Genomic coordinates of exons and other information of
the RefSeq transcripts are as described in hgl8 as of
UCSC Genome Browser. GO (as of June 14th, 2007)
and KEGG (Release 42) terms were associated with
RefSeq genes by using loc2go (as of June 14th, 2007)
using NCBI Entrez Gene database (http://www.ncbi.
nim.nih.gov/sites/entrez?db=gene). For each RefSeq
gene, a RefSeq region was defined as the region from
50kb upstream of the most upstream 5-end exon to
the most downstream 3’-end exon. TSS-tags were further
clustered into 500-bp bins to generate TSS clusters (TSCs).
Details and rationalization of the procedure is described in
the ref. (15). For the expression analysis at the gene levels,
TSS-tag counts of TSCs belonging to the corresponding
RefSeq regions were totalled. For the expression analyses
at the alternative promoter level, intergenic and antisense
transcripts, the TSS-tags belonging to the corresponding
TSCs were counted. In either case, TSS-tag counts were
divided by the total number of uniquely and perfectly
(with no mismatch) mapped TSS-tag to calculate TSS-
tag ppm (parts per million). For the analysis of intergenic
TSCs, overlap between the TSCs and miRNA and
snoRNA, from miRBase (http://microrna.sanger.ac.uk/
sequences/index.shtml) and snoRNABase (http://www-
snorna.biotoul.fr/index.php), respectively, were examined.

Validation analysis

Real-time RT-PCRs were performed using 7900HT (ABI)
following the standard protocol. PCR primer sequences
are shown in the Supplementary Table 10. For the RT-
PCR, 1ng of the first strand cDNAs, which were synthe-
sized by random hexamer primer, was used. In the case of
plasmids, 1 pg of the DNA, quantified by O.D., was used,
instead. The primer sets were first tested by amplifying the
plasmid DNA and the primer sets giving less that 35 Ct
cycles were used. The absolute copy number of each tran-
script in the cDNA population was calculated based on

the Ct value of the corresponding plasmid (as de‘“c‘). )

Based on the quantitative data, correlation with the digital
expressions (TSS-tag counts) was calculated by linear
regression. Validation analysis of the fold induction was
similarly performed without the plasmid control. RNA
independently isolated from the DLD-1 cells cultured in
similar hypoxia (1% O,) and normoxia (21% O;) condi-
tions were used. The samples were normalized according
to the total amount of the first strand cDNAs and were
subjected to the real-time RT-PCR.

For the individual oligo-cap RACE, similarly isolated
total RNAs were oligo-capped with the RNA oligo (5-AG
CAUCGAGUCGGCCUUGUUGGCCUACUGG-3) by
the standard protocol. After the DNasel treatment, the
first strand cDNA was synthesized using random hexamer
primers. One nanogram of the first strand cDNA was used
for the PCR using the 5’-end primer 5~AGCATCGAGTC
GGCCTTGTTG-3' and' the gene-specific 3~end primers
used for the real-time RT-PCR:

For validation experiments using microarray, RNAs
were isolated from the DLD-1 cells cultured in similar
hypoxia (1% O,) and normoxia (21% O,) conditions.
The RNAs were further processed according to the
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manufacturer’s instructions Using the Agilent Human
Gene Expression Array G4112F platform.

For the microarray analysis, for each of the total RNA
preparations (from 1% and 21% O, conditions), 700ng of
total RNA was used for the labeling according to the
manufacturer’s instruction. The normalization was done
at the sample preparation step. The following signal inten-
sity processing was performed using GeneSpring (Agilent)
with default parameters. The cut-offs used i this study
was either 5-fold or 2.5-fold (Figure 2B). The experiments
were repeated twice with the labeling dye exchanged.

For the comparison with the previous microarray stu-
dies, we retrieved the records from the GEO database
(http://www.ncbi.nlm.nih.gov/geo/) [a: GDS2758-61 (7);
b: GDS1209 (8); c: GDS2018 (6); d: GDS1779 (9), for
the GEO accession numbers and references, respectively].
We examined the original papers and prepared the list of
the ‘hypoxia induced genes’ from each of the datasets.
Using these datasets, the overlap between the genes iden-
tified as ‘hypoxia induced’ by this study and the previous
studies was examined.

RESULTS
Construction of a TSS-tag library

By combining the oligo-capping method with a massively
parallel sequencing technology, Illumina GA sequencer,
we developed a simple method to collect TSS information
together with a quantitative analysis of the expression
levels of the transcripts (digital expression profile) in an
extremely high-throughput manner (Figure 1). First, the
primer sequence necessary for the sequencing was directly
introduced at the 5’-ends of capped transcripts by repla-
cing the cap structure with a cap-replacing RNA oligo
(11). Then, cDNA was synthesized using random hexam-
ers, amplified with 15 cycles of PCR and directly intro-
duced into the sequencer without cloning (for the detailed
protocol, see Materials and Methods section). The 36-base
long tags corresponding to the 5-ends of transcripts were
generated by the sequencer at the rate of 10-30 million
TSS-tags per run. This simple procedure eliminates
laborious cloning step and allows us to easily monitor
the genome-wide positions of TSSs. Furthermore, the
number of TSS-tags corresponds to the number of tran-
scripts within the cell starting from that site, since each
transcript has only one cap structure.

Validation of the TSS-tag library

We first validated whether the TSS-tags collected by this
method correctly indicate the positions of the TSSs and
whether the counts of the TSS-tags represent the expres-
sion levels of the transcripts in vivo. For this purpose, we
constructed a TSS-tag library from human embryonic
kidney 293 (HEK293) cells. In total, we generated 10401

151 TSS-tags which were uniquely and perfectly (with no

mismatch) mapped to the human genome (hg 18; UCSC
Genome Browser). We compared the mapped position of
the TSS-tags with 18001 protein-coding RefSeq gene
models. Genomic coordinates of exons and other informa-
tion of the RefSeq transcripts are as described in hgl8
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Figure 1. Scheme of 5-end sequencing using the Illumina GA Sequencer. Adaptors containing necessary sequence for the Illumina GA sequencer
are represented as grey boxes. For further information, see Supplementary Data. Gppp: cap structure. AAA: polyA.

as of UCSC Genome Browser (for the version informa-
tion, see Materials and Methods section). As shown in
Figure 2A, 8647513 (83%) of the TSS-tags were mapped
within the RefSeq regions. Among them, 2255 507 (26%)
and 4647102 (54%) of the TSS-tags were mapped
upstream and inside regions of the first exons, respectively.
739319 (9%) of the TSS-tags were mapped to intronic
regions of the RefSeq gene models, which may correspond
to the TSSs of unknown alternative promoters, because
there should be rare chance that they are derived from
broken-down products of the mRNAs [for further discus-
sion, see (15)]. Also, these numbers resemble the results
from our previous analysis using 1.8 million 5-ESTs (15).
We observed no significant difference in the size of repre-
sentative mRNAs between the TSS-library and the
HEK293 oligo-cap ¢cDNA library, which was constructed
using random primers (data now shown).

Many of the TSS-tags which were mapped outside of
the RefSeq regions overlapped with ¢cDNAs in our cDNA
collection (14). In particular, at least 1374 TSS-tag sites
(mapped positions of the TSS-tags) overlapped with the
5’-ends of the 5'ESTs (also see Supplementary Figure 1 for
further details). Of these, 80 TSS-tag sites overlapped with
our completely sequenced cDNAs. For the latter cases,
average length of the representative cDNAs was 2323 bp.
Of these, 55 (70%) cDNAs were spliced and, in 53 (66%)
cDNAs, the longest protein-coding region was less
than 100 amino acids (300 bp). Therefore, many of those
intergenic TSS-tag should represent so-called mRINA-like
non-protein-coding transcripts (14,24,25). We further
compared the TSS-tag sites with the 5-end data from
the RNA-Seq analysis (26) and the CAGE analysis (19),
which have been the only two studies that produced
comparable amount of the TSS information. Among the
TSS-tag sites in our dataset, 1456 sites overlapped with
the ‘5’ extension’ data of the RNA-Seq analysis, of
which 1105 sites also overlapped with the CAGE data.
Although biological functions of many of those transcripts

still remain elusive, the TSS-tags correctly represented the
TSSs of previously identified transcripts.

We also wished to directly demonstrate the correct iden-
tification of the TSSs by luciferase reporter gene assays of
the upstream regions of the TSS-tag sites and by real-time
(quantitative) RT-PCR assays. In our previous study, we
reported systematic luciferase assays in HEK 293 cells (27).
Among our TSS-tag dataset, luciferase data was available
for the upstream regions (1 kb-upstream) of 359 TSS-tag
sites. As shown in Figure 2B, distribution of the promoter
activities for the 359 TSS-tag sites was clearly distinct
from that of randomly isolated genomic fragments.
Especially we observed clear promoter activities even for
14 TSS-tag sites with which no 5’ exons of the RefSeq gene
models overlapped and for six additional TSS-tag sites
which were located more than 50kb apart from any of
the RefSeq genes.

