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A B S T R A C T

Higd-1a/HIMP1-a/HIG1, a mitochondrial inner membrane protein, promotes cell survival under low glucose and
hypoxic conditions. We previously reported that it interacts with Opa1, a factor involved in mitochondrial
fusion, to regulate mitochondrial homeostasis. In the present study, we found that depletion of Higd-1a inhibited
the proliferation of pancreatic cancer cells in vitro and in mice xenografts. Higd-1a knockdown did not itself lead
to cell death but it caused cell cycle arrest through induction of p27KIP1 and hypo-phosphorylation of RB protein.
Knockdown of Higd-1a also induced cellular senescence as shown by increased granularity and SA-β-galacto-
sidase activity. We further showed that the mitochondrial stress induced by Higd-1a led to reduced ERK
phosphorylation. Inhibition of the ERK pathway with U0126 induced p27KIP1 expression in the pancreatic cancer
cells, confirming that the cell cycle retardation was the result of inhibition of the ERK pathway. Array analysis of
human pancreatic cancers revealed that expression of Higd-1a was significantly elevated in pancreatic cancer
tissues compared to normal tissue. Collectively, our results demonstrate that Higd-1a plays an important role in
the proliferation of pancreatic cancer cells by regulating the pERK/p27KIP1/pRB signaling pathway.

1. Introduction

Mitochondria are active organelles involved in important in-
tracellular functions, including energy production, calcium and redox
homeostasis, apoptosis and the supply of building blocks for new cells
[1–3]. The observation that cancers carry out aerobic glycolysis by
fermenting glucose to lactate in the presence of oxygen was the basis of
an earlier proposal that mitochondrial respiration is defective in can-
cers. However, in most cancers the respiratory function of mitochondria
is intact. Furthermore, there is evidence that mitochondrial activity is
required for cancer cell proliferation. Thus, impaired mitochondrial
function due to loss of the mitochondrial transcription factor A (TFAM)
gene delayed the growth of the KRAS-driven lung tumor [4]. When
mitochondrial DNA was deleted in B16 melanoma and 4T1 breast
carcinoma cells by inhibiting mtDNA replication, tumor growth was

reduced [5]. Tumors reprogram anabolic and metabolic pathways to
promote their own growth. During the reprogramming of cancer cells,
mitochondrial oxidative phosphorylation plays important roles in sup-
plying intermediates and maintaining redox balance as well as in gen-
erating energy [6].

Mitochondrial homeostasis is maintained by the combined effects of
nuclear and cytoplasmic signaling and the mitochondria themselves
[7]. Mitochondrial biogenesis is stimulated by information provided to
the nucleus by the cytoplasm and intracellular organelles, and damaged
mitochondria are scavenged by mitophagic processes. Mitochondria are
highly dynamic organelles subject to continuous fusion and fission that
are essential for maintaining their morphology and activity. OPA1,
MFN1/2, DRP1 and Fis are key proteins involved in mitochondrial fu-
sion and fission [8–12].

Higd-1a (hypoxia-induced gene domain protein-1a) was previously
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referred to as HIMP1-a (hypoglycemia/hypoxia inducible mitochon-
drial protein1-a) [13] or just HIG1 [14]. It is a 10.4kDa mitochondrial
inner membrane protein, predicted to have two transmembrane do-
mains oriented in an “N-terminal outside-C-terminal outside and loop
inside” conformation [13]. It is induced by hypoxia and hypoglycemia
[13–16]. Ectopic expression of Higd-1a promoted the survival of pan-
creatic β cells under stress conditions in vitro and in transgenic mice
[13,15]. We also reported that Higd-1a-overexpressing macrophages
underwent significantly less apoptosis because release of cytochrome c
was inhibited and they had reduced caspase activities [16]. Higd-1a has
been shown to be an interactor of OPA1, to inhibit mitochondrial γ-
secretase, and to interact with complexes in the electron transport chain
[17–20]. Although further research is required to confirm the effects of
Higd-1a interactions with these proteins, it is clear that Higd-1a is a
positive regulator of mitochondrial homeostasis and plays a role in cell
survival. In the present study, we examined the effect of Higd-1a on
pancreatic cancer cell growth and the downstream effects of its deple-
tion. Our aim was to understand the connection between the disruption
of mitochondrial function by depleting Higd-1a and inhibition of ma-
lignant cancer cell growth.

2. Materials and methods

2.1. Antibodies and reagents

Anti-p-ERK1/2 (#4376), anti-ERK1/2 (#4695), anti-p-p38MAPK
(#9215), anti-p38MAPK (#9212), anti-p-AKT (Ser473) (#4060), anti-
AKT (#4685) and anti-p27KIP1 (#2552), anti-p-mTor (Ser2448 #2971),
anti-p-mTor (Ser2481 #2974), anti-mTor (#2983), anti-p-p70S6K
(#2905), anti-p70S6K (#2708), anti-p-SAPK/JNK (#9251), anti-SAPK/
JNK (#9258), anti-p-AMPK (#4188), anti-AMPK (#2532) and β-actin
were purchased from Cell Signaling Technology (Danvers, MA).
Antibody against Cyclin D1 (ab134175) were from Abcam (Cambridge,
UK). Anti-Cyclin E (sc-481), anti-GSK-3β (sc-9166), anti-BrdU, goat
anti-rabbit IgG-HRP (sc-2004) and goat anti-mouse IgG-HRP (sc-2005)
were from Santa Cruz Biotechnology (Dallas, TX). Anti-α-tubulin
(T6074) and anti-flag-HRP (A8592) were from Sigma-Aldrich (St. Louis,
MO). Anti-RB (554136) was from BD Biosciences Pharmingen (San
Jose, CA). Chemical inhibitors of MEK (U0126) and p38MAPK
(SB203580) were purchased from Calbiochem (San Diego, CA). Trypan
blue were from Life Technologies (Carlsbad, CA). Rabbit anti-Higd-1a
antibody was raised against a synthetic peptide corresponding to re-
sidues 9–21 of human Higd-1a and further purified by affinity chro-
matography before use. N-terminal Flag-tagged Higd-1a was prepared
by cloning into pBICEP-CMV-2 (Sigma Aldrich).

