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Abstract

Macroautophagy is involved in the bulk degradation of long-lived cytosolic proteins and
subcellular organelles, which is important for the survival of cells during starvation. To identify
potential players of the autophagy process, we subjected HCT116 cells cultured in complete
medium and in Earle's balanced salt solution to proteomics analysis. In approximately 1,500
protein spots detected, we characterized 52 unique proteins, whose expression levels were
significantly changed following starvation. Notably, we found that Annexin Al was significantly
upregulated following starvation at both mRNA and protein levels. Inhibition of Annexin Al
expression with specific SIRNA did not alter starvation-induced autophagy as measured by the
level of lipidated LC3, but significantly reversed autophagy degradation as measured by the level
of p62/SQSTM 1. Thus Annexin Al seemed to be positively upregulated during starvation to
promote autophagic degradation. Overall, the data presented in this study established a expression
profile of the proteome in starved cells, which allowed the identification of proteins with potential
signficance in starvation-induced autophagy.
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Introduction

Alterations in nutritional status have a significant impact on the metabolism of the cells and
thus their functions. Amino acid starvation up-regulates macroautophagy, hereafter referred
to as autophagy, in yeast and in mammalian cells, which promotes the degradation of
cellular proteins and subcellular organelles for the regeneration of nutrients [1; 2].
Autophagy is also important for the turnover of dysfunctional organelles and misfolded
proteins in pathophysiological cases [3; 4]. Overall, autophagy is essential for cell
homeostasis and cell adaptation to an adverse environment [3; 5].
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Although early studies suggest that autophagy is characterized by non-specific bulk
degradation, recent works have found that starvation-induced autophagy degradation
proceeded in an ordered fashion with certain proteins/organelles degraded sooner than others
[6]. In addition, certain proteins, such as p62/SQSTEML, can act as an adaptor molecule for
autophagy substrates [4; 7; 8]. In fact, the level of p62/SQSTML is elevated in autophagy-
deficient status but is frequently reduced in autophagy activation condition despite that its
level could be subjected to other regulations [8]. As such, the level of p62 has been used as a
functional parameter of autophagy degradation under the classic condition of autophagy,
such as starvation [8; 9; 10].

It is conceivable that the expression level of many proteins will be altered during a typical
autophagy process. Here we studied the proteome of cells under starvation in order to define
proteins that may participate in starvation-induced autophagy. As the result, Annexin Al
emerged as a promising candidate for the regulation of autophagy degradation.

Materials and Methods

Cell culture

HCT116 (Bax—/-) stably expressing GFP-LC3 cell lines [11] were maintained in McCoy's
5A with 10% fetal bovine serum (Invitrogen, CA) and standard supplements in a humidified
incubator (37°C, 5% CO,). Starvation was conducted by incubating cells in Earle's balanced
salt solution (EBSS).

Sample preparation for proteomics study

Cells were washed three times with ice-cold PBS. Cells were lysed with a buffer containing
5mM EDTA, 9.5 M urea, 4% (v/v) CHAPS, 65 mM DTT, and protease inhibitors
(Complete kit, Roche Diagnostics, Germany) for 1 h at 24°C. Cellular debris was removed
by centrifugation for 15 min at 20,000 x g at 10°C. A 2-D clean-up kit (Amersham
Bioscience, NJ) was used to remove non-protein contaminants of the supernatants. Protein
pellets were dissolved in the lysis buffer containing 0.5% v/v IPG buffer (pH 3-10,
nonlinear). After centrifuging the samples at 8,000 x g for 15 min at 10°C, supernatants
were collected and stored at —80°C until analysis. Protein concentration was determined
using a Bradford-based protein assay (Bio-Rad Laboratories).

Two-dimensional gel electrophoresis (2-DE)

The 2-DE procedure was performed as previously described [12; 13]. Briefly, 100 ug of
total proteins were separated by isoelectric focusing using IPG strips (17 cm, pH 3-11 and
pH 5-8, nonlinear) according to the following scheme: 12 h at 50 V, 0.5 h at 250 V, and 2.5
h at gradient from 250 to 8,000 V (35 kVh at 8,000 V). Strips were equilibrated with DTT
and iodoacetamide. Strips were then placed onto 12% or 10 % SDS-PAGE for protein
separation in the second dimension. Electrophoresis was carried out using a Vertical Gel
Electrophoresis Apparatus system (Life Technologies) at 20°C at 120 V per gel for 8 h, or
until the bromophenol blue dye had reached the bottom of the gel at room temperature. Gels
were fixed overnight in 50% v/v ethanol containing 3% wi/v phosphoric acid and washed
with distilled water for 1 h. Gels were then equilibrated for 1 h in 34% v/v ethanol
containing 17% ammonium sulfate, 3% w/v phosphoric acid and incubated in the same
solution with 1 g/L of Coomassie Blue G-250 for 4-5 days. The visualized proteins on the
2D gels were digitalized at 400 dpi resolutions using a UMAX PowerLook 1120 scanner
(UMAX Technologies, Inc., Dallas, USA).
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Spot analysis

Examination of differentially expressed proteins was performed using the software Decodon
(DECODON Gmbh, Germany). Gels from samples with the same treatment were considered
as replicated groups, from which the average normalized spot intensities could be
determined. A spot was regarded as being significant if the average intensity differed by 1.5
fold or more between the control and treatment groups. Spots with significance were
subjected for further analysis.

