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Genomic imprinting is an epigenetic phenomenon that causes a differential expression of paternally and maternally inherited
alleles of a subset of genes (the so-called imprinted genes). Imprinted genes are distributed throughout the genome and it is
predicted that about 1% of the human genes may be imprinted. It is recognized that the allelic expression of imprinted genes varies
between tissues and developmental stages. The current study represents the first attempt to estimate a prevalence of imprinted
genes within the total human transcriptome. In silico analysis of the normalized expression profiles of a comprehensive panel of
173 established and candidate human imprinted genes was performed, in 492 publicly available SAGE libraries. The latter represent
human cell and tissue samples in a variety of physiological and pathological conditions. Variations in the prevalence of imprinted
genes within the total transcriptomes (ranging from 0.08% to 4.36%) and expression profiles of the individual imprinted genes are
assessed. This paper thus provides a useful reference on the size of the imprinted transcriptome and expression of the individual

imprinted genes.

1. Introduction

Genomic imprinting is an epigenetic phenomenon that
causes a differential expression of paternally and maternally
inherited alleles of a minor subset of genes (the so-called
imprinted genes). Genomic imprinting was first discovered
in 1984 [1, 2], and in 1991 the first imprinted genes
(IGF2, paternally expressed; IGF2R and H19, maternally
expressed) were identified in the mouse [3-5]. Since then,
the imprinting status was confirmed for numerous genes in
Homo sapiens and Mus musculus genomes, less for Bos taurus,
Rattus norvegicus, Sus scrofa, Canis lupus familiaris, and
Ovis aries; many more genes are considered candidates [6].
Functional significance of the genomic imprinting is not yet
fully understood [7-9], while alterations in the expression of
imprinted genes are linked to certain pathologies, including
Angelman syndrome, Prader-Willi syndrome, and particular
cancer subtypes. Genomic imprinting varies between species
and tissues. Furthermore, it is a dynamic process and may

vary depending on the developmental stage [10]. The goal
of the study was to estimate a prevalence of imprinted
genes within the total human transcriptome, in cell and
tissue samples in a variety of physiological and pathological
conditions.

Serial analysis of gene expression (SAGE) is a sequence-
based technique to study mRNA transcripts quantitatively
in cell populations [11]. Two major principles underline
SAGE: first, short (10bp) expressed sequenced tags (ESTs)
are sufficient to identify individual gene products, and
second, multiple tags can be concatenated and identified
by sequence analysis. SAGE results are reported in either
absolute or relative numbers of tags, which permits direct
comparisons between tag catalogues and datasets [12-15].
Numerous technical adaptations assured a development of
similar techniques [16], yet SAGE remains an important
tool of modern molecular biology. It is widely used in a
number of applications, of which a molecular dissection
of cancer genome is the major [17]. In the current study,
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expression of established and candidate imprinted genes was
evaluated in a wide array of cell and tissue samples using
a comprehensive set of currently available SAGE data for
Homo sapiens. Five hundred eighty-one SAGE catalogues
based on the libraries generated with most commonly used
Nlalll anchoring enzyme were screened using a conservative
set of criteria, and in 492 of these (accounting for nearly 36
million SAGE tags) gene expression profiles of the imprinted
genes were analyzed, using a proved algorithm [18]. It was
therefore possible to estimate a prevalence of imprinted genes
within the total human transcriptome.

2. Methods

2.1. Imprinted Gene Subsets. Established and candidate
imprinted gene subset was assembled based on the Geneim-
print resource (http://www.geneimprint.com/; credits to R.L.
Jirtle) and Luedi et al. study [6]. Of the latter, high-
confidence imprinted human gene candidates predicted to
be imprinted by both the linear and RBF kernel classifiers
learned by Equbits Foresight and by SMLR ([6], supple-
mentary data) were utilized. Redundant entries have been
excluded.