2.2. Cell culture

PANC-1 human pancreatic carcinoma cells and AsPC-1 human
pancreatic adenocarcinoma cells were obtained from the Korean Cell
Line Bank (Seoul, Korea). PANC-1 cells were cultured in DMEM
(Welgene, Gyeongsan, Korea) supplemented with 10% (v/v) heat in-
activated fetal bovine serum (FBS) (Hyclone, South Logan, UT) and 1x
antibiotic-antimycotic (Gibco-BRL, Waltham, MA). AsPC-1 cells were
cultured in RPMI medium (Welgene) supplemented with 10% (v/v) FBS
and 1x antibiotic-antimycotic. Cells were grown at 37 °C in a humidi-
fied atmosphere with 5% CO2.

2.3. RT-PCR

Total RNA was isolated with Trizol (Invitrogen) and reverse tran-
scribed with M-MLV Reverse Transcriptase (Promega, Madison, WI).
Semi-quantitative RT-PCR was performed with pairs of specific primers,
as shown in Tables S1 and S2.

2.4. Immunoblotting

Cultured cells were lysed in RIPA lysis buffer (EMD Millipore,
Billerica, MA) with protease inhibitors (Sigma-Aldrich) and phospha-
tase inhibitors (phosSTOP; Sigma-Aldrich). The lysates were incubated
on ice for 20min and supernatants were collected by centrifugation.
Samples of 10–30 μg protein were resolved by SDS-PAGE and trans-
ferred to a polyvinylidene difluoride membranes (GE Healthcare,
Chicago, IL) in a Semi-Dry Blotter (ATTO, Tokyo, Japan). After blocking
in PBS with 0.05% Tween 20 plus 5% non-fat dried milk for 1 h at room
temperature, membranes were stained with suitable primary antibody
at 4 °C overnight and secondary antibody at room temperature for 1 h.
The membranes were processed with EzCapture II (ATTO). For Higd-1a-
Flag reconstitution, cells were transfected with the Higd-1a-Flag
plasmid using the Lipofectamine 2000 transfection reagent
(Invitrogen).

2.5. shRNA lentiviral preparation and infection, and siRNA transfection

pLKO.1-puro shRNA plasmid DNAs for human Higd-1a and control
were purchased from Sigma-Aldrich. The sequences are; A
TRCN0000121999: CCGGGCATTGTTGCATATG GATTACTCGAGTAAT
CCATATGCAACAATTGCTTTTTTG; B TRCN0000122388: CCGGGC
CCAAGGCTTTGTTGTAGGACTCGAGTCCTACAACAAAGCCTTGGGCTT
TTTTG; C TRCN 0000142458: CGGGCTAAAGAGGCACCATTCGTACTC
GAGTACGAATGGTGCCTCTTTAG CTTTTTTG; D TRCN0000143367:
CCGGGCTATTCCATGTATCGGGAATCTCGAGATTCCC GATACATGGAA
TAGCTTTTTTG; E TRCN0000143716: CCGGGTTGTAGGAGCAATGA
CTG TTCTCGAGAACAGTCATTGCTCCTACAACTTTTTTG and control:
CCGGGTTGTA GGAGCAATGACTGTTCTCGAGAACAGTCATTGCTCCTA
CAACTTTTTTG. To produce the lentivirus, HEK293T cells were trans-
fected with 4 μg pLKO.1-puro shRNA plasmid DNA, 4 μg psPAX2
(Addgene, Cambridge, MA) and 2 μg pMDG (Addgene) using X-
tremeGENE HP DNA transfection reagent (Roche, Basel, Switzerland).
After 72 h, the cell cultures were centrifuged, and the supernatants
were filter-sterilized and stored at−72 °C. To decide on the appropriate
titer of virus, cells were infected with serially diluted viral supernatants
plus 8 μg/ml polybrene (Sigma-Aldrich) for 6–16 h and fresh culture
medium was substituted. After 72 h, cells were selected with 1 μg/ml
puromycin (Sigma-Aldrich) for 48 h. Higd-1a expression levels were
determined by immunoblotting.

siRNA-mediated knockdown was performed using specific siRNA
and scrambled siRNA as negative control (Bioneer, Daejeon, Korea).
The siRNA sequences were 5′-CCU ACG CCA CCA AUU UCG U-3′ as
negative control, 5′-GAC CGA AUU ACU AGU GAC U-3′ for Higd-1a and
5′-CGA CGA UUC UUC UAC UCA A-3′ for p27KIP1. Cells were trans-
fected with 10 nM of each siRNA using the Lipofectamine RNAiMAX
reagent (Invitrogen).

2.6. Tumor xenografts

Six-week-old female nude mice were obtained from Daehan Biolink
(Eumseong, Korea). All animal procedures were approved and guided
by the Institutional Animal Care and Use Committee (IACUC) of
Chungnam National University (CNU-01055). Mice were injected sub-
cutaneously on the left or right side of the back with 1×106 human
cancer cells infected with a control or Higd-1a shRNA in 200 μl PBS
including 35% matrigel (BD Bioscience, San Jose, CA). When the re-
sulting tumors became visible with the naked eye, they were measured
every 3 days using a caliper, and tunor volumes (cm3) were calculated
as (length) x (width) x (height)/2. After the mice were killed, the tu-
mors were removed and weighed. They were immediately frozen in
liquid nitrogen for further analysis by immunoblotting.
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2.7. Senescence β-galactosidase staining

Cells were seeded in 6-well plates at 1.5× 105 per well. SA-β-gal
staining was performed with a Senescence Cells Histochemical Staining
Kit (Sigma, St. Louis, MO), following the manufacturer's protocol.