We then validated whether real-time RT-PCR primers
targeted at the TSS-tags sites with no RefSeq gene support
could detect transcripts, and to what extent the quantita-
tive data are correlated with the TSS-tag counts. For the
purpose of quantifications, we selected TSS-tag sites which
overlapped with the 5'-ends of cDNA clones in our cDNA
collection. We performed real-time RT-PCR using imme-
diately downstream sequences of the TSS-tags for the
S’-end PCR primers (Figure 2C and D). We observed
clear real-time RT-PCR signals for 80 TSS-tag sites
within the RefSeq regions but outside of the 5-ends of
RefSeq gene models, and for 25 TSS-tag sites mapped
outside of the RefSeq regions (overall success rate was
78%). We also performed independent oligo-cap RACE
analysis and, for 21 TSS-tag sites (out of 25 cases
attempted), we confirmed amplification of the cDNA frag-
ments of the expected lengths. We further quantified the
absolute expression levels of those 105 (80 + 25) TSS-tag
sites by using the individually isolated and quantified
c¢DNA plasmids as controls. As shown in Figure 2C, we
observed that the correlation of the absolute expression
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Figure 2. Validation analyses of the TSS-tag library. (A) Mapped positions of the TSS-tags relative to the RefSeq genes were evaluated. Population
of the TSS-tags mapped at the corresponding positions indicated by the color bars in the margin is shown. The right circle graph shows the
composition of the blue section in the left circle graph. (B) Distribution of the luciferase activities of the upstream 1kb regions of the TSSs (n = 35I;
right). Luciferase activities of upstream regions of the TSS-tags that were not supported by any RefSeq gene models are calculated separately (n = 20;
left). Luciferase activities were normalized against the average luciferase activity of randomly isolated 1kb genomic fragments (n = 251). For further
details, see the reference (27). (C) Correlation between the TSS-tag counts and the copy number estimated by real-time RT-PCR normalized by
individual plasmids (7 = 105). Each value is the average of three experiments. Sequences of the used primers and quantitative data are presented in
Supplementary Table 10. R: correlation-coefficient calculated by linear regression. Note that, because the graph is written in log scale and the
y intersect is not 0, the liner regression line is curved where the x value is small. (D) Examples of the real-time RT-PCR and independent oligo-cap
RACE analyses. Experimental conditions are shown in the margin. For details, see Materials and methods section. For the primer, ‘Tag’ indicates
the PCR primer targeted to the overlapping region of the TSS-tag and ‘RACE’ indicates the PCR primer targeted to the cap-replacing oligo. APID:
alternative promoter ID. M: molecular marker.

levels calculated by the TSS-tag counts and the real-time conditions with and without transfection of siRNAs tar-
RT-PCR are generally well-correlated, although we also geted to HIF1A or HIF2A. This experimental design is
observed deviations in some cases (also see Discussion the same as the previous studies of other groups (5,7).
section). We generated 15-19 million 36-base TSS-tags per condi-

Based on these results, we concluded that our TSS-tag tion (Table 1). A summary of the sequence quality is
library analysis should be reliable and useful for identify- shown in Supplementary Table 1.

ing both the TSS positions and their corresponding Overall mapping patterns were similar to the case of the
expression levels. HEK?293 library (Table 1). For example, in the case of the

L. . . ‘hypoxia - with non-targeted RNAI’ library, 14001295
Application of the TSS-tag library for the analysis of (73%) out of total 19213284 TSS-tags were mapped in
hypoxia responses in a colon cancer cell line the RefSeq regions. Of these, 4310405 (31%), 7 384 800

Taking advantage of this new method, we wished to reveal ~ (53%) and 1459600 (10%) TSS-tags were mapped to the
the dynamic nature of the human gene transcriptome in a upstream, first exon and  intron regions, respectively.
focused cell type with particular environmental perturba- ~ Therefore, we estimated at least 84-94% of the TSS-tags
tions. We performed genome-wide analysis of the altera- represent the real TSSs in this case, too. For the purposes
tions in both promoter usage and expression levels of the  of the following analyses, the TSS-tags were further
transcripts invoked by hypoxia. In a human colon cancer clustered into 500-bp bins to generate TSS clusters
cell line, DLD-1 cells, expression of a well known hypoxia- (TSCs) (15). In case of ‘hypoxia with non-targeted
induced gene, VEGF, is induced under hypoxic culture RNAY’ library, a total of 19213284 TSS-tags constituted
condition as well as in xenografted tumor tissues in vivo 2610785 unique TSS-tags. These unique TSS-tags were
(4). We cultured DLD-1 cells under hypoxic and normoxic further clustered into 1428455 TSCs. Of these TSCs,
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Table 1. Statistics of the TSS-tags generated from DLD-1 cells

Relative to RefSeq regions

Relative to exons of RefSeq gene models

#total mapped #NM_associated

Upstream First exon Other exon Intron
(%) (%) (%) (%)

tag tag (%)
Hypoxia non-targeted RNAI 19213284 14001295 (73)
Hypoxia with HIFIA RNAi 17995370 13758453 (76)
Hypoxia with HIF2A RNAi 17047001 14304678 (84)
Normoxia with non-targeted RNAi 17878365 14194520 (79)
Normoxia with HIFIA RNAi 15190726 12628363 (33)
Normoxia HIF2A RNAi 17175662 14117263 (82)
Total 104500408 83004572 (79)

4310405 (31) 7384800 (53) 846490 (6) 1459600 (10)
4116100 (30) 6995301 (51) 1303571 (9) 1343481 (10)
4547387 (32) 8045603 (56) 830696 (6) 880992 (6)
3850858 (27) 8449751 (60) 820989 (6) 1072922 (8)
3554553 (28) 7469575 (59) 822034 (7) 782201 (6)
3702462 (26) 8810503 (62) 685561 (5) 918737 (7)
24081765 (29) 47155533 (57) 5309341 (6) 6457933 (8)

Mapped positions of the TSS-tags were counted relative to RefSeq regions and relative to exons of RefSeq gene models, when mapped inside of the

RefSeq regions.

477936 (33%) were mapped to the RefSeq regions. The
rest were mapped to intergenic regions (709997; 50%) or
to anti-sense regions of the RefSeq genes (240 522; 17%).
Although the numbers of the TSCs, especially in the latter
two TSC groups, are high, many of the TSS-tag counts
within these TSC were usually one or two, possibly repre-
senting noise-level transcriptions in the cell (see
Supplementary Figure 1; overlap with the 5EST data
is also shown there).

Genome-wide distribution of hypoxia responsive transcfipts

We normalized TSS-tag counts of TSCs to tags per million
(ppm). In order to avoid noise level signals and possible
experimental errors, we focused on TSCs for which TSS-
tag ppm increased by at least 5-fold, having more than
1 ppm TSS-tags. One ppm corresponds to 15-20 indepen-
dent TSS-tags per TSC depending on the dataset, By the
conservative criteria of >1 ppm and >5-fold, most of the
intergenic TSCs were removed. Some of the transcripts of
previously identified *hypoxic responsive genes’ were also
removed. We tentatively employed these very conservative
criteria, considering that this is the first analysis taking
the TSS-tag approach. However, further detailed analyses
and re-evaluation of the data should be necessary on very
rarely expressed intergenic transcripts, although some of
them might be the system noise of the transcription

" machinery. For the number of ‘hypoxia-induced’ TSCs

with different parameters, see Supplementary Table 2.

In order to validate the calculated fold inductions, we
performed real-time RT-PCR analysis. For this purpose,
RNAs were independently isolated from the DLD-1 cells
cultured in similar hypoxia (1% O,) and normoxia (21%
0,) conditions. From this analysis, again, we observed
that the expression information obtained using this
method was well-correlated with the results obtained
using real-time RT-PCR (Figure 3A). We then performed
microarray analysis and compared the obtained data with
the digital expression data using independently prepared
RNAs. As shown in Figure 3B, the hypoxia responsive
genes detected in microarrays were mostly detected so in
the digital expression profiling, too. At the same time, we
identified additional putative hypoxia responsive tran-
scripts (TSSs) by the new approach possibly owing to

the improved sensitivity and coverage of the analysis
(see below).

We also compared the results of digital gene-expression
data with the previous microarray studies. We first
searched for the data focusing on hypoxia responses of
human cells in GEO database (28). Then, we examined
the original papers and retrieved a list of the genes
which were identified as ‘hypoxia responsive genes’ in

“the corresponding study. We examined overlap of the

‘hypoxia induced genes’ identified from the previous stu-
dies and from this study. As shown in Figure 3C, 11 genes,
which were reported as hypoxia responsive genes in at
least two of the previous studies (6-9), were detected so
in our tag-based approach.

Using the digital-expression data, we identified 9870
hypoxia-induced TSCs in total. Among them, 6366
(64%) were mapped to RefSeq regions on the sense
strand (for the full list of the induced TSCs, see
Supplementary Table 12). The rest were mapped to inter-
genic regions or anti-sense of the RefSeq regions. Gene-
rich chromosomes 17 and 19 had the largest number of
both genic and intergenic hypoxia-induced TSCs per genic
and intergenic base of the chromosomes (Supplementary
Table 3).

