratories, Inc., (South San
Francisco, CA).

Biochemical procedures. Protein concentrations were determined
using a BCA protein assay following the manufacturer’s protocol
(Pierce). Sodium “dodecyl sulfate (SDS)-polyacrylamide gel elec-
trophoresis was cartied out according to a published procedure.?!
Immunoblot analyses were performed as described previously®? using
an ECL Western Blot Detection Kit (Amersham) as the substrate for
the horseradish peroxidase conjugate of the second antibodies. Beta-
hexosamidase activity was measured as described previously>® using
4-methyl-umbelliferyl-b-D-glucosaminide as the substrate.
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