MALDI-TOF MS and protein identification

Excised protein spots were subjected to in-gel tryptic digestion, followed by MALDI-TOF
MS, which generated peptide mass fingerprints using VVoyager-DE PRO (Applied
Biosystems, Inc.) as described below. Excised protein spots were washed successively in
water, 25 mM ammonium bicarbonate, ACN/25mM ammonium biocarbonate (1:1, v/v) and
pure ACN. The dried gels were rehydrated in 25 mM ammonium bicarbonate (pH 7.8)
containing 0.1 pg of trypsin-gold (Promega) for overnight at 37 °C. The resulting peptides
were extracted twice from gel slices with ACN/water (3/2, v/v) containing 0.1 % TFA. The
extracts were concentrated using a speed vacuum pump. The tryptic peptides were desalted
and concentrated on Zip-Tip TM C18 colum to a final volume of 3 pl, according to the
manufacturer's instruction (Millipore, Bedford, MA). Trypsin-digested samples (0.5 ul) were
mixed with 0.5 pl of matrix (aCyano-4-hydroxycinnamic acid). Protein identification was
performed as previously described [12; 13]. Trypsin and keratin peaks were excluded.
Proteins identified with a score greater than 1,000, with sequence coverage more than 10%
and at least four match peptides were considered significant. The differentially expressed
proteins were classified in terms of their physiological functions and localizations using
information from Entrez Gene of NCBI and the Swiss-Prot/TrEMBL protein
knowledgebase.

Western blot analysis

Cells were lysated in the lysis buffer [50 mM Tris, 150 mM NacCl, 5 mM
ethylenediaminetetraacetic acid (EDTA), 1 mM dithiothreitol (DTT), 0.5% NP-40, 100 uM
phenylmethylsulfonyl fluoride, 20 pM aprotinin and 20 uM leupeptin, adjusted to (pH 8.0)].
Protein extracts (20-30 ug) were subjected to 12% SDS-PAGE and transferred to PVDF
membranes (Millipore Corporation, Bedford, MA). Detection of specific proteins was
carried out using the enhanced chemiluminescence method. Antibodies against the following
molecules were used: Annexin Al, HSP70 and B-actin (Santa Cruz biotechnology, Santa
Cruz, CA), VDAC (Calbiocam, San Diego, CA), p2/SQSTM1 (BD Biosciences, San Jose,
CA) and LC3 [13]. Images were digitally acquired using Kodak 4000MM image station and
densitometry was conducted using the companion software (Carestream Molecular Imaging,
New Heaven, CT).

RT-PCR analysis

For RT-PCR, 1 pug of total RNA was used for first strand cDNA reaction using oligo d (T)
primers and Superscript Il reverse transcriptase at 42°C for 50 min. PCR was performed on
aliquots of this reaction in a 50 pl-volume. Forward primer for Annexin Al is GCA GGC
CTG GTT TAT TGA AA. Reverse primer is GGT TGC TTC ATC CAC ACC TT, For -
actin, the forward primer is AGA AAA TCT GGC ACC ACA CC, and the reverse primer is
CTC CTT AAT GTC ACG CAC GA. The PCR products were resolved electrophoretically
on 1% agarose gel. The expression of the measured genes in each sample was normalized to
the level of B-actin expression.
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Immunofluorescence staining assay

Cells cultured in cover slips were fixed with 4% paraformaldehyde, permeabilized with
0.2% Triton X-100, and stained with an anti-Annexin Al followed by a Cy3-conjugated
secondary antibody. Hoechst 33342 (5 ug/ml) was used to counter-stain the nucleus. Images
were obtained using a Nikon fluorescence microscope (Nikon Eclipse TE200, Melville NY)
equipped with a digital camera (CoolSNAP HQ?Z, Photometrics, Tucson, AZ).

Small interfering RNA (siRNA)-mediated gene knockdown

siRNAs (0.1 umol/L) against the human Annexin Al (5'-
AAUCCAUCCUCGGAUGUCGCU -3')(Invitrogen) were transfected into 1 x 10° HCT-116
cells using Oligofectamine for 48 hours before analysis.