We found some genomic regions in which hypoxia-
induced TSCs particularly clustered. We identified 54
genomic regions in which seven or more hypoxia-induced
TSCs clustered in a 100-kb window (Figure 4A). In
these regions, transcription was activated on hypoxia
from both inter (Figure 4B) and intra (Figures 4C and
4D) genic regions. Furthermore, transcription activation
in the genic regions shown in Figure 4C occurred regard-
less of their exon-intron structure (lower panel; also see
Supplementary Figure 6). We also noticed distal regions
of the chromosomes frequently have such ‘hot regions’
(Figure 4A; also see Supplementary Table 4). There
might be cross-talk between transcription activation in
these regions and chromatin remodeling accompanied by
telomere elongation (29), which is a hallmark of cancer
progression. We further searched for RefSeq regions
with multiple induced TSCs. Of 6366 RefSeq regions
that contained at least one hypoxia-induced TSC, 131
regions had five or more hypoxia-induced TSCs, reflecting
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Figure 3. Validation analyses of the fold induction. (A) Correlation between the fold changes observed using digital-expression information (vertical
axis) and real-time RT-PCR (horizontal axis). In total, 57 genes out of 63 total glycolysis related genes, from which we obtained meaningful data,
were used for the validation. Each value is the average of three experiments. Sequences of the used primers are shown in Supplementary Table 10. R:
correlation-coefficient calculated by linear regression. (B) Validation experiments by the microarray analysis. Overlap of the microarray results and
digital gene-expression profiling is shown in the bottom margin. The numbers in the parentheses indicate the number of genes induced by more than
1.5-fold (upper) and 2.5-fold (lower), although they were not detected as ‘induced’ by the criteria of 2.5-fold induction (upper) and 5-fold induction
(lower). The statistical significance of the overlap by calculating hypergenometric distribution was P < SE-67 for 2.5-fold change and P <3E-15 for
5-fold change. (C) Comparison with data from previous studies. For the comparison with previous microarray studies, the overlap between the genes
identified as ‘hypoxia induced’ by this study and the previous studies was evaluated. The ‘*hypoxia responsive genes’ in the previous studies were as of

those described in the corresponding papers.

the presence of multiple hypoxia-induced transcriptions
start in a single gene. Collective transcriptional induc-
tion events as represented in Figure 4 should not be
extremely rare.

Putative hypoxia responsive non-protein-coding transcripts

Among the 9870 hypoxia-induced TSCs, 3504 were
located at least 50kb away” from any protein-coding
genes in the same strand, thus they seemed driving non-
protein-coding transcripts (25,30) (also see the legend for
Supplementary Figure 1). We first searched for hypoxia-
induced TSCs located in the proximal regions of pre-
viously reported intergenic miRNAs using miRBase (31).
We: found - only two. such. cases; TSCs. 7kb upstream
of hsa-mir-612 and- 1 kb upstream of hsa-mir-675 were
up-regulated by 18-fold and 8.7-fold, respectively. The
latter TSC actually corresponded to the TSS of the H19
non-coding RNA, which is consistent with the recent find-
ing that H19 RNA is induced in hepatocellular carcinoma
cells upon hypoxia (32,33). Similarly, we examined over-
lap of the intergenic TSCs with another class of non-
coding RNAs, namely snoRNAs (34). We searched
snoRNABase (35) and identified five TSCs which were
located within 2kb of regions which contained altogether

nine snoRNAs (see Supplementary Table 5A). Most of
them were reported to be involved in maturation of ribo-
somal RNAs, indicating a possibility that general transla-
tional machinery might be altered in response to hypoxia.

Although TSS-tag numbers were low for most of the
newly found hypoxia-induced intergenic putative non-
protein coding transcripts (Supplementary Figure 1),
there were still a number of cases where expression and
induction levels were at similar levels to the above two
cases (33ppm and 175ppm for hsa-mir-612 and 675,
respectively). There were 220 TSCs with TSS-tags of
>10ppm (10ppm corresponds about three copies per
cell, assuming 3 x 10° transcripts within a cell; also see
Supplementary Table 5B). Indeed, among those 220
TSCs, four overlapped with our completely sequenced
c¢DNAs . (Supplementary Table- 5C), whose average
length was 1974 bp and, for all of which the longest poten-
tial open reading frame was less than 150 amino acids
(450bp). It is also noteworthy that the number 220 is
in the similar range of the number of hypoxia-induced
protein coding genes (see below).

In order to further characterize these hypoxia-
responsive TSCs, we analyzed the correlation of their
fold inductions against the most proximal protein-coding
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Figure 4. Hypoxia-induced TSCs for putatively non-protein-coding RNAs. (A) Genomic. positions of the regions in which activated TSSs highly
concentrated (red circle). Number of RefSeq genes overlapping the corresponding 100kb region is shown in the left margin. Examples of regions in
which large numbers of transcription initiation sites were induced by hypoxia even in intergenic regions [(B): a 100kb region in Chromosome 8] and
inside genic regions [(C): a 100kb region in Chromosome 17). The vertical axis represents fold induction of the TSS-tag counts. TSSs of the genic
region of NM_019613 (WDR45-like protein gene) are shown in the bottom margin. The direction of the transcription of the RefSeq gene is
represented by a red arrow. Radius of each circle represents the number of TSS-tags. Colour of each circle indicates the direction of the transcription
(red: same direction with the RefSeq gene; blue: opposite direction of the RefSeq gene). Putative alternative promoters on which confirmation
analysis by real-time RT-PCR is shown in (D) are indicated in red and blue letters (AP1-3). AP: Alternative Promoter. (D) Real-time RT-PCR
analysis of the putative alternative promoters, AP1-3, shown in (C). Fold inductions calculated by TSS-tag counts and real-time RT~PCR are shown
in the third and fourth column, respectively. Primer sequences are shown in Supplementary Table 10. Note that we used first strand single-strand
cDNA as template, so that the PCR amplification should be strand-sensitive. (*) Also note that fold inductions estimated for AP3 by TSS-tag counts

were the sum of the upstream promoters. As the AP3 were located inside of the last exon, it was impossible to design PCR primers which .

discriminate the transcript products of AP3 from those of other upstream promoters. Results of the independent oligo-cap RACE analysis for
each of the APs are also shown in Supplementary Figure 6.
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genes. For this, we used the 220 hypoxia-induced inter-
genic TSCs with TSS-tags of >10ppm. We found that,
in 28 cases, the nearest genes were also up-regulated
by >2.5-fold, while down-regulation by >2.5-fold was
observed only in five cases. The TSS-tag count level of
the intergenic TSCs correlated with that of the nearest
protein-coding genes (upper panels in Supplementary
Figure 2). When other intergenic TSCs were also consid-
ered as the nearest TSCs, this correlation became even
more significant. A similar tendency for co-elevation
of proximal transcriptions was also observed for
hypoxia-responsive TSCs which were mapped to antisense
positions of RefSeq genes. Among 124 hypoxia-induced
antisense TSCs with >10ppm TSS-tags, the correspond-
ing protein-coding transcripts were also up- and down-
regulated by more than 2.5-fold in 24 cases and two
cases, respectively. Again, the TSS-tag counts of putative
non-coding transcripts and the corresponding antisense
protein-coding transcripts were at similar levels (lower
panels in Supplementary Figure 2).

Alternative hypoxia responsive promoters

Among 6366 hypoxia-induced TSCs, which were located
within RefSeq genes, 441 TCS had TSS-tags >10ppm.
Among them, 191 had expression levels of particular indi-
vidual alternative promoters significantly altered (>5-fold
when the individual TSCs were evaluated) while the total
gene-expression levels were not changed (<5-fold when
the TSCs belonging the corresponding genes were
totalled). A list of the promoters is shown in
Supplementary Table 6. Figure 5 shows a typical but bio-
logically interesting case in which alternative promoters
were employed differentially between hypoxic and nor-
moxic conditions. In the p53 tumor suppressor gene
family, usage of alternative promoters has been reported
for the p73 and p63 genes. In these genes, the upstream
promoters encode functional transcriptional activator
(TA) proteins and the downstream promoters encode
non-functional silencers (DN) (36). We observed clear dif-
ferential usages of these alternative promoters. In particu-
lar, in both of the p63 and p73 genes, the upstream (TA)
promoters were down-regulated by hypoxia, while the
downstream (DN) promoters were up-regulated. These
results were consistent with the previous report that
TAp63 down-regulates and DNp63 up-regulates VEGF
expression (36). We observed that TSS-tag counts of the
VEGF gene were induced by 9-fold by hypoxia. In addi-
tion to its pivotal roles in regulating cell cycle and apop-
tosis, p53 is also reported to be involved in modulating the
balance between the respiratory and glycolysis pathways
by controlling the expression levels of several downstream
effectors, including COX complex mitochondrial respira-
tory genes (37). In this study, 60% reduction -of TSS-tag
counts for the COX complex assembly gene, the SCO2
gene, was observed. In DLD-1 cells, we observed neither
differential usage of the alternative promoters nor overall
gene-expression change in the p53 gene itself. It has been
reported that the protein-coding sequence of p53 is
mutated and the p53 protein product is non-functional
in DLD-1 cells. p63 and p73, which share a well-conserved
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DNA-binding domain with p53, may complementarily
regulate downstream target genes of p53. A drastic shift
of the p63 and p73 usage from TA to DN supposedly
contributes to adaptation of cancer cells to hypoxia.