2.8. Assessment of cell growth

For the MTT assay, 50 μl of 1 mg/ml MTT (3-(4,5-dimthylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide), (Duchefa Niochemie, Haarlem,
Netherlands) was included in each plate for the last 4 h of incubation.
The formazan produced by viable cells was dissolved in dimethyl
sulfoxide and absorbance was measured at 540 nm.

2.9. Flow cytometric analysis

For cell cycle analysis, 1× 106 cells were fixed by dropwise addi-
tion to 70% ice-cold ethanol and incubated overnight at 4 °C. The cells
were pelleted and resuspended in 0.2 ml PBS containing 50 μg/ml of
propidium iodide (Molecular PI, Probes) and 0.1 μg/ml of RNase A
(Sigma-Aldrich). After at least 30min at room temperature, the cells
were acquired with a FACSCalibur flow cytometer using CELLQuest (BD
Biosciences). Data were analyzed with ModFit LT Version 3.0 software.
Annexin V binding and PI staining of apoptotic cells were performed
with a FITC Annexin V Apoptosis Detection Kit II (BD Biosciences),
following the manufacturer's instructions. To measure cell size and
granularity, 1× 105 cells were analyzed by forward scatter and side
scatter measurements, respectively.

2.10. NF-κB reporter assays

Control- and shRNA-infected cells were transfected with a reporter
plasmid driven by NF-κB promoter and pRL-TK, an internal control
plasmid expressing the Renilla luciferase gene (Promega) after 5 days of
infection. Transfections were performed using X-tremeGENE HP DNA
transfection reagent (Roche). After 48 h, Firefly and Renilla luciferase
activities were measured sequentially in cell lysates using a Dual-
Luciferase reporter assay system (Promega) with a VICTOR3 multi-label
reader (Perkin Elmer, Waltham, MA).

2.11. NADH redox status

Cells were infected with lentivirus expressing control or Higd-1a
shRNA. After 3–7 days of infection, the NAD+/NADH ratio was mea-
sured using a NAD+/NADH Glo Assay kit (Promega). Luminescence
was read on a VICTOR3 multi-label reader (Perkin Elmer).

2.12. Human gene expression omnibus (GEO) data

Human gene expression data were acquired from the National
Center for Biotechnology Information (NCBI) GEO database (http://
www.ncbi.nlm.nih.gov/geo/), under accession numbers GDS4102 and
GDS4336. The GDS4102 datasets consist of human pancreatic gene
expression data from tissues of patients, with 36 tumor samples and 16
normal samples. The GDS4336 datasets consist of human pancreatic
gene expression data from tissues of patients with pancreatic ductal
adenocarcinoma tumors (n=45) and adjacent non-tumor tissue
(n=45). The association between Higd-1a expression and expression
of cell cycle regulator genes was evaluated by Pearson's correlation
coefficient.

2.13. Immunohistochemistry

Human pancreatic tissue specimens (paired normal and cancer tis-
sues from each patient, n=12) were obtained from the Daegu Dongsan
Hospital Biobank (Keimyung University, Daegu, Korea). The ethics

committee at our institution approved the use of the tissue specimens
for research (201902-BR-019-01). Immunohistochemistry was per-
formed using DAKO Envision Polymer kits. Briefly, formalin-fixed,
paraffin-embedded tissue sections 3 μM thick were deparaffinized and
rehydrated. Heat-induced epitope retrieval was performed using a ci-
trate buffer (pH 6.0) in a steamer set (IHC world, Ellicott City, Mary-
land) at 120v, 60Hz, 650w for 45min. The endogenous peroxidase
activity was blocked using 3% H2O2 in methanol for 10 min. Tissue
sections were then incubated for 60 min with 1/100 of rabbit mono-
clonal anti-Ki-67 (Cell Marque, Rocklin, CA) or anti-Higd-1a antibodies
at 25 °C in a humidified chamber. After washing three times for 5 min
with TBS, tissue slides were incubated with EnVision + System-HRP
Labelled Polymer anti-Rabbit as per the manufacturer's instructions
(Dako, Santa Clara, CA). Tissue sections were incubated with 3,3′-dia-
minobenzidine/H2O2 for color development and counter-stained with
mayer's hematoxylin (Dako). The stained tissue slides were dehydrated
and mounted in a synthetic mountant (Thermo Scientific, Waltham,
MA). To obtain histomorphometric measurements, each specimen was
photographed in three different fields randomly selected with an
OLYMPUS BX53 microscope (Olympus, Tokyo, Japan) using a DP70
microscopic digital camera. The Higd-1a expression levels were mea-
sured with ImageJ software. The mean score for each patient was then
determined by summing all scores. The number of Ki-67-positive cells
was determined by manual counting in 20 random visual fields.

2.14. Statistical analyses

Data are presented as means ± standard errors (S.E.) of at least
three independent experiments. Statistical significance was analyzed
with GraphPad Prism software version 5.01 for Windows (GraphPad
Software, San Diego, CA). Individual comparisons were made using
two-tailed Student t-tests and two-way Anova multiple comparisons. p
values of< 0.05 were considered significant.