Result and Discussion

Starvation-induced proteome changes in HCT116 cells

A characteristic feature of autophagy activation is the conversion of the LC3 from the
unconjugated form (LC3-1) to the phosphatidylethanolamine-conjugated form (LC3-I1) and
the formation of LC3 puncta [1; 10]. Culture of HCT116 in EBSS elicited a strong
formation of the lipidated LC3-1l1 and GFP-LC3 puncta in a time-dependent manner (Fig. 1).
Kinetic analysis of the puncta formation indicated that autophagy induction was obvious by
2 h after starvation although the level peaked around 8 hr.

We intended to determine proteins that may participate in starvation-induced autophagy
through the proteomic approach. We reasoned that proteome changes reflecting adaptive
changes, including the induction of autophagy, would more likely occur at an earlier time
point. We thus performed the proteomics analysis on HCT116 cells cultured in EBSS for
only 2 h. From six different experiments, the 2-D electrophoresis of the lysates prepared
from the starved cells exhibited a total of about 1,500 recognizable spots within a pH range
of 3-10 and a molecular mass range of 10-170 kDa (supplemental Fig. 1). About 120 paired
spots showing differential expression level of >1.5-fold between the control and EBSS
treated groups were further examined, among which 58 spots were reliably identified. These
58 spots corresponded to 52 unique protein entries with the remaining six corresponding to
different modification forms (Supplemental Table 1). Among these proteins, about half were
increased (30) and the other half (28) were decreased in expression. We confirmed the
expression change of a selected group of proteins by RT-PCR, western blot analysis and
functional activity measurement (Supplemental Fig. 2). The most common source of
proteins was the cytoplasm (41%), followed by the mitochondria (24%) and the nucleus
(10%) and in each category there were proteins with increased or decreased expression (Fig.
2A).

These proteins also represent a functionally very diverse group of molecules and both
increase and decrease in the expression had been observed in each category (Fig. 2B,
Supplemental Table 1). Changes of some of the proteins were well correlated with previous
findings by different means. For example, the chaperone protein, heat shock cognate 71 kDa
protein (Hsc70), was up-regulated by starvation in HCT116 cells, consistent with the finding
by Lenaerts et. al in mouse small intestine [14]. Hsc70 can bind to nascent polypeptides to
facilitate correct folding. The 78-kDa glucose-regulated protein (GRP78) is a central
regulator of endoplasmic reticulum (ER) homeostasis, functioning in protein folding, ER
calcium binding and modulation of transmembrane ER stress sensor activity. Protein
disulfide-isomerase A3 (PDIAS3) is a member of the protein disulphide isomerase family of
oxidoreductases, which are involved in native disulphide bond formation in the endoplasmic
reticulum of mammalian cells. Both proteins was found here to be down-regulated in
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starvation, a condition activating autophagy, and conversely were found previously to be up-
regulated in autophagy-deficient status [15].

The functional involvement of these proteins in macroautophagy is not obvious based on
their known biological activities. In general, the alteration of protein level could be due to
multiple reasons. From autophagy point of view, reduction of proteins in the cytosol could
be due to autophagic degradation or due to recruitment to a membrane compartment, such as
the autophagosomal membranes. On the other hand, the upregulation of proteins could
suggest their participation in the autophagy processes or other processes. Notably, Hsc70,
inorganic pyrophosphage and alpha-enolase, whose expressions were increased in this study,
were also found to be enriched in the autophagosome membranes in a previous study [16].
Intriguingly, several other proteins that were found to be similarly enriched in the
autophagosomal membranes or autophagosomes were actually reduced in the cytosol as
shown in this study, which include GRP-78, endoplasmin and glyceraldehydes 3-phosphate
dehydrogenase, as well an isoform of peroxiredoxin (peroxiredoxin 4) and glutathione
Stransferase (GST- pi) [16]. This may suggest that these proteins were recruited to the
autophagosome membranes or engulfed into the autophagosome as membrane substrates.
Finally, the same protein could be involved in more than one process. Hsc 70 is well known
for its central role in chaperone-mediated autophagy (CMA), recognizing cytosolic proteins
that carry a KFERQ-like sequence and transport them to the lysosome [17]. CMA can work
in a coordinated way with other autophagy pathway and could thus function together with
macroautophagy in starvation [18]. Thus it is possible that upregulated Hsc70 might be
important for CMA during starvation. Further studies would be required to discriminate all
these processes.

The role of Annexin Al in autophagy

Toward that end, one particular molecule that attracted our attention was Annexin Al.
Annexin Al is a member of the annexin superfamily, so termed because their principal
property is to bind (i.e. to annex) to phospholipid membranes in a calcium-dependent
manner [19]. Annexin Al was originally considered to be a steroid-regulated protein and,
thus, implicated in some of the beneficial actions of glucocorticoids [20]. However, it was
the reported function in membrane trafficking [21] and vesiculation of multivesicular bodies
(MVB) [22] that led us to postulate that Annexin Al could be involved in autophagy. MVB
may be important for autophagosome development by fusing with the latter to form the
amphisome [23; 24; 25].