HIF cascade in hypoxia responsive genes

There were 120 protein-coding genes whose expression
levels were induced >5-fold and >10ppm by hypoxia.
These are the putative ‘hypoxia-induced genes’ selected
using the strict criteria (a list of the genes and their anno-
tations are shown in Supplementary Table 7; note that
some of the previously identified hypoxia induced genes
are not included there because the either fold induction
was below 5 or expression level was below 10 ppm). We
examined whether any of the gene groups were enriched in
these ‘hypoxia induced genes’ for particular Gene
Ontology categories (38) or KEGG (39) pathways. We
found that ‘glycolysis’ related genes were particularly
enriched (P <0.002 and P <0.0008 for GO and KEGG
categories, respectively, by calculating hypergeometric dis-
tributions). We also examined the fold induction of all
of the genes belonging to this gene category. We found
that distribution of the fold inductions were statistically
significantly deviated compared to other gene groups
(Figure 6; P<0.06 and P<0.002 for GO and KEGG
categories, respectively, by Wilcoxon signed rank test;
also see Supplementary Figure 3 and Supplementary
Table 11). Interestingly, while the genes encoding enzymes
which enhance glycolysis were ubiquitously up-regulated
under hypoxia, only FBP, which codes for glycolysis-
suppressing fructose-1,6-bisphosphatase, was strikingly
down-regulated. On the other hand, genes encoding
the enzymes involved in the Complex I of oxidative phos-
phorylation in mitochondria- were down-regulated
(Supplementary. Figure 4). Although it is a well-known
fact that the glycolysis pathway is activated in response
to hypoxia, shifting metabolism from oxygen-requiring
oxidative phosphorylation to  oxygen-independent
glycolysis to obtain ATP (40), this is the first report to
quantitatively measure gene expression changes (or
system-perturbation of a particular gene network) in
terms of the absolute copy number for each gene
component.

We then compared changes in TSS-tag counts by trans-
fecting siRNAs targeting HIF1A and HIF2A to evaluate
dependency of hypoxia-induced gene-expression levels on
HIF transcription factors. Expression of both HIF1A and
HIF2A was suppressed by about 70% according to the
TSS-tag counts and real-time RT-PCR analysis (Supple-
mentary Table 8; also see Supplementary Figure 7).
Among the 120 hypoxia-induced genes, 15 genes were
identified with mRNA levels reduced by 80% by RNAi
of HIF1A. Meanwhile, HIF2A RNAI caused reduction of
mRNA levels of 36 genes. We also examined the sequences
of the regions proximal to their TSSs (1kb upstream to
200 bases downstream) and found clear consensus
sequences of the HIF1 and HIF2-binding sites (41) in 11
(79%) and 31 (86%) cases, respectively (a list of the genes
is shown in Supplementary Table 9). Although further
compilation of the experimental data is obviously essential
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Figure 5. Hypoxia-induced TSCs in p53 family genes. (A) Count of TSS-tags mapped at the corresponding genomic regions. Red and blue solid bars
represent the TSS-tag counts from normoxia and hypoxia, respectively. Exon-intron structures of the RefSeq transcripts are shown in the bottom
margins. The genome regions depicted in the bar graphs are magnifications of the regions indicated by thin blue lines. Whether the transcripts from
the corresponding promoters should encode the transcriptionally active (TA) or negative (DN) forms is shown in the margin. AP: alternative
promoter. (B) Validation of the results shown in (A) by real-time RT-PCR analysis. Promoter ID is as of those represented in the bar graphs in
(A). For p63, PCR primers were set in exon 3, so that TA-type transcripts are selectively amplified. Primer sequences are shown in Supplementary

Table 10.

before concluding they are actually direct binding sites of
the HIF1 and HIF2, they should be the first targets for
exploring the transcriptional network mediated by HIF1
and HIF2.

Interestingly, all of the 15 ‘HIF1A-dependent’ genes
were also suppressed by HIF2A RNAi. On the
other hand, only one-third (12 out of 36 genes) of
‘HIF2A-dependent’ genes were suppressed by HIFIA
reduction. Under hypoxia, the total number of TSS-tags

corresponding to HIF1A was increased by 1.5-fold,
and HIF2A RNAI reduced the HIF1A-expression level
by 60%. Meanwhile, HIF2A expression was not signifi-
cantly increased by hypoxia, and HIF1A RNAi did
not reduce the HIF2A-expression level. These results
suggest that HIF2A may regulate hypoxia-induced
HIF1A expression. Thus, the effect of hypoxia-activated
HIF2A appears to be transmitted to downstream
hypoxia-responsive genes not only directly but also
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Figure 6. Hypoxia-invoked response of the glycolysis gene network. Expression of glycolysis-enhancing enzymes (masked with pale pink) was
up-regulated while that of glycolysis-suppressing enzymes (masked with pale blue) was down-regulated. Human genes assigned to the glycolysis
pathway map of the KEGG database were selected, and TSS-tag numbers of the corresponding genes were evaluated. Red bars and blue bars
represent TSS-tag ppm in normoxia and hypoxia respectively. Fold induction for each of the genes is shown in Supplementary Table 1. Genes
included in the list of the *hypoxia-induced’ 120 genes are highlighted by green boxes. Note that, since we used the stricter criteria for selecting
hypoxia-induced genes (>10p.p.m., >5-fold induction), many of the genes belonging to this pathway are not directly included in the list, though they

showed inductions at least to some extent.

indirectly via HIF1A in DLD-1 cells. Previous studies
have assumed pivotal roles for HIF1A; while the roles
of HIF2A remain mostly uncharacterized, perhaps
because of its low expression level (42). The total
TSS-tag number of HIF1A was about 4-fold larger

than that of HIF2A in this study. In contrast to
previous estimates, the high sensitivity of our
method may have revealed that the hitherto-supposed
‘minor” HIF2A plays a dominant role in the hypoxia
response.
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Table 2. Statistics of the TSS-tags generated from other cell lines

Relative to RefSeq regions Relative to exons of RefSeq gene models

#total mapped #NM_associated Upstream First exon Other exon Intron

tag tag (%) (%) (%) (%) (%)
MCF7 1% 02 7950745 7259512 (91) 2221013 (31) 3859864 (53) 589298 (8) 589337 (8)
MCF7 21% 02 14189873 12955252 (91) 3828159 (30) 6974356 (54) 989360 (8) 1163377 (9)
HEK293 1% 02 10886858 10233645 (94) 3216794 (31) 5764173 (56) 786235 (8) 466443 (5)
HEK293 21% 02 8303754 7766894 (94) 2343996 (30) 4516688 (58) 593494 (8) 312716 (4)
TIG3 1% O2 9043423 8273656 (91) 1993830 (24) 4977677 (60) 799727 (10) 502422 (6)
TIG3 21% 02 9501473 8686047 (91) 2159571 (25) 5300938 (61) 657096 (8) 568442 (7)

As is the case in Table 1, mapped positions of the TSS-tags were counted relative to RefSeq regions and relative to exons of RefSeq gene models,
when mapped inside of the RefSeq regions.

Table 3. The number of *hypoxia responsive’ genes identified from indicated cell lines; overlap with the ‘hypoxia responsive’ genes in DLD-1 is
shown in the second line (Panel A); for the ‘glycolysis pathway’ genes (shown in Figure 6), average fold change (first line) and the TSS-tag counts in

p.p-m. in hypoxic conditions (second line) were calculated (Panel B)

Panel A

MCF7 HEK293 TIG3
>5-fold induction (>10p.p.m.) 86 24 9
Overlap with DLDI1 27 3 4
Panel B

DLD-1 MCF7 HEK293 TIG3
Average fold change 3.6 3.5(P=092) 1.2 (P = 7.6e-6) 20(P=0.11)
Average p.p.m. in 1% 02 922.9 657.8 (P = 0.33) 209.9 (P = 7.6e-7) 542.7 (P = 3.8e-3)
Panel C

MCEFE7 HEK293 TIG3
‘Hot region’ 37 8 9
Overlap with DLDI1 3 1 0

Statistical significances of the difference compared with the cases in DLD-1, which were calculated by paired Wilcoxon test, are shown in the

parentheses.

Hypoxia responses in different cell lines

In order to further investigate the biological relevance
of the cellular responses to hypoxia observed in DLD-1,
we performed similar analysis using three different cell
types; MCF7, HEK293 and TIG3 cells. These cells are
breast cancer epithelial cells, non-cancerous immortalized
embryonic kidney epithelial cells and normal (primary)
embryonic lung fibroblasts, respectively. We constructed
a series of TSS-tag libraries from these cells cultured under
21% and 1% O,. From each of the libraries, 8—15 million
TSS-tags were generated. Overall qualities of the TSS-
libraries were similar to those of the DLD-1 libraries
(Table 2).