2.2. SAGE. SAGE technology is based on isolation of short
tags form the appropriate position within the mRNA
molecule, followed by the concatemerization of the tags,
sequencing, tag extraction and gene annotation [11].
The complete set of publicly available SAGE libraries
(GPL4 dataset, Nlalll anchoring enzyme) was downloaded
from the Gene Expression Omnibus (GEO) database
(National Center of Biotechnology Information (NCBI);
http://www.ncbi.nlm.nih.gov/geo/). Following an exclusion
of the duplicate entries, SAGE libraries were annotated and
sorted based on the number of tags sequenced. Noninfor-
mative (A)o sequences were extracted from SAGE libraries
when detected, and tags per million (tpm) values were
recalculated accordingly for all libraries as the transcript’s
raw tag count divided by the number of reliable tags in
the library and multiplied by 1,000,000. SAGE libraries,
constructed by Potapova et al. [19], were a subject to a “clean-
up” procedure through which all clones containing <4 tags
were excluded [20], with the remaining tags constituting the
pool of “reliable tags.”

2.3. SAGE Tag Annotation. Established and candidate im-
printed gene subset has matched CGAP (Cancer Genome
Anatomy Project, NCI, NIH) SAGE Anatomic Viewer (SAV)
applet [17]. For genes not matching SAV applet entries, and
when unreliable/internal tags were suggested by SAV applet
(viz., for TIGD1, HOXA3, NTRI genes, etc.), reliable 3" end
tags were extracted from full-length sequences available via
GenBank (NCBI, NIH).

2.4. Expression Profiling. SAGE tags was matched the indi-
vidual SAGE catalogues using MS Access software package
Query function. Individual queries (both absolute tag abun-
dance per library and normalized tag per million (tpm)
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values) were merged using MS Excel software. Calculations
of maximal and average expression of transcripts matching
established and candidate imprinted genes were performed
using normalized tpm values. Particular values could be
recalculated to the fraction of the total gene expression by
dividing tpm value by 1,000,000.

2.5. Clustering Analysis. Clustering analysis was performed
using EPCLUST Expression Profile data CLUSTering and
analysis software (http://www.bioinf.ebc.ee/EP/EP/EPCL-
UST/). K-mean clustering analysis was performed after
transposing the data matrix with initial clusters chosen by
most distant (average) transcripts. For each dataset, the
number of clusters was set to the lowest value yielding
one cluster containing a solitary database entry. Hierarchi-
cal clustering was performed using correlation measure-
based distance/average linkage (average distance) clustering
method; hierarchical trees were built for individual datasets.

3. Results

Established and candidate human imprinted gene subset
(203 entries total) was assembled based on the Geneim-
print resource and Luedi et al. study data [6]. Of the
candidate imprinted genes identified in the latter, high-
confidence gene candidates (predicted via Equbits Foresight
and SMLR means [6]) were selected. Following exclusion
of the redundant entries, appropriate short (10bp) SAGE
tags matching Nlalll anchoring enzyme were annotated
to gene targets using CGAP (Cancer Genome Anatomy
Project, NCI, NIH) SAGE Anatomic Viewer (SAV) applet
or manually, as described earlier [18]. For a number of
the candidate imprinted genes, a complete sequence was
unavailable via GenBank or alternative databases (e.g.,
GenBank ID: NM_016158, NM _024547, NM _181648, etc.),
for that reason, a volume of the human imprinted gene
subset subjected to tag annotation was reduced to 174 genes.
Of these genes, candidate imprinted gene QINYI9 (PPARL;
GenBank ID: AF242527) could not be annotated with SAGE
tag, missing Nlalll anchoring enzyme recognition sites
completely. Therefore, a total of 173 genes (including 53
established imprinted genes and 120 candidate imprinted
genes) were annotated with the appropriate SAGE tags
(Table 1) and subjected to further analysis.

The complete set of publicly available human SAGE
catalogues was downloaded from the Gene Expression
Omnibus (GEO, NCBI) database. Acquired SAGE catalogues
represent 581 SAGE libraries generated from a wide spec-
trum of cell and tissue samples in a variety of physiological
and pathological conditions. Following an exclusion of the
numerous duplicate GEO database entries (e.g., GSM785
= GSM383907; GSM1515 = GSM383958; GSM85612 =
GSM125353, etc.), the criteria listed below were applied
when selecting libraries for the analysis of gene expression.
SAGE libraries were selected only if they have represented
(i) genetically unaltered/unmodified samples, (ii) SAGE cat-
alogues with a total number of tags >20,000, and (iii) a com-
plete dataset available. For example, samples GSM383929
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TABLE 2: Summary of SAGE catalogs analyzed.