3. Results

3.1. Silencing of Higd-1a slows the growth of cancer cells

First, we sought to identify the cellular changes resulting from Higd-
1a silencing in AsPC-1 and PANC-1 pancreatic adenocarcinoma cells.
The Higd-1a protein was reduced by 80–90% in these cell lines, which
were tested for up to 6 days after transfection with siRNA (Fig. 1A), and
this Higd-1a silencing led to growth inhibition of both cell lines, as
defined by trypan blue exclusion. After 6 days, cell numbers in the
Higd-1a-depleted AsPC-1 and PANC-1 cultures were only 30 and 47%,
respectively, of those in control siRNA-transfected cells (Fig. 1B). Len-
tiviral shRNA against Higd-1a were also tested. Five different lentiviral
shRNA were tested, and most of clones were found to efficiently
knockdown Higd-1a (Fig. S1A), and this Higd-1a silencing led to growth
inhibition of both AsPC-1 and PANC-1 cell lines, as defined by trypan
blue exclusion (Figs. S1B and C). After 4 days, cell numbers in the Higd-
1a-depleted AsPC-1 and PANC-1 cultures were only 41 and 43%, re-
spectively, of those in control shRNA-transfected cells. In MTT pro-
liferation assays, Higd-1a silencing clearly reduced the growth of AsPC-
1 cells (Fig. S1D). To see whether the growth retardation was caused by
increased apoptosis or reduced proliferation we used Annexin V−/
propidium iodide– to identify viable cells. There were no signs of
apoptosis in the cultures depleted of Higd-1a, as the percentages of
viable cells (Annexin-V- and PI−) in the Higd-1a-depleted cultures were
similar to those in control cultures in both cell lines (Fig. 1C). To further
define the mechanism of growth retardation, we analyzed cell cycle
progression of AsPC-1 cells and found that Higd-1a depletion led to cell
cycle retardation in the G1 phase. The G1 phase of the Higd-1a-depleted
AsPC-1 cells increased from 54.7 ± 0.7% to 65.0 ± 0.8% with a cor-
responding decrease in the proportion of cells in the S and G2 phases
after 6 days (Fig. 1D). In PANC-1 cells, the G1 phase was similarly
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increased by Higd-1a silencing (from 54.0 ± 2.8% to 67.4 ± 1.5%,
Fig. S2A). Furthermore, bromodeoxyuridine incorporation into the
DNA of actively proliferating cells fell by about 30% after pulse labeling
for 24 h after 4 days of higd-1a depletion in both cell lines (Fig. 1E).
Collectively, our observations demonstrate that Higd-1a silencing leads
to growth retardation of cancer cells without inducing cell death.

3.2. Higd-1a depletion induces a senescence phenotype

Careful observation showed that Higd-1a depletion also increased
the number of flattened and enlarged cells (Fig. 2A). Since senescence
involves essentially irreversible growth arrest, enhanced size and
granularity, we investigated whether depletion of Higd-1a induced se-
nescence. Flow cytometry analysis showed that depletion of Higd-1a
increased cellular granularity in addition to cell size (1.5-fold in AsPC-1

and 2.1-fold in PANC-1) (Fig. 2B). We also measured SA-β-gal activity,
a specific marker of senescence. There was a more than 3-fold increase
of SA-β-gal activity in Higd-1a-depleted AsPC-1 and PANC-1 cells
(Fig. 2C). Based on these results, we conclude that inhibition of Higd-1a
induces the major features of cell senescence in pancreatic cancer cells.

Senescent cells often secrete proinflammatory cytokines, chemo-
kines, growth factors and proteases that bring about immune clearance
of the cells [21]. This senescence-associated secretory phenotype
(SASP) is usually regulated by IL-1- and NF-κB-driven pathways. In
Higd-1a-silenced ASPC-1 cells, however, of the factors involved in
SASP, MMP1, MMP2, MMP3, CXCL1, CCL20 and IL-1β were not sig-
nificantly changed (Fig. 2D) though TNF-α and IL-8 did increase (1.4,
and 2.7 fold, respectively). The levels of most of the cytokines and
chemokines, including IL-8, were also not significantly altered in the
Higd-1a-silenced PANC-1 cells, except for MMP3 and CCL20, which

Fig. 1. Silencing of Higd-1a expression
inhibits cell proliferation. (A-B) AsPC-1
and PANC-1 cells were transiently trans-
fected with scrambled (−) or Higd-1a (+)
siRNA. Total cell extracts were im-
munoblotted with anti-Higd-1a polyclonal
antibody at the indicated times after trans-
fection. β-actin was used as a loading control
(A). Total viable cells were counted by
trypan blue exclusion (B). (C) Annexin V/
propidium iodide staining was performed 4
days after siRNA transfection (left).
Percentages of annexin V and propidium io-
dide negative cells (viable cells) of AsPC-
1 cells were quantified by flow cytometry at
the indicated times after transfection (right).
(D) AsPC-1 cells were stained with propi-
dium iodide and were examined by flow cy-
tometric cell cycle analysis after transient
transfection with siRNA. Cell cycle distribu-
tions were analyzed with ModFit LT soft-
ware. (E) Cells were pulse-labeled with
50 μM BrdU for 24 h after 3 days of siRNA
transfection and were stained with an anti-
BrdU antibody. Measurements were per-
formed by flow cytometry. Results shown are
representative of three independent experi-
ments. Data are means ± S.E., **;
p < 0.01, ***; p < 0.001. (For inter-
pretation of the references to color in this
figure legend, the reader is referred to the
Web version of this article.)
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decreased by 57% and 50%, respectively. Furthermore, NF-κB activity
was reduced in both sets of Higd-1a-silenced cells (Fig. 2E). Therefore,
SASP may not be responsible for cellular senescence in Higd-1a-silenced
pancreatic cancer cells. Recently, Wiley et al. reported that senescence
induced by mitochondrial damage represents a unique phenotype due
to a reduced NAD+/NADH ratio and independent of IL-1-dependent
SASP and NF-κB activities [22]. In the Higd-1a knockdown cells, the
NAD+/NADH ratios was indeed consistently lower than in the control
cells (Fig. 2F). Therefore, we conclude that Higd-1a depletion induces a
senescence phenotype that is specifically associated with mitochondrial
dysfunction.