Using these new TSS-libraries, we examined gene-
expression changes invoked by hypoxia in the different
cells. The numbers of ‘hypoxia responsive’ genes (as is
the case of the DLD-1: >5-fold induction; >10ppm) sig-
nificantly differed between the cell types (Table 3A).
Eighty-six genes were ‘hypoxic induced’ in MCF7 cells,
while far less genes were induced in HEK293 cells and
TIG3 cells. Many of the hypoxia responsive genes in
MCF7 cells overlapped with those in DLD-1 cells, while
the overlaps in the other cell lines were very scarce.
Particularly, we focused on the ‘glycolysis pathway’

(Figure 6) and observed significant difference in the expres-
sion changes between the cell types in this pathway. For the
genes belonging to the glycolysis pathway, gene-expression
changes in HEK 293 cells and TIG3 cells were smaller than
in DLD-1 cells in terms of fold inductions as well as abso-
lute gene-expression levels, while those of MCF7 cells were
almost at the level of DLD-1 cells (Table 3B).

We could also identify ‘hot regions’ in these cell lines
(Table 3C). However, the number of ‘hot regions’ was
different between the cell types. Particularly, there were
far more ‘hot regions’ in DLD-1 and MCF7 cells than
in TIG3 and HEK293 cells. Interestingly, three of the
‘hot regions” overlapped between DLD-1 cells and
MCFT7 cells (Supplementary Table 4A), and should thus
be prioritized for further functional characterizations.

DISCUSSION

We have described a simple method to massively collect
positional information of TSSs together with digital infor-
mation of the expression levels of the transcripts. By this
approach, time, costs and efforts necessary for laborious
cDNA cloning and sequencing steps could be greatly
reduced. Most part of the technical difficulties to construct
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a full-length cDNA library or a 5 SAGE or CAGE library
could be skipped. Although other cap selection methods,
such as the cap-trapper (10) and Smart system (43), can
be also applied for massively parallel sequencing systems,
our oligo-capping method has a clear advantage. Among
those similar methods, only oligo-capping includes a step
to replace the cap structure with synthetic oligo, in which
sequence necessary for massively parallel sequencing
can be embedded. Therefore, the protocol presented here
should be applicable for any other massive sequencing
technologies.

This approach has several advantages compared to the
current expression profiling methods. Compared with
microarray-based or real-time PCR-based approaches,
our method does not need any probes or PCR primers,
which should be designed based on presumed transcript
sequences, and thus prevent the detection of novel tran-
scripts with these previous methods. Also, while the pre-
vious methods are designed to detect relative change in
expression of the same transcript between two states,
absolute quantification of the transcripts could be enabled
only by our method. Compared with the recent RNA-Seq
method (26,44,45), our method has two major advantages
and one clear disadvantage. Advantages are: (i) exact
positional information of the TSS can be obtained; (ii)
throughput of the expression analysis is better because
our method does not sequence internal part of transcripts.
A disadvantage is that our method cannot detect the spli-
cing pattern of the exons.

A series of validation analyses showed that the data
from our new method is quite reliable (Figures 2 and 3).
However, in some cases, we also noticed that there were
some discrepancies (Figures 2B and 3A). Because we did
not use redundantly mapped TSS-tags, we may have
incorrectly assigned small number of TSS-tag counts,
when a real TSS is located within repetitive sequence ele-
ments. Conversely, the expression level could have been
overestimated, when a small population (but a large
number) of TSS-tags deviated from a huge TSS cluster
by sequence errors, which would be mapped elsewhere
otherwise, were uniquely mapped at the corresponding
gene region. Careful evaluation is crucial especially when
the redundantly mapped tags would be rescued (46).
In either case, confirmation analysis on individual genes
should be essential, as was the case with microarray ana-
lysis in its early days. ,

Taking advantages of our new method, we revealed
genome-wide changes of the transcriptional landscape in
response to hypoxia for the first time. (All the sequence
data and the cluster data will be made freely available
from our web site (DBTSS: http://dbtss.hgc.jp/) and
from NCBI Short Read Archives (http://www.ncbi.nlm.
nih.gov/Traces/sra/sra.cgi?) under the accession number
of SRA003625. Visualization of some of the results for
each gene is also available there (for example, see
Supplementary Figure 5). In our analysis, we identified
‘hot regions” where hypoxia-induced promoters are
enriched in particular genomic regions, as well as ‘hot’
genes which have many hypoxia-responsive alternative
promoters. It is possible that hypoxia-invoked chromo-
somal changes came to allow access of transcriptional
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factors in a somewhat global manner. Consistently,
some of the transcriptions from proximal regions, occa-
sionally including transcriptions of putative non-protein-
coding transcripts, seemed to be under similar regulation
(Supplementary Figure 3), with the extreme cases being
the above-mentioned ‘hot regions’. These observations
could be explained if the surrounding chromosome con-
text, which shapes the transcriptional landscape proxi-
mally, is shared between the TSCs of non-protein-coding
transcripts and the TSCs of RefSeq transcripts.

It is noteworthy that some of such ‘hot regions’ were
also identified from different cell types of distinct cancer
origin, though number and frequencies of them were dif-
ferent. It should be important to further analyze cells of
other mammalian species under hypoxia to see whether
these ‘hot regions’ or ‘hot’ genes are evolutionarily con-
served. Genome-wide high-throughput methods to moni-
tor DNA binding of proteins (42), DNA and histone
modifications (47,48) and DNase I hyper sensitive sites
(49) or combination of them (50), will be needed for
directly analyzing chromosomal structural changes.

It should be also noteworthy that the gene-expression
changes were somewhat similar between DLD-1 and
MCF7 cells, though they were distinct from HEK293
and TIG3 cells. Both DLD-1 and MCF7 cells were derived
from solid tumour, which may have originally grown
in hypoxic conditions. The enhanced gene-expression
changes observed in DLD-1 and MCF7 should explain
the distinct biology of the cells in response to hypoxia.

Indeed, various new types of analyses have been
enabled by the hereby described method, in which detec-
tion of TSS positions and digital-expression information
can be obtained without a prior knowledge of transcript
structures. Although this is only the first step towards
monitoring dynamic behavior of the human transcrip-
tome, our new method and its application will supply a
unique tool for thorough understanding of the dynamic
nature of the transcriptional program encoded by the
human genome.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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1. Introduction - an overview of autophagy

Autophagy (from the Greek “auto”, meaning oneself,
and “phagy”, meaning to eat) refers to a process in which
cytoplasmic components are delivered to the lysosome
for bulk degradation. Three types of autophagy — macro-
autophagy, microautophagy and chaperone-mediated
autophagy (CMA) - have been identified. These processes
differ in the mode of delivery to lysosomes. Microauto-
phagy involves the direct sequestration of cytosolic com-
ponents by lysosomes. In CMA, a cytosolic and lysosomal
chaperone protein, hsc70; assists unfolded proteins to
translocate into lysosomes. In this review, we will focus

* Corresponding author. Tel.: +81 4 7133 1111; fax: +81 4 7134 6866.
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on the most widely investigated process: macroautophagy
(herein referred to as autophagy) [1-5]:

Autophagy is a conserved catabolic process that in-
volves the sequestration of organelles and long-lived pro-
teins residing in the cytoplasm into a unique organelle,
the autophagosome. As shown in Fig. 1, an isolation mem-
brane (also called a “phagophore”) which is a double mem-
brane consisting two parallel lipid bi-layers is formed and
elongated: Isolation membranes start sequestrating cyto-
plasmic constituents in the first step of autophagy. Once
the edges of the isolation membrane are fused, it becomes
a unique lipid bi-layer vesicular organelle, the autophago-
some. Sequestrated cytoplasmic components are com-
pletely - engulfed by the autophagosome. Next, the
autophagosome undergo a maturation process, in which
the autophagosome fuses with early and late endosomes.
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Finally, maturated autophagosomes fuse with the lyso-
some. The engulfed components, as well as the inner mem-
brane of the autophagosome, are degraded by lysosomal
hydrolases such as cathepsins. Autophagic processes have
been well characterized in yeast, and more than 30
autophagy-related genes (ATG) that encode the proteins
executing autophagy have been identified in the field of
yeast genetics [6]. Similar autophagic machineries have
been observed in mammalian cells, and mammalian ortho-
logs for ATGs and other autophagy regulating molecules
have also been identified [7]. The detailed molecular
events involved in these processes are described in another
comprehensive review [8].

Compared with the ubiquitin-proteasome system,
which recognizes specific targets for degradation, autoph-
agy has been thought to engulf cytoplasmic constituents
non-selectively. Recently, selective sequestration targeting
specific organelles or invasive microbes has also attracted
attention [9].