Clusters Number of SAGE catalogs® Number of SAGE tags®
C (cancer tissue) 185 13,165,432

N (normal tissue and cells) 166 12,953,131

1V (cells cultured in vitro) 112 8,009,673

D (nontumorous disease tissue and cells) 29 1,840,291

Total 492 35,968,527

All SAGE catalogs screened belong to GPL4 Gene Expression Omnibus database (GEO, NCBI) platform (Homo sapiens; NlallI-anchoring enzyme).
2SAGE catalogs selected for analysis (see Supplementary Table 1 available online at doi:10.1155/2012/793506).

bNumber of tags subjected for analysis (with (A);o tags excluded).

and GSM 180669 were excluded since these did not satisfy cri-
teria (i), representing ovary surface epithelium immortalized
with SV40 and lymphocytes from Down syndrome children,
respectively; samples GSM384024 (white blood cells, CD45",
isolated from a mammary gland carcinoma; 18,741 tags)
and GSM1128 (breast cancer cell line; tags detected once
are not available) were excluded as not satisfying criteria(ii)
and (iii), respectively (Supplementary Table 1). Due to
the conservative nature of the criteria listed above, a total
number of SAGE catalogues satisfying these and thus selected
for further analysis (i.e., to the extraction of tags matching
imprinted genes) was reduced to 492. Together, these 492
SAGE catalogues representing human samples account for
35.97 million SAGE tags constructed using NlallI-anchoring
enzyme. The catalogues were assigned into one of the
following Clusters: C (cancer tissue; 185 SAGE catalogues),
N (normal tissue and cells; 166 SAGE catalogues), IV (cells
cultured in vitro; 112 SAGE catalogues), or D (nontumorous
disease tissue and cells; 29 SAGE catalogues) (Table 2, and
Supplementary Table 1).

Figure 1 shows a distribution of the analyzed established
and candidate imprinted genes through the human genome.
Primary analysis of the normalized expression profiles of
the imprinted genes demonstrated a great variability in
the cumulative gene expression for 173 genes (Figure 2,
Table 3, and Supplementary Table 2). Average cumulative
gene expression of those genes in human tissues and cells
was 0.90% of the total gene expression: specifically, 0.95%
for both cancer and normal tissue and cells (clusters C
and N, resp.), 0.77% for cells cultured in vitro (cluster 1V),
and 0.83% for nontumorous disease tissue and cells (cluster
D). In the pool of the assessed SAGE catalogues, it ranged
from 0.08% (total blood, GSM389907 [21]) to 4.36% of
the total gene expression (bronchial epithelium, GSM125353
[22]). Of 492 human SAGE catalogues tested, the cumulative
expression of the imprinted genes constituted >2% of the
total gene expression in 21 and <0.2% in 7 catalogues. The
SAGE libraries with 10% most and 10% least cumulative and
average expression of established and candidate imprinted
gene subsets are listed in Table 3.

In some samples, a major fraction of the cumulative
expression of the imprinted genes was established by only
a few highly abundant transcripts. For example, in the
GSM125353 SAGE catalogue already mentioned above,
91.9% of the cumulative (total) gene expression of the
assayed imprinted genes is represented by the single

gene, namely, PTPN14 (ACTTTTTCAA tag). Similarly, in
GSM383893 SAGE catalogue (gallbladder tubular adenocar-
cinoma [17, 23]), the same gene constitutes 86.6% of the
cumulative (total) gene expression of the assayed imprinted
genes. In many other SAGE catalogues, expression profile
of the assayed imprinted genes was rather more balanced.
For example, in the GSM383840 SAGE catalogue (mammary
myoepithelium, CD10* cells [24]), PTPN14 constitutes just
8.7% of the cumulative (total) gene expression of the assayed
imprinted genes, equal to GNAS gene (ATTAACAAAG tag).
Some imprinted genes were expressed almost ubiquitously
through the samples: for example, genes NDUFA4, RPL22,
Q8NE65, PTPN14, GNAS, and RABIB (Supplementary
Table 3). Notably, in other cases, expression of the particular
imprinted genes either was not detected at all in all 492
SAGE catalogues screened (EVX1, ACGCCCGTGG tag), or
was detected only occasionally (Supplementary Table 3).
For example, gene DUX2 (AAGGGGTGGA tag) expression
was detected only 3 times (on a minimum level) in
492 SAGE catalogues representing cell and tissue samples
in a variety of physiological and pathological conditions:
namely, in GSM383692 SAGE catalogue (astrocytoma grade
II [25]), GSM383867 SAGE catalogue (colon carcinoma
cell line [17, 23]), and GSM383928 SAGE catalogue (ovary
preneoplasia cell line [26]). Similarly rare was the expression
of FAM75D1 (detected only 3 times altogether), FAM77D,
ISM1, FLJ20464, and Q8NBO05 (detected only 5 times, in all
cases on a minimum level).