3.3. Higd-1a depletion retards the growth of cancer cells in xenografted
nude mice

Based on the growth retardation and senescence phenotype found in
Higd-1a-depleted cells, we subsequently sought to determine whether
Higd-1a silencing affected the growth of AsPC-1 and PANC-1 tumors in
xenografted nude mice. Cancer cells were infected with Higd-1a or
scrambled shRNA, selected with puromycin for 3 days, and injected into
nude mice. Higd-1a depletion inhibited the growth of AsPC-1 tumors by
as much as 72% by volume after 21 days (Fig. 3A), after which the
tumors were removed from the animals and weighed. The average
weight of the tumors from the Higd-1a knockdown mice was 85% lower
than that for the tumors from the control group. Knockdown of Higd-1a

Fig. 2. Higd-1a depletion induces senescence.
(A) Cell morphologies were observed by con-
ventional light microscopy, and photographs of
representative shapes are shown. Bar; 30 μM. (B)
Flow cytometric analysis of the granularity of
control and Higd-1a-depleted cells. Cells were
acquired and analyzed by SSC vs. FSC.
Percentages of higher cellular granularity were
obtained from the upper portion of gates in-
dicating higher SSC level. (C) Cells were infected
with lentiviruses expressing control or Higd-1a
shRNA. Twelve days after infection, they were
fixed and incubated in freshly prepared β-ga-
lactosidase staining solution. The stained cells
were observed under an inverted microscope
(left). Senescence-associated β-galactosidase-po-
sitive cells were counted among 300 cells chosen
at random (right). Data represent means ± S.E.
of three independent experiments. (D) AsPC-1
and PANC-1 cells were infected with lentiviruses
expressing control or Higd-1a shRNA. After 12
days, cells were harvested and semi-quantitative
RT-PCR was performed to measure the expres-
sion of the indicated cytokines and chemokines.
(E-F) Seven days after infection with the shRNA
lentivirus, cells were harvested to measure the
NF-κB activity levels (E) and NAD+/NADH ra-
tios (F). *; p < 0.05, **; p < 0.01, ***;
p < 0.001.
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in the tumors was verified by Immunoblotting (Fig. 3A, middle panel).
Higd-1a-silenced PANC-1 cells failed to form tumor masses and their
growth was inhibited by around 99% by weight after 38 days (Fig. 3B).

3.4. Higd-1a depletion induces cell cycle arrest of pancreatic cancer cells
through p27KIP1/pRB

We have shown above that Higd-1a depletion inhibits cancer cell
growth in vitro and in xenografted mice (Figs. 1 and 3) and that this is
not due to stimulating apoptosis (Fig. 1C), but to inhibition of pro-
liferation (Fig. 1D and E).

To understand the mechanism underlying the cell cycle retardation
in Higd-1a knockdown cells, we first measured the mRNAs for genes
that control the G0/G1 checkpoint in AsPC-1 cells. Of the INK and CIP/
KIP cell cycle inhibitors, p27KIP1 was significantly up-regulated by de-
pletion of Higd-1a 6 days after knockdown of Higd-1a, and p16INK4a,

p19ARF and p21CIP1 were not induced (Fig. 4A). Although p16INK4a was
induced at later times, this may not represent functional protein since
the gene is known to be disrupted by a frame-shift mutation in AsPC-
1 cells [23]. Both cyclins D1 and E were reduced after 12 days. Paral-
leling the mRNA changes, p27KIP1 protein increased significantly and
cyclins D1 and E declined slightly in AsPC-1 cells (Fig. 4B). Phosphor-
ylation of RB protein lies downstream of p27KIP1, cyclin D1 and cyclin E
[24], and RB phosphorylation was clearly reduced in the Higd-1a-de-
pleted cells. In a time-dependent manner, p27KIP1 protein expression
starts to be induced after 3 days of Higd-1a depletion, lasting for up to 6
days (Fig. 5A). In PANC-1 cells, the increase of the p27KIP1 protein was
also prominently caused by Higd-1a silencing, and cyclin D1 and RB
phosphorylation levels were decreased, although there was no change
in the cyclin E expression level (Fig. S2B). To investigate the role of
p27KIP1 in the cell cycle arrest, Higd-1a knockdown cells were trans-
fected with p27KIP1 siRNA. The amount of p27 induced was efficiently

Fig. 3. Silencing of Higd-1a expression in-
hibits cancer cell growth in xenografted nude
mice. Three days after infection with the control
or Higd-1a shRNA lentivirus, AsPC-1 or PANC-
1 cells were screened with puromycin for 3 days.
Five nude mice per group were injected sub-
cutaneously with 1×106 cells each. (A) AsPC-1
tumor volumes were measured for up to 21 days
(left). At 21 days, the mice were killed to mea-
sure the tumor weights (right) and for the im-
munostaining of Higd-1a (middle). C; Control
shRNA, H; Higd-1a shRNA. Representative mice
bearing xenografts of control versus Higd-1a
knockdown cells are shown in the bottom panel.
(B) PANC-1 tumor volumes were measured for
up to 38 days (left) and the tumors weighed
(right). Representative mice bearing xenografts
of control versus Higd-1a knockdown cells are
shown in the bottom panel. **; p < 0.01, ***;
p < 0.001.
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reduced by the siRNA (Fig. 4C, left). Growth of the Higd-1a-p27KIP1

double knockdown cells reached almost 90% of that of the control
AsPC-1 cells after 4 days of infection, while growth of the Higd-1a
single knockdown cells was again strongly inhibited (Fig. 4C, right).
The recovery of cell growth by p27KIP1 depletion is clearly shown in a
time-dependent manner up to 8 days of Higd-1a depletion in Fig. 4D.
Taken together, these observations suggest that the growth retardation
resulting from Higd-1a depletion is a consequence of the differential
expression of cell cycle regulatory proteins, especially p27KIP1, and in-
volves cell cycle arrest in G1 phase.