A very concise description of the function of autophagy
is recycling; reducing waste and yielding resources. Dam-
aged organelles and misfolded proteins accumulate in
senescent cells or cells under various stresses, such as oxi-
dative stress and infection. The autophagic machinery de-
grades and reduces this cellular “garbage”. This function
is particularly effective in postmitotic cells, like neurons
and cardiac myocytes, since these cells cannot dilute such
superfluous components by undergoing cell division. Basal
autophagy is constitutively observed in these postmitotic

“cells and may have an important function for the quality

control of cellular components [10}. On the other hand,
self-digested components provide nutrients and materials
for newly constructed cellular structures. The amino acids
and fatty acids generated by autophagic degradation are
used by the tricarboxylic acid (TCA) cycle to produce ATP,
a main energy source for various cellular events. Methyl-
pyruvate, a membrane-permeable derivative of pyruvate
that serves as a substrate for the TCA cycle, restored ATP
praduction in autophagy-deficient cells. Furthermore, sup-
plementation with methylpyruvate rescued these cells
from metabolic stress-induced cell death [11].

Observations of clinical samples and animal and cellular
models have suggested a variety of physiological and path-
ological roles of autophagy, such as development, aging,
host defense system, neurodegenerative diseases, muscle
and cardiac diseases and cancer[12,13]. However, the rel-
evance of autophagy in tumor formation and progression is
still controversial. Although previous findings strongly
suggest that autophagy contributes to sustainable cell sur-
vival, anti-tumorigenic roles of autophagy have been also
mentioned. Here, we will summarize and discuss recent
studies of autophagy in cancer biology with the goal of
clarifying this issue.

2. Autophagy protects cancer cells from starvation

Cancer cells in solid tumors obtain their necessary
nutrients from blood flow. Aberrantly proliferating cancer
cells may have high bioenergetic demands and require
more nutrients than non-cancerous cells. Tumor angiogen-

esis is a reasonable way to increase blood flow. During the
initial phase of tumorigenesis, tumor vessels have not yet
been induced and the nutritional demands of tumor cells
are likely to surpass the supply from normal vasculature.
Moreover, even after tumor vessels have been established,
the oxygen tension and glucose concentration in locally
advanced tumors remain at a low level. This suggests that
the tumor microvasculature is functionally and structur-
ally immature to support sufficient blood flow [14-16].
Or, even once functionally and structurally adequate tumor
vessels were established, soon or later, the balance of sup-
ply and demand would be ruined by disorganized tumor
cell proliferation resulting in the disastrous dysfunction
of the tumor vessels. The reduction of functional blood
flow is significant in clinically hypovascular tumors such
as pancreatic cancers [17]. Under these conditions, cancer
cells are likely to encounter chronic ischemia leading to a
shortage of nutrients. Cancer cells might adapt themselves
to such a harsh microenvironment. In experimental cell
culture systems, several cancer cells were resistant to
nutrient-deprived conditions. For example, several pancre-
atic cancer- and colorectal cancer-derived cell lines
showed a survival rate of more than 50% after 48 h of cul-
ture in a medium completely lacking carbon and nitrogen
sources. Contrastingly, non-transformed fibroblasts were
completely abolished within a day under the same condi-
tions [18]. These findings suggest that cancer cells use
alternative metabolic processes for their survival under
starved conditions.

Metabolic stresses reportedly induce apoptosis [19]. In
many. tumor cells, apoptosis is suppressed by the overex-
pression of anti-apoptotic molecules or by the lack of
pro-apoptotic molecules. Less apoptosis may explain the
limited death of cancer cells under metabolic stresses,
but the manner in which cancer cells obtain their neces-
sary nutrients remains a mystery. One possible solution
is that the cells digest their own components and obtain
amino acids as an alternative energy source. Autophagy
seems ideal for cancer cells to maintain energy homeosta-
sis in such an autonomous fashion. Autophagy is known to
be induced by different forms of metabolic stress, includ-
ing nutrient deprivation, growth factor deprivation, and
hypoxia [13,20]. Since these conditions are often observed
in physiological tumor microenvironments, autophagy is
likely activated in cancer cells. '

We should also remind the apparent discrepancy be-
tween the tumor “cell” doubling time and the tumor “vol-
ume” doubling time. The potential tumor cell doubling
time estimated by in vivo measurement of S-phase dura-
tion was remarkably rapid in many solid tumors, a median
value of the order of 5 days. However, tumor volume dou-
bling time determined by radiological measurement of the
size of these tumors was much slower, months or years
[21,22]. It suggests that about half of the proliferating can-
cer cells are subsequently lost under tumor microenviron-
ment though many of them have already acquired anti-
apoptotic function. Is there any physiological relevance of
such dynamism of cell kinetics? A potential scenario is that
the vanishing cells serve nutritional sources for surround-
ing surviving cells. In this sense, inducing cell death and
supporting cell survival under metabolic stresses are not
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contradicting. Autophagy is also known to induce cell
death and possibly sacrifice some part of individual tumor
cell for supporting a prolonged survival and continuous
growth of other cells in the tumor mass.

Several experimental methods have been used to iden-
tify the activation of autophagy (Table 1) [23]. Measuring
the turnover of long-lived proteins provides a biochemical
clue to autophagy. Transmission electron microscopy re-
veals the ultrastructure characteristics of the autophago-
some. Autophagosome formation is also conveniently
monitored by following a phosphatidylethanolamine (PE)-
conjugated form of yeast Atg8 or mammalian LC3, one of
the mammalian orthologs of Atg8. During autophagy, LC3
shifts from a soluble form to a membrane-bound form
(LC3-II) and is incorporated into the autophagosomal inner
membrane. The existence of autophagosome-incorporated
LC3-Il can be detected biochemically (immunoblotting
against LC3) or microscopically (immunocytochemistry
against LC3 or exogenously expressed, fluorescently tagged
LC3).

The ultrastructure of autophagosomes in tumor cells
has been observed in several experimental systems,
including a rat pancreatic cancer model [24]. A high poten-
tial for autophagic protein degradation was observed in an
undifferentiated colon cancer cell line, HT29, and other
transformed cells [25]. Nutrient deprivation-induced LC3-
11 turnover was observed in colorectal cancer-derived cell
lines that showed resistance to starvation [26]. In addition
to these findings in cultured cancer cells, the increased
expression of autophagy-related proteins, including BNIP3
and LC3, was observed specifically in colorectal and gastric
cancer epithelia in surgically-resected specimens [26,27].

Increasing evidence implies that autophagy has a cyto-
protective role in cancer cells: under metabolic stress.
Transplanted epithelial tumors in which the Beclin 1 or
Atg5 alleles were deleted showed a reduction in autophagy
and an increase in cell death-in regions exposed to meta-

Table 1

Recommanded methods for monitoring autophagy in higher eukaryotes [23].

bolic stress [28-30]. Similarly, a cytoprotective function
of autophagy was observed in cultured cancer cells. The ge-
netic inactivation of autophagy by the suppression of ATG
expression using RNA interference or the constitutive acti-
vation of PI3K induced cell death in response to metabolic
stresses [28-30]. RNA interference of ATG5, Beclin 1 and
ATG7 enhanced tamoxifen-induced apoptosis in tamoxi-
fen-resistant breast cancer cell lines [31]. ATG5 knock-
down also enhanced the effect of alkylating drug-induced
cell death [32]. The pharmacological inhibition of autoph-
agy also induced nutrient deprivation-induced cell death
[26]. Chloroquine, which interferes with lysosomal func-
tion, inhibited autophagy and suppressed Myc-induced
lymphomagenesis in a transgenic mouse model [32].

Though the above findings suggest that autophagy may
contribute to tumnor cell survival and tumor formation, the
molecular mechanisms underlying the acquisition of vigor-
ous autophagic activity in cancer cells have remained un-
clear. Recently, Kroemer and his colleagues reported a
potential anti-autophagic function of cytoplasm-localizing
p53 [33]. They observed the degradation of p53 under met-
abolic stresses followed by the induction of autophagy.
Contrastingly, the loss of p53 resulted in the consistent
activation of autophagy in a series of cell lines. While over-
expression of wild-type p53 reduced the aberrant auto-
phagosome formation, a mutant p53 protein which
harbors a codon 175 mutation (R175H), which is fre-
quently identified in clinical human cancers, did not affect
the higher basal autophagic activity of p53-null cells.
Though most of their observation was limited in the cul-
ture cell system, further studies which clarify its relevance
to tumor formation and progression are awaited.

3. Autophagy and tumor suppression

An opposite perspective was presented by a study
examining a Bcl-2-binding protein, Beclin 1. Levine and

Criteria: - - *: Methods. .

Momtormg phagophore and autophagosome form ion by steady state methads
1. Electron 1 microscopy {increase ini autophagosome Quantnty) Quantrtatxve electron’ mxcroscopy, 1mmunoelectron mlcroscopy
2. Ath/LCB Western blottmg and ubrqultm-hke protem conjugatlon Westem blot . .
systems S ‘
(mcrease in the amount of I_C3~Il tgl 2—Atg5 conjugation)
3, Fluorescence rhicroscopy (increase in punctate LC3 (or Atg18))
4, TOR and Atg1 kinase activity -
S. Transcnptlonal regulation

Fluorescence 1mmunoﬂuorescence and 1mmunoelectmn microscopy
Western blot, immunoprecipitation or kmase assays
Northem blot or qRT PCR

Monitoring autophagy by flix measurements

1. Autophagic protein degradation

2. Turnover of LC3-11*

3. GFP-Atg8/LC3 lysosomal delivery, and proteolysis
(to generate free GFP).

4. p62 Western blot.