To assess variation in the expression of individual im-
printed genes in the samples, the clustering analysis of
the normalized expression profiles was performed using
EPCLUST (Expression Profile data CLUSTering and analysis)
software. For each dataset, the number of clusters was set
to the lowest value yielding one cluster containing a solitary
database entry; 5 for cancer tissue, 6 for normal tissues and
cells, 5 for cells cultured in vitro, and 2 for nontumorous
disease tissue and cells (Figures 3—7). Notable diversity was
observed in the transcription profiles represented by the
individual clusters, with relatively high expression levels
characteristic for just 1-2 or a higher number of the
individual imprinted genes (Figures 4(a), 4(b)-7(a), and
7(b)). Expectedly, in a few cases samples generated from
the same tissues/cell types did fell into the same compact
cluster of the distinct pattern (Figure 3, Figures 4(a), 4(b)-
7(a), and 7(b)). However, in many other cases imprinted
gene expression profiles of the same/similar tissue or cell
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FIGURE 1: A schematic representation of the analyzed established (53, filled arrowheads) and candidate (120, empty arrowheads) imprinted
genes distribution through the human genome. Chromosome layout is via NCBI (Build 37.2). Numbers next to some of the arrowheads

indicate the number of entries per locus.

types fall into different clusters. Similarly, though in many
cases imprinted gene expression profiles of the same/similar
tissue or cell types fell into the closely matching area
of the hierarchical tree built for the individual datasets
(clusters C, N, IV, and D) (Figures 4(c), 5(c), 5(d), 6(c),
and 7(c)), in other cases notable variability was observed
in the distribution of imprinted gene expression profiles
of the same/similar tissue or cell types. For example, at
K-mean clustering, small-size cluster 3 in cancer tissue
dataset (3 entries) is composed entirely of neuroblastoma
samples (Figures 4(a) and 4(b)); however, other entries
representing tumors of the same histological properties
[27] fell into cluster 1 (composed of 141 entries in total).
Cluster 4 in the same dataset (12 entries) is composed
entirely of carcinoma samples, while cluster 2 (28 entries) is
composed of carcinoma samples predominantly (19 entries),
with other samples representing astrocytoma (3 entries),
glioblastoma multiforme (2 entries), cystadenoma (1 entry),
rhabdosarcoma (1 entry), and unclassified breast cancer (2

entries). Similarly, only one cluster in the normal tissue and
cell dataset has a homogenous composition (cluster 5, 2
entries), matching both available SAGE libraries constructed
from placenta (GSM14849, also designated GSM383945;
GSM14750, also designated GSM383947 [17]) (Figure 3),
with all other clusters composed of the samples of diverse
origins. Illustratively, this particular cluster brakes down
(i.e., cluster content get redistributed to the clusters of the
smaller size) only if the number of K-mean clusters for the
dataset is increased from the set value of 6 to 26, while some
other clusters break down more readily. In the hierarchical
trees, most densely packed areas (representing most similar
transcription profiles) are generally composed of the samples
of the same/similar tissue or cell types. For example, one of
the densest areas in four hierarchical trees built is composed
of 19 samples matching bronchial brushings (Figures 5(c)
and 5(d)) [22], with all 5 other samples of the same
origin falling into the nearest vicinity within the hierarchical
tree (Figure 5(c)). At the same time, some SAGE libraries
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FIGURE 2: Histogram of average ((a), (b), and (c)) and maximum ((d), (e), and (f)) tag per million (tpm) values of the pool of imprinted
genes and gene candidates for the normalized SAGE catalogues: cancer tissue ((a), (d); 185 catalogues); normal tissues and cells ((b), (e); 166
catalogues); cells cultured in vitro ((c), (f); 112 catalogues). Corresponding histogram pairs are built following a sorting by the maximum

value in the pool.
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FIGURE 3: An example of gene expression pattern recognized by K-mean clustering analysis (normal tissue and cells, cluster 5). Graph line (a)
and cluster contents (b). Vertical bars denote individual genes. Exponential shades of grey code (5 colors) are based on the normalized tpm
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(Drosophila).