3.5. Higd-1a expression regulates the ERK signaling pathway

Next, we investigated the upstream signaling pathways regulating
expression of p27 KIP1. In Higd-1a-depleted AsPC-1 cells, phosphoryla-
tion of ERK was reduced by>50% in repeated experiments (Figs. S3A
and B), while phosphorylation of the other MAP kinases, p38MAPK and
JNK, was unchanged. Activation of the AKT/mTor/S6K pathway and
phosphorylation of AMPK were not induced, and the expression of GSK-
3β was also unaffected. In Higd-1a-depleted PANC-1 cells, reduced ERK
phosphorylation was similarly repeated, as in AsPC-1 cells (Figs. S3C
and D). To check the down-regulation of p-ERK1/2 clearly, we detected

p-ERK1/2 levels as a function of time after the knockdown of Higd-1a in
AsPC-1 cells. p-ERK1/2 was reduced by day 3 and continued to decrease
up to day 6 (Fig. 5A). We examined whether the ERK pathway is
regulated downstream of Higd-1a, by means of Higd-1a reconstitution.
Higd-1a-Flag overexpression by transient transfection led to high ex-
pression of the fusion protein and was clearly detected by Flag antibody
immunoblotting (Fig. 5B). Because Higd-1a depletion was performed by
Higd-1a shRNA, the endogenous Higd-1a expression was also restored
slightly by Higd-1a-Flag overexpression. The relatively less-regulated
pERK phosphorylation process was clearly recovered by the recon-
stitution of Higd-1a in a time-dependent manner, and the growth of
Higd-1a-Flag transfected cells reached nearly 85% of that of the control
AsPC-1 cells, whereas the rate of Higd-1a-depleted cells was only 33%
after 5 days. We also assessed whether the reduced activation of the
ERK pathway had a direct effect on p27KIP1 induction and cell cycle
arrest. AsPC-1 cells were treated with U0126 and SB203580, which are
inhibitors of MEK and p38MAPK, respectively. U0126 treatment com-
pletely inhibited phosphorylation of ERK1/2 and concomitantly in-
duced expression of p27KIP1 (Fig. 5C). SB203580 did not have any
significant effect on the phosphorylation of ERK1/2 and did not en-
hance the expression of p27KIP1. These results indicated that cell cycle
arrest caused by Higd-1a depletion is controlled by the down-regulation

Fig. 4. Silencing of Higd-1a expression
induces cell cycle arrest by inducing
p27KIP1. (A) RT-PCR analyses of various cell
cycle regulatory genes in AsPC-1 cells at the
indicated times after infection with control
or Higd-1a shRNA (left). The relative in-
tensities of the PCR bands were analyzed
with ImageJ (right). Data are representative
of three independent experiments. (B) Total
cellular proteins were extracted 6 days after
infection with the shRNA virus and the le-
vels of the indicated proteins were de-
termined by immunoblot analysis. α-tubulin
was used as a loading control (left). The
relative intensities of the immunoblot bands
were analyzed with ImageJ, normalized ac-
cording to the α-tubulin expression level,
and are expressed as percentages relative to
cells infected with control shRNA (right).
(C) AsPC-1 cells were infected with the
control or Higd-1a shRNA virus and tran-
siently transfected with scrambled or
p27KIP1 siRNA at the indicated concentra-
tions after 24 h. Four days after infection,
the levels of the indicated proteins were
determined by immunoblot analysis (left),
and total viable cells were counted by
trypan blue exclusion and expressed as
percentages relative to control cells (right).
(D) AsPC-1 cells were infected with the
control or Higd-1a shRNA and transfected
with 10 nM scrambled or p27KIP1 siRNA, as
in (C). Total viable cells were counted at the
indicated time points. Data are
means ± S.E. of three independent ex-
periments. *; p < 0.05, **; p < 0.01, ***;
p < 0.001.
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of the ERK pathway and the induction of p27KIP1 in pancreatic cancer
cells.

3.6. Higd-1a expression is up-regulated in human pancreatic cancers

Next, we analyzed two GEO transcriptome microarray datasets (36
human pancreatic tumor tissues and 16 normal tissues in GDS4102; 45
pancreatic ductal adenocarcinoma tumor tissue and 45 adjacent non-
tumor tissues in GDS4336), to examine the expression level of Higd-1a
mRNA in tumor tissue. In both datasets, Higd-1a expression was sig-
nificantly elevated in pancreatic tumor tissue (P=0.0045 and 0.00022,
respectively) (Fig. 6A), suggesting that enhanced expression of Higd-1a
is associated with pancreatic tumorigenesis. Of other proteins involved
in mitochondrial fusion and fission, only DRP1 was significantly ele-
vated in pancreatic cancers (Fig. S4); OPA1, MFN1 and MFN2 were not
significantly affected. DRP1 is known to be induced in several other
cancers, such as breast carcinoma, lung cancer and glioblastoma
[25–27]. These results provide clinical evidence for a survival role of
Higd-1a in pancreatic cancer.