5. Autophagic sequestration assays

6. Tumover of autophaglc compartments

Turnover of long—lwed proteins
Western blot +/— lysosomal fusion or degradation inhibitors.
E» Fluorescence mlcroscopy, FACS Western blot = lysosoma] ‘fusion or degradation
- “inhibitors:
" Western blot thh qRT-PCR or Northern blot to assess transcnpnon
Lysasomal accumulation by biochemical or multilabel fluorescence techmques
Electron microscopy morphometry/stereology
Fluorescence microscopy’
Chimeric RFP ﬂuorescence and processmg, llght and electron mlcroscopy
Fluorescence rmcroscopy of tandem’ mRFP—GFP LC3 :
Centnfugatxon, Western blot and e]ectron MiCroscopy ..
Fluorescence mlcroscopy and 1mmunohxstochemlstry

8 Sequestrauon and processmg assays in p]ants
9, Tandem mRFP—GFP fluorescence mrcroscopy
10, Tissue fracnonanon ST .

11, Analyses i vive




K. Tsuchihara et al./Cancer Letters 278 (2009) 130-138 133

her colleagues first identified Beclin 1, a mammalian ortho-
log of ATGS6, as a candidate tumor suppressor. Beclin 1
interacts with class Il PI3-kinase, Vps34, and this interac-
tion was crucial for the induction of autophagy and sup-
pression of the growth of the xenografted breast cancer
cell lines [34-36). Vps34 is also required for normal pro-

- tein trafficking pathways such as the delivery of proteases

from the trans-Golgi network to the lysosomes. Atgé
(Vsp30) was reportedly involved in the regulation of both
autophagy and endosomal membrane trafficking in yeast.
Whether mammalian Beclin 1 takes part in the membrane
trafficking is still controversial [34,35].

The hemiallelic loss of the Beclin 1 coding gene was ob-
served in 40-75% of sporadic human cancers in the breast,
ovary and prostate [37]. A gene-targeted mouse model of
Beclin 1 provided another clue [38,39]. The homozygous
deletion of Beclin 1 led to embryonic lethality. Meanwhile,
Beclin 1 heterozygous mutant mice showed decreased
autophagy and increased spontaneous tumors, including
lung and liver cancers and lymphomas. In these mice, no
loss of heterozygosity (LOH) was observed and the remain-
ing wild-type allele of Beclin 1 was intact. Furthermore,
Beclin 1 protein expression was reduced but not com-
pletely diminished in mouse tumors as well as human clin-
ical samples [36]. These findings suggest that Beclin 1 is a
haplo-insufficient tumor-suppressor gene. The tumor-sup-
pressive function of Beclin 1 was reinforced by the rele-
vance of Beclin 1-associated proteins to tumor
suppression. UVRAG was initially identified from the cDNA
library, which partially rescued the UV sensitivity of a

xeroderma pigmentosum (XP) cell line. The screening of
Beclin 1-binding proteins revealed that UVRAG was re-
cruited to the Beclin 1-class Il PI3K complex, UVRAG acti-~
vated Beclin 1 and induced autophagosome formation [40].
In addition, UVRAG is involved in autophagosome matura-
tion. UVRAG interacts with class C tethering proteins
(Vps11, Vps16, Vps18 and Vps33) resulting in activation
of a small GTPase, Rab7 which enhances the fusion of auto-
phagosomes to endosomes [41]. As seen with Beclin 1, UV-
RAG is monoallelically mutated in human colorectal
cancers [40]. Bif-1 (also known as Endophilin B1) interacts
with Beclin 1 through UVRAG. Bif-1 activated class III PI3K
and induced autophagy. Spontaneous tumor formation
was increased in Bif-1 deficient mice [42].

During investigations of autophagy in mammalian cells,
several signaling pathways have been revealed to regulate
autophagy. Interestingly, correlations between pro-auto-
phagic molecules and tumor suppressors and between
anti-autophagic molecules and oncogene products can be
pointed out (Fig. 1). The mammalian target of rapamycin
(mTORY) is a key molecule for regulating cancer cell prolifer-
ation. Rapamycin inhibits mTOR function followed by
autophagy induction {11,43]. Molecules known to suppress
mTOR, including PTEN and TSC, both of which are regarded
as tumor-suppressor gene products, induce autophagy
[44,45]. Meanwhile, mTOR-activating molecules like class
1 PI3K and Akt, which are frequently activated in various
cancer cells, inhibit autophagy [11,46]. The involvement of
P53 in the activation of autophagy has also been suggested.
In contrast to the inhibitory effect of cytoplasmic p53 men-

Vesicle
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Vesicle Vesicle Lysosomal
nucleation elongation , hyglr__olases
- (22 E64d
-»> Pepstatin A
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membrane - Autophagosome Autolysosome
(Phagophore) T
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Bafilomycin A1
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Fig. 1. Cellular events during autophagy (macroautophagy). In the first step of autophagy, the isolation membrane (phagophore) is elongated and
sequestrates the cytoplasmic constituents. Fusion of the edges of the isolation membrane forms an autophagosome, which contains the sequestrated
components, A lysosome then fuses with the autophagosome, and lysosomal hydrolases degrade the engulfed components along with the inner membrane
of the autophagosome. Mammalian homologues of ATG (autophagy-related genes) have been identified. Class I PI3K and mTOR signaling inhibits autophagy
activation, whereas tumor-suppressor proteins like p53 and PTEN induce autophagy. Rapamycin inhibits mTOR and induces autophagy. 3-Methyladenine,
chloroquine, bafilomycin A1, E64d and pepstatin A inhibit autophagy at different points. These smail molecules are used to inhibit autophagy in
experimental model systems.
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tioned above, the transactivating function of nuclear p53
takes a role in the autophagy induction. DRAM is a direct
transcriptional target of p53, and its product localizes in
the lysosomal membrane. The activation of p53 induced
an increase in autophagy in a DRAM-dependent manner
[47]. p53 was also reported to affect autophagy via the sup-
pression of mTOR [45]. DAPK, death-associated protein ki-
nase, induces autophagy as well as apoptosis. The tumor-
suppressive function of DAPKk has also been described, and
promoter hypermethylation of the DAPk locus has been re-
ported in several human cancers [48].

These findings suggest the likely relevance of autoph-
agy to tumor suppression. However, the above-mentioned
pro- and anti-autophagic molecules, like p53 and mTOR,
are pluripotent proteins that regulate cell proliferation
and death via various molecular events. The net contribu-
tion of autophagy to cell fate decisions during tumorigen-
esis should be carefully estimated, but this objective has
not yet been successfully accomplished.

4. Autophagy and cell death

Autophagy has attracted much attention in connection
with cell death. “Type 1I" or “autophagic” non-apoptotic
programmed cell death is morphologically defined by the
existence of autophagosomes [49]. Autophagic death has
been reported in cancer cells, especially those that have
been treated with chemotherapeutic or radiotherapeutic
agents [50]. This cytotoxic effect has been supposed to be
the main reason for the tumor-suppressive- function of
autophagy. Self-cannibalism, that is, the situation in which
excess autophagic catabolism exceeds the capacity for cel-

Metabolic

lular anabolism, is frequently argued as a potential mech-
anism for autophagic death. Though autophagy has been
regarded to degrade cytoplasmic constituents non-specifi-
cally, the specific autophagic degradation of target proteins
and organelles has also been reported. The specific degra-
dation of cytoprotective factors is another undeniable
mechanism of autophagic death [51]. However, experi-
mental evidence supporting these ideas has not yet been
obtained. Moreover, cytotoxic stimuli, such as oxidative
stress, induces both autophagy and cell death, but whether
autophagy is an active death-inducing mechanism (cell
death by autophagy) or a result of an unsuccessful effort
to prolong the survival of damaged cells (cell death with
autophagy) is difficult to distinguish.

Recent findings have raised a question about the rele-
vance of autophagic death to tumor suppression. The alle-
lic loss of Beclin 1 inhibited both basal and stress-induced
autophagy in immortalized baby mouse kidney epithelial
cells. Metabolic stress-induced cell death was apparently
increased, suggesting loss of autophagy led impaired cyto-
protective function. Despite impairment. in autophagy-
mediated cell survival, Beclin 1+/~ cells were more tumor-
igenic than the wild-type control cells [28]. To make a
plausible explanation for these contradictory findings, the
loss of cytoprotection induces tumorigenesis, is still
challenging.

5. Potential mechanisms for the tumor-suppressive
function of autophagy

Recently, White and colleagues have proposed interest-
ing hypotheses about the above issues {Fig. 2). Under meta-
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Fig. 2. Both the gain and loss of autophagy are possibly involved in tumor formation and growth. The activation of autophagy supplies nutrients to tumor
cells under metabolic stress. On the other hand, the eradication of tumor cells by autophagy-related cell death is assumed to occur, and the loss of
autophagy may lead to tumor cell survival. A recent mouse model using transplanted autophagy-deficient tumor cells revealed that the loss of autophagy
induced DNA damage and inflammation, enhancing tumor formation and growth.
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bolic stress, Beclin 1+/~ epithelial cells overexpressing anti-
apoptotic Bcl-2 showed an increase in DNA double strand
breaks, gene amplification, and chromosomal number dis-
order. They assumed that the loss of autophagy induces
DNA damage and chromosomal instability, followed by in-
creased tumor susceptibility [30]. The exact mechanisms
for how autophagy maintains genome stability remain un-
clear. One possibility is that cells lacking autophagy are un-
able to reduce damaged mitochondria and peroxisomes.
These damaged organelles are potential sources of reactive
oxygen species that induce genotoxic stress.