Annexin Al level was increased in 2 h after starvation by more than three-fold by
proteomics analysis. The increased expression level was confirmed by Western blot
analysis, immunofluorescence staining and RT-PCR (Fig. 3), indicating that the elevation
was at both transcriptional and translational levels. More interestingly, Annexin Al signal
appeared punctuated, consistent with a vesicular localization (Fig. 3C). Intriguingly, the
puncta were dispersed throughout the cells and did not seem to be particularly colocalized
with the GFP-LC3 puncta in starvation condition.

To determine whether Annexin Al played a role in starvation-induced autophagy, we
selectively knocked down its expression using specific sSiRNA (Fig. 4A). We then examined
the induction of autophagy based on the formation of the lipidated LC3-I1 (Fig. 4A-B). The
results showed that loss of Annexin Al had minor effects, if any, on the formation of the
lipidated LC3-I1. However, autophagic degradation as indicated by the reduction of p62/
SQSTM1, an autophagy adaptor molecule that links cellular substrates to autophagosomes
and is co-degraded in the autolysosomes, was affected by Annexin A 1 (Fig. 4A, C). Thus in
cells receiving siRNA against Annexin Al, the level of p62/SQSTM1 was not reduced, in
contrast to the reduced level in starved cells given control sSiRNA. These data indicated that
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Annexin Al could play a role in autophagy at the stage of substrate degradation, though not
at the initiation stage.

Although it is not clear how Annexin Al might regulate autophagy degradation, it is
possible that this function may be related to the role of Annexin Al in MVB dynamics. It
has been demonstrated that in mammalian cells, autophagosomes undergo a process known
as maturation by fusion with multiple types of endosomal vesicles, including MVB, to form
the so-called amphisome structure [23; 24; 25]. It is thought that the formation of
amphisome could allow these vesicles to acquire the ability to fuse with lysosomes in the
mammalian cells. It is thus possible that by participating in the formation of MVB, Annexin
Al could promote the formation of the amphisome, thus the formation of autolysosomes.
The degradation of autophagic materials in the autolysosome could thus be affected by the
inhibition of Annexin Al. Our finding that Annexin Al did not affect LC3 punctation, but
the reduction of p62 would be consistent with the proposed biochemical role of Annexin Al.

It has yet to be determined how starvation may trigger the transcriptional activation of
Annexin Al. However, the upregulation during starvation could be a positive mechanism to
enhance autophagic degradation, thus providing more essential nutrients to sustain the life of
starved cells. This kind of mechanism of enhancement of autophagy, particularly during
starvation, at the level of autophagic degradation, does not seems to have been reported in
the literature, thus representing a notable advancement in our understanding of autophagy
regulation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Starvation induced a time-dependent autophagy in HCT116 cells

(A-B). GFP-LC3-HCT116 cells were incubated in complete medium (CM) or EBSS for 2 to
8 hours. Representative images are shown in A and guantification data (mean + SD) in B.
(C-D). Lysates from cells subjected to EBSS for different times were analyzed by Western
blot with the indicated antibodies. The positions of LC3-1 and LC3-I1 are indicated (C). The
density ratio of LC3-11 vs LC3-1 (D) was determined using Kodak Image Station 4000
software.
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Figure 2. The proteome alterations in HCT116 cells following starvation

HCT116 cells were incubated with complete medium (Control) or EBSS (Starved) for 2 h.
Proteins from whole cell lysates were separated on a pH 3-10 IPG strip or pH 5-8 IPG strip
in the first dimension and on a 12% SDS-PAGE gel in the second dimension (Supplemental
Figure 1). The relative distributions of the 58 identified proteins were shown according to
their subcellular localization (A) and biological functions (B), with changes (increased or
decreased) following starvation. See supplemental Table 1 for details.
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Figure 3. Upregulation of Annexin Al by starvation

The expression levels of Annexin Al in control and EBSS-treated GFP-LC3 expressing
HCT116 cells were measured by immunoblot (A), RT-PCR (B) and immunostaining (C).
Note immunostaining had also indicated that Annexin Al (red) was present in puncta form,
most of which, however, were not colocalized with GFP-LC3 puncta (green). Nuclei were
stained with Hoechst 33328.
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Figure 4. Knockdown of Annexin Al inhibited starvation-induced autophagic degradation
HCT116 cells were transfected with control (Con) or Annexin Al-specific SIRNA (ANX)
for 48 hours. Cells were then cultured in complete medium (CM) or EBSS for 2 hr. Cell
lysates were subjected to immunoblot assay with indicated antibodies (A). The densities of
LC3 (B) and p62 (C) bands were quantified and calculated relative to that of B-actin.
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