representing the samples of the identical origin fell into the
separate K-mean clusters and into well-separated areas of
the hierarchical tree. This was observed, for example, for 3
available peripheral retina samples, from which GSM572 and
GSM573 [28] fell into cluster 3, and GSM383968 [29] fells
into cluster 1 (Figure 4).

4. Discussion

Mechanism of genomic imprinting plays important, yet
not fully understood role in many physiological processes:
in particular, in the control of growth and development.
Since the identification of the first imprinted genes (IGF2,
IGF2R, and H19) in mouse in 1991, a large volume of
information has been accumulated on the identity and

biological function of imprinted genes both for Homo sapiens
and animal species (Mus musculus in particular). Over the
course of the decade, we witness an expansion of the list of
the established imprinted genes [6, 30]. It is most probable
that novel candidate imprinted genes will be identified in
the future, and features of the imprinted genes will be
confirmed for some candidates. In the current study, a
comprehensive list of the human imprinted genes and high-
confidence gene candidates (203 entries total) became a
subject for a large-scale in silico gene expression profiling.
Available nucleotide sequences (174 genes and gene candi-
dates) have been utilized for the extraction of the appropriate
short SAGE tags matching Nlalll anchoring enzyme, most
common in generating SAGE libraries. Notably, candidate
imprinted gene QI9NYI9 (PPARL) did not bear Nlalll



20 Molecular Biology International

Size = 141 Size — 28
25276 1 Cluster 1 25276 Cluster 2
20220.8 20220.8
15165.6 15165.6
10110.4 10110.4
5055.2 i i i 5k 5055.2 i i
. Size = 12
25276 | Size =3 25276 Cluster 4
202208 Cluster 3 20220.8
15165.6 15165.6
10110.4 ”5)(1];2;‘
5055.2 . -
25276 Size = 1
2022058 | Cluster 5
15165.6
10110.4 n
5055.2 | i
(a)
Cluster 1 Cluster 2
GSM1 14743
GSM 14746
GSM 2451
M 696
GSM 701
M 72¢
M 7
GSM 75¢
GSM 110379
f M 194375
GSM1475!
GSM 14760
GSM14761
GSM14762
GSM
M
GSM
M
GSM
GSM
GSM
GSM
GSM
GSM
GSM 383921
GSM 384025
GSM 383908
M14782
M14786
i
GSM14790 Cluster 3
GSM14791
GSM 14792
GSM14793 GSM112808
GSM14794 GSM112809
GSM 14795 GSM112812
GSM14797
GSM 14806
GSM 14807
ke M14¢
ey Cluster 4
GSM
M
GSM25'
GSM
GSM
C 8¢
GSM
GSM
GSM
GSM6¢
GSM
M
GSM70(
GSM
M.
o Cluster 5
GSM
ﬁ : GSM14781
GSM
GSM765
GSM7800
GsM792
GsMsser
G 110381
it
GSM112807
GSM112813 O 25275
C 194378
GSM 194384
GSM303325
GSM303340
GSM303349
G 383688
383691
GsM383692
693

2222222

LLLLLLLLLLL

,ﬁ,,ﬂﬂﬁﬂﬂ
222222222

,ﬁ,AAAAAA
2222222

(b)

FiGure 4: Continued.



21

Molecular Biology International

it

oor eminmnomaoin o

285 D22 oo

S ZRS HS

SRR R SRR -~

BRI
CEEETEREA

s

7
88

2
=

476

0.879

0.586

0.293

(c)

25275

0
Gene expression patterns recognized by K-mean and hierarchical clustering analysis (cancer tissue, 185 SAGE catalogues). K-mean

clustering analysis, (a) graph lines and (b) cluster contents; vertical bars denote individual genes. (c) Hierarchical cluster tree. Exponential

shades of red code (15 colors) are based on the normalized tpm values.