To explore the relationship between Higd-1a and cell cycle

regulation in pancreatic cancer, we examined the correlation between
Higd-1a mRNA levels and cell cycle regulators, using the GDS4336
dataset. As shown in Fig. 6B, expression of Higd-1a was positively
correlated with that of CCNA2 (cyclin A), CCNE2 (cyclin E), CDK1 and
CDK2, and negatively correlated with that of p27KIP1 and p57KIP2. These
data are consistent with the in vitro findings in Fig. 3, showing induced
p27KIP1 expression and reduced cyclin E expression as a result of si-
lencing of Higd-1a. Furthermore, Higd-1a expression was positively
related with that of the E2F target genes, PCNA, DHFR and CDK1
(Fig. 6B), consistent with the data in Fig. 3B indicating down-regulation
of RB phosphorylation, the major regulator of the E2F transcription
factor. To confirm this bioinformatics analysis, we analyzed the ex-
pression of E2F target genes in Higd-1a-depleted AsPC-1 and PANC-
1 cells using semi-quantitative RT-PCR. Expression of the E2F target
genes PCNA, DHFR, CDK1 and TK1 was reduced by depletion of Higd-
1a in both cell lines (Fig. 6C and Fig. S2C). These results provide clinical
evidence that the survival role of Higd-1a in pancreatic cancer cells is
closely related to the control of cell cycle regulatory factors.

Finally, immunohistochemistry was performed to examine the
protein expression levels of Higd-1a in pancreatic tissues of human

Fig. 5. Silencing of Higd-1a expression
inhibits ERK phosphorylation. (A) AsPC-
1 cells were infected with lentivirus expres-
sing control or Higd-1a shRNA. The levels of
Higd-1a, phosphorylated ERK, total ERK and
p27KIP1 protein were determined by im-
munoblotting at the indicated times after
transfection. (B) AsPC-1 cells were infected
with lentivirus expressing control or Higd-
1a shRNA. After 24 h, cells were transfected
with the Higd-1a-Flag plasmid. The expres-
sion levels of the indicated proteins were
determined by immunoblotting at the in-
dicated times after transfection (left) and
the total viable cells were counted at the
indicated time points (right). (C) AsPC-
1 cells were treated with 10 μM U0126 (an
MEK inhibitor) and 2 μM SB203580 (a
p38MAPK inhibitor). Total cell lysates were
analyzed for phosphorylated ERK, total ERK
and p27KIP1 expression by immunoblotting.
Relative intensities were analyzed using
ImageJ, normalized by α-tubulin expres-
sion, and are shown as numbers. Data are
representative of three independent experi-
ments.
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patients. Twelve each of paraffin-embedded pancreatic cancer tissues
and adjacent non-cancer tissues were adopted. As shown in Fig. 7, Higd-
1a expression levels were found to be highly elevated in pancreatic
cancer tissues. The increased mean Higd-1a staining scores in pan-
creatic cancer tissues was markedly significant compared to adjacent
non-cancer tissues (p= 0.00001). Nuclear Ki-67 was used as a cellular
marker for the proliferation of cancer tissues. The average of Ki-67
positive cells showed a 20-fold increase in pancreatic cancer tissues
(p=0.0000029). Collectively, these results indicate that enhanced
Higd-1a protein expression levels are highly correlated with pancreatic
cancerous progression.

4. Discussion

In this study, we characterized the role of Higd-1a in the

proliferation of pancreatic cancer cells and concluded that depletion of
Higd-1a leads to inhibition of tumor growth by the mechanism outlined
in Fig. 6D. This schema is based on several observations. First, Higd-1a
depletion inhibited cancer cell growth in vitro and in mouse xenografts.
(Figs. 1 and 3). Second, this growth retardation did not result from
apoptosis but from cell cycle retardation through induction of p27KIP1

and RB hypo-phosphorylation (Figs. 1 and 4 and Fig. S2B). Third, Higd-
1a knockdown reduced ERK phosphorylation and this is likely to be
responsible for the induction of p27KIP1 since U0126, which inhibits
ERK phosphorylation, mimicked the effect of Higd-1a depletion (Fig. 5).
Fourth, Higd-1a-depleted cells were mainly retarded in G0/G1 and
displayed the characteristics of senescence (Fig. 2). Fifth, Higd-1a ex-
pression was up-regulated in pancreatic cancer tissue, and its level of
expression was consistently correlated with that of cell cycle regulatory
genes (Figs. 6 and 7).