When the same autophagy-deficient epithelial cells
were exposed to starvation, apparent necrotic cell death
was observed when apoptosis was inhibited. Furthermore,
significant inflammation was induced in the tumor tissues
in which autophagy-deficient cells were transplanted [28].
Necrosis is often associated with macrophage infiltration
in vivo, and tumor-associated macrophages enhance tumor
progression [52]. It is an interesting hypothesis that the
inflammation induced by a lack of autophagy may be cor-
related with tumor progression in vivo.

The above scenarios are not incompatible with the idea
that autophagy protects cancer cells from metabolic stress-
induced death, and these potential mechanisms are worthy
of further discussion to elucidate the physiological roles of
autophagy in tumorigenesis.

6. Perspective — remaining tasks

The relevance of autophagy to cancer remains a frus-
trating topic to discuss. It is necessary to understand the
consequences of the loss or gain of autophagy in the con-
text of the tumor microenvironment. Previously proposed
hypotheses for how autophagy contributes to tumor biol-
ogy, either pro- or anti-tumorigenic, are possible and inter-
esting, but most of them have arisen from - artificial
experimental systems and no direct clinico-pathological
evidence supports these ideas. Evaluating autophagy in
clinical tumor samples has been difficult, mainly because
of the lack of appropriate markers for detecting active
autophagy. Autophagosome formation in tumor tissues
has been morphologically confirmed using electron
microscopy, but this method is not suitable for handling
a large number of specimens. Recently, anti-LC3 antibodies
for immunostaining have become available [26,53,54).
LC3-1l proteins: incorporated into autophagosome mem-
branes exhibit a punctuate cytoplasmic staining pattern
during active autophagy. LC3 immunostaining is an easier
method of evaluating autophagosome formation in con-
ventional formaldehyde-fixed surgically-resected speci-
mens. We applied polyclonal anti-LC3 antibody for the
immunostaining of colorectal cancer specimens. In over
90% of the cases, LC3 accumulated specifically in cancerous
epithelia but not in adjacent non-cancerous mucosa [26].
Similar cancer-specific accumulation of LC3 was observed
in pancreatic cancer. Interestingly, strong LC3 expression

in the peripheral area of cancer tissue was correlated with

a poor prognosis (Fig. 3) [55]. As we mentioned earlier,
both pancreatic and colorectal cancer-derived cell lines
are often resistant to the nutrient-starvation. It seems

more than coincidence that specific LC3 accumnulation
was observed in the clinical samples of these tumors. Fur-
ther investigation using various cancer tissue samples may
reveal the contribution of the gain or loss of autophagy in
tumor formation and progression more clearly.

Autophagy is executed by dynamic and muitiple cellu-
lar processes, including the formation of the autophago-
some, the delivery of cytoplasmic constituents to the
lysosome, and the digestion and recycling of these target
molecules and organelies. For the precise evaluation of
autophagic activity, the “autophagic flux” must be esti-
mated. For example, the accumulation of autophagosomes
reflects either an increase in autophagosome formation
(activation of autophagy) or a reduction in the degradation
of autophagosomes (inhibition of autophagy). To deter-
mine the flux, the rate of long-lived protein degradation
must be measured or the changes in appropriate autoph-
agy markers, such as the LC3-II protein level, must be as-
sessed with or without the arrest of autophagic flux at a
given point of blockage. Recently, Klionsky and 231 other
scientists published guidelines for the use and interpreta-
tion of assays for monitoring autophagy in higher eukary-
otes (Table 1) [23]. In these guidelines, the authors strongly
recommended the measurement of autophagic flux for
monitoring autophagy. Detecting autophagosome forma-
tion using steady state methods, including electron
microscopy or LC3 immunostaining, should be combined
with flux measurements, However, applying such dynamic
assays to clinical samples is often technically difficult.

The above-mentioned guidelines do not provide a full
resolution of the above difficulties. Further discussion
might be needed to establish standard methods for evalu-
ating autophagy in clinical samples. To assess autophagic
activity using steady state methods, not only one parame-
ter, but multiple autophagy-related molecules should be
applied. For example; while the loss of Beclin 1 implies a
reduction in autophagosome formation, this outcome
should be confirmed by a decrease in autophagosome-spe-
cific markers, such as LC3-Il. Mimicking in vivo events on
ex vivo systems may support the findings obtained in clin-
ical samples using steady state methods. In such cases, it
should be remembered that autophagy is induced under
complex microenvironments in cancer tissues. As men-
tioned previously, cancer cells are often exposed to chronic
ischemia. Under this situation, not only nutrients but also
oxygen, growth factors and other components provided
by bload flow might be decreased. Meanwhile, metabolites
and other components excreted from cancer cells may not
be properly removed from the cancer tissues. Cancer cells
are also directly and indirectly influenced by surrounding
stromal cells and extracellular matrices. Reconstituting
all these factors in an experimental cell culture system is
practically unfeasible, but the above restrictions should al-
ways be taken into account when evaluating the results
obtained from any model system.

To analyze autophagy function under more physiologi-
cal conditions, appropriate animal models are eagerly
needed. Xenografted and/or isografted animals in which
the transplanted transformed cells lacking autophagy-re-
lated genes are useful, but not perfect. Transplanted tu-
mors do not always reproduce the microenvironmental
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Fig. 3. Autophagosome formation in the surgically-resected specimens. (A) Autophagosome-incorporated LC3 protein was detected using GFP-LC3 fusion
protein in a cultured colorectal cancer cell line, SW480, during amino acid-deprivation. (B) Tumor cell-specific LC3 accumulation in colorectal cancer tissue
was detected using immunochistochemistry with anti-LC3 antibody and hematoxylin and ecsin staining. (C) LC3 accumulation at the peripheral area of the
pancreatic cancer tissue. Nv: nerve cells in which LC3 is constitutively expressed. (inlet) Higher magnification of (B) and (C). LC3 proteins were localized in
the cytoplasm with irregular condensation. (D) The group with strongly positive expression of LC3 protein in the peripheral area of the pancreatic cancer
tissue had a significantly shorter survival time. (A} and (B) are quoted from Ref. [26], (C) and (D) are quoted from Ref, [55].

conditions of clinical tumors. Furthermore, such models do
not provide information regarding. the initial steps of
tumorigenesis, in which autophagy might have critical
roles for pampering aberrantly proliferating cancer cells
without extra blood supply. Examining the effect of various
autophagy inhibitors in tumorigenic animals is another
way to evaluate the roles of autophagy in vivo. But it has
the drawback that these reagents are not completely
autophagy-specific [32]. Recently, several genetically engi-
neered mouse models targeting autophagy-related genes
have been reported [12]. However, these mice often show
embryonic or neonatal lethality, hampering the long-term
observation of tumorigenesis in adult animals. Tissue-spe-
cific or inducible conditional knockout systems may be
useful for this purpose.

Whether the control of autophagy is useful for cancer
therapy and prevention is another important issue. Several
small molecules are known to activate or inhibit autoph-
agy (Fig. 1) [56]. Inhibiting the class I PI3K-mTOR axis by
rapamycin induces autophagy. The inhibition of autophagy
can be achieved by targeting several points. A class ITI PI3K
inhibitor (3-methyladenine), * lysosomotropic - alkalines
(chloroquine and 3-hydroxychloroquine), a lysosomal pro-
ton pump inhibitor (bafilomycin A1) and lysosomal en-
zyme inhibitors (E64d and: pepstatin A) are available for
experimental use. Since the contribution of autophagy to
tumorigenesis is still controversial, we' should carefully
consider the application of autophagy inhibitors or activa-
tors for therapeutic use. Increasing evidence emphasizes
the importance of basal autophagy for cellular quality con-
trol [57]. The disturbance of autophagy might result in
unexpected adverse effects, especially in postmitotic cells
in the central nervous system and cardiovascular system.
The specificity of such activators and inhibitors is another

issue to consider. The above-mentioned chemicals are not
autophagy-specific. Also, the targeted Kkinases (PI3K,
mTOR) or organelles (lysosome) have broad functions
other than autophagy regulation.

In the last decade, autophagy has appeared in the center
stage of cancer biology and is now attracting much atten-
tion in the development of new cancer therapeutics. As
mentioned above, a considerable number of issues remain
to be clarified. However, similar to its molecular process,
the research field of autophagy is very dynamic. Novel
strategies for monitoring autophagy and experimental
models are appearing, and various small molecules regu-
lating autophagic process will be available. Further investi-
gation will reveal the dynamism of metabolism in cancer
cells and tissues that is still behind the scene now. And it
will likely open up a new field of cancer biology.
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