Fig. 6. Higd-1a mRNA expression is up-
regulated in human pancreatic cancer
tissues. (A) Higd-1a mRNA expression was
analyzed in two different gene sets of pan-
creatic tumors. The GDS4102 data set con-
tains 52 samples (36 pancreatic tumors and
16 normal tissue samples), and the GDS4336
data set contains 90 samples (45 pancreatic
ductal adenocarcinomas and 45 adjacent
non-tumor tissue samples). Differences were
analyzed using Student's t-test. (B) Scatter
plots of the log2 values of Higd-1a mRNA
expression versus that of cell cycle related
genes (CCNA2, CCNE2, CDK2, p27KIP1,
p57KIP2) and E2F target genes (PCNA,
DHFR, CDK1) in the 45 pancreatic tumor
tissues in the GDS4336 data set. R; gradient.
P; significance value. (C) mRNA levels of
E2F target genes in AsPC-1 cells after 12
days of lentiviral infection with control or
Higd-1a shRNA (upper). The relative in-
tensities of the PCR bands were analyzed
with ImageJ (bottom). Higd-1a (H), TK1
(TK), PCNA (P), DHFR (DH), CDK1 (CDK).
Data are representative of three in-
dependent experiments. (D) Schematic re-
presentation of the proposed mechanism
underlying the cell cycle retardation and
senescence induced by Higd-1a depletion.
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Cell cycle progression is often affected in human cancers. The cell
cycle is driven forward by cyclin-dependent kinases (CDKs), and
members of the KIP/CIP family of CDK inhibitors, p21CIP1, p27KIP1, and
p57KIP2, negatively regulate CDK activity at the G1/S phase transition
[28]. It has been reported that the RAS/RAF/MAPK and PI3K/AKT
pathways, commonly mutated in human cancer, can directly influence
the expression and activity of p27KIP1 [28]. Interestingly, in our screen
of kinase pathways by immunoblotting, only ERK activation was re-
duced during p27KIP1 induction, with no change in kinases such as JNK,
p38, GSK-3β, AMPK, and kinases of the AKT/mTor pathway. There
have been many studies of the regulation of p27KIP1 expression by the
ERK pathway. When ERK1/2 is phosphorylated in response to a mi-
togen, Skp2, an F-box protein of the E3 ubiquitin ligase complex, in-
creases and p27KIP1 protein declines due to ubiquitination. Increased
ERK activation also inhibits the expression of the transcription factor
FOXO3, and this further reduces expression of p27KIP1 [24,29–31]. We
also observed that p27KIP1 increased in response to the ERK1/2 phos-
phorylation inhibitor U0126, confirming that p27KIP1 is regulated via
the ERK pathway (Fig. 5B).

Senescence is a state of irreversible growth arrest in G0/G1 phase
due to loss of responsiveness to growth factors. It is mainly generated
via the p53 and RB pathways [32]. The cyclin-dependent kinase

inhibitors, p16INK4a and p21CIP1, are regarded as key effectors of cel-
lular senescence. p16INK4a inhibits CDK4/6, which leads to RB hypo-
phosphorylation, and its upregulation is essential in the terminal stages
of growth arrest in senescence [3,33]. p21CIP1 is an inhibitor of CDK2
and a p53 target for the induction of senescence. However, the AsPC-1
pancreatic cancer cells used in our experiments harbor a p16INK4a fra-
meshift and a TP53-inactivating mutation [23], which is consistent
with the finding that KRAS [> 90%], p16INK4A [> 90%] and TP53
[> 70%] are hallmark mutations of human pancreatic adenocarci-
nomas [34]. Interestingly, therefore, Higd-1a depletion of AsPC-1 cells
induced p27KIP1 expression and led to growth retardation and senes-
cence in the absence of p16INK4a and TP53. There have been several
reports linking senescence and p27KIP1 induction. In U20S osteo-
sarcoma cells, which have mutations in TP53 and the RB locus, re-
introduction of RB or ectopic expression of p27KIP1 induced senescence
[35]. In prostatic intraepithelial neoplasias that did not develop to in-
vasive cancer, p27KIP1 knock-out inhibited senescence and led to the
development of invasive cancer [3]. Senescence induced by loss of the
von Hippel-Lindau tumor suppressor (VHL) in renal cancer cells is RB-,
p27KIP1- and Skp2-dependent but p53-independent [36]. Furthermore,
Inhibition of the PI3K pathway in normal mouse embryonic fibroblasts
(MEF) cells leads to senescence that is associated with increased levels

Fig. 7. Higd-1a protein expression is upregulated in human pancreatic cancer tissues. (A) Immunohistochemistry (IHC) staining for Higd-1a and Ki-67 protein
expression in 12 each of paraffin-embedded pancreatic cancer and adjacent non-tumor (normal) tissues (X200). Typical examples among tissue IHC outcomes are
shown. Bar; 100 μM. (B) Statistical analysis of the mean Higd-1a staining scores and Ki-67 positive cells between pancreatic cancer and corresponding non-tumor
tissues. Differences were analyzed using multiple t tests.
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of p27KIP1, but not of TP53, p19ARF, p16INK4a, or p21CIP1 [37]. Our
results are additional evidence that p27KIP1/RB is part of an important
pathway for inducing senescence in the absence of TP53 and p16INK4a

activities.
Recently, Ameri et al. reported that in conditions of cellular stress,

such as glucose deprivation, the ectopic expression of Higd-1a sup-
pressed cell growth but strongly promoted tumor cell survival by re-
ducing cell death by modulating oxygen consumption, ROS production
and AMPK activity in HIF-1α-deficient MEF [20]. They explained that
Higd-1a serves as an oncogene in severe tumor environments, although
it may also act as a tumor suppresser in less severe forms of metabolic
stress. We previously reported that RAW264.7 macrophages stably
transfected with Higd-1a underwent less apoptosis in hypoxic condi-
tions due to the inhibition of the release of cytochrome c and the re-
duction of caspase activities. Vice versa, hypoxia-induced apoptosis
increased when endogenous Higd-1a was silenced [16]. Based on these
results, Higd-1a is clearly involved in cell survival, although the level of
this involvement may change depending on the cell and stress types. In
the present study, we demonstrated the requirement of Higd-1a for the
optimal proliferation of pancreatic cancer cells through regulation of
the pERK/p27KIP1/RB pathway. In addition, we clearly showed that
both mRNA and protein expression levels of Higd-1a increase in human
pancreatic cancer tissues. Mitochondria are essential for malignant
tumor progression, and cancer treatments targeted at mitochondria
have been found to be effective [1]. For example, metformin, an in-
hibitor of electron transport chain complex 1, is in clinical trials for
various cancers [38]. Further studies of the role of Higd-1a in mi-
tochondrial homeostasis and of its downstream pathways regulating
intracellular signaling, may provide opportunities for the development
of novel cancer treatments.
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