FIGURE 4



Molecular Biology International

40055 Cluster 1 Size = 111 40055 Cluster 2 Size = 4

33379.17 33379.17
26703.33 26703.33

20027.5 20027.5
13351.67 13351.67

6675.83 |, i i & 6675.83
33347090.?; Cluster 3 Size =1 33347099?3 Cluster 4 Size = 46
26703.33 26703.33

20027.5 20027.5

13351.67 13351.67

6675.83 i 6675.83 |, i R
33;7099?% Cluster 5 Size =2 33347099?g Cluster 6 Size = 2
26703.33 26703.33

20027.5 20027.5

13351.67 13351.67

6675.83 n 6675.83 "

Cluster 1
GSM14754 GSM574
GSM14756 GSM125352
GSM14757 GSM125353
GsM14777 GSM194631
GSM14780
GSM14784
GSM14785 Cluster 3
GSM14789
GSM14798 N R SR TN O N N S R RN B W 0 I a0
GSM14799
GSM14801 a 4
GSM14802 uster
GSM1734
SM23 GSM14755
GSM2455 GSM1479%
GSM3242 GSM572
GSM3245 GSM573
GSM571 GSM676
GSM675 GSM677
GSM678 GSM708
GSM685 GSM719
GSM695 GSM729
GSM706 GSM738
GSM713 GSM760
GSM721 GSM780
GSM781
GSM784
GSM786
GSM819
GSM824
GSM311354 GSM125340
GSM118371 GSM125341
GSM125348 GSM125342
GSM125356 GSM125343
GSM133388 GSM125344
GSM135389 GSM125345
GSM135390 GSM125346
GSM135391 GSM125347
GSM135392 GSM125349
GSM136194 GSM125350
GSM136195 GSM125351
GSM136196 GSMI12:
GSM136198 GSM12
SM136199 GSM12
GSM15413 GSM12535
GSM16892 GSM136197
GSM180670 GSM194647
GSM194648 GSM194650
GSM194649 GSM194652
GSM296374 GSM296377
GSM296376 GSM296391
GSM296379 GSM383775
GSM296381 GSM383831
GSM296382 GSM383895
GSM296385 GSM383901
GSM296387 GSM384035
GSM296392 GSM35611
GSM296393 GSM85616
GSM296644 GSM35623
GSM301092
GSM301093
GSM37211
GSM383686 Cluster 5
GSM383772 GSM14749
GSM383784 GSM14750
GSM383832
GSM383833 .
GSM383834 Cluster 6
GSM383835 )
GSM383837 GSM82458
GSM383838
GSM383839
GSM383840
GSM383887 0 40054
GSM383888
GSM383902
GSM383907
GSM383911
GSM383937

GSM383968
GSM383971
GSM383972
GSM384002
GSM384003
GSM384012
GSM384017
GSM384026
GSM 384027
SM384028
GSM 384029
GSM384030
GSM 384031
GSM384032
GSM384033
GSM384036
GSM389906
GSM43175
GSM549178
GSM82243
GSM82459

(b)

FiGure 5: Continued.



Molecular Biology International

AL.J
= !

=

A

P

”W

o

40054

0 0.285 0.57
(c)

g z = gz

z z 4 o=

M125351 bronchial brushings, former smoker
M 125358 bronchial brushings, never smoker
M125347 bronchial brushings, former smoker
brushings, current smoker
brushings, current smoker
. current smoker
. former smoker
, former smoker
. former smoker
. never smoker
. former smoker
s, current smoker
M 125339 bronchial brushings, current smoker
M125340 bronc urrent smoker

brushings, forr

brushings, current smoker
125355 bronchial brushings, never smoker
M125346 bronchial brushings, former smoker
3SM680.

(d)

0.856

23

FIGURE 5: Gene expression patterns recognized by K-mean and hierarchical clustering analysis (normal tissue and cells, 166 SAGE
catalogues). K-mean clustering analysis, (a) graph lines and (b) cluster contents; vertical bars denote individual genes. Arrowheads point out
3 SAGE libraries generated from peripheral retinal samples. (c) Hierarchical cluster tree, fragment (d) enlarged is highlighted. Exponential

shades of red code (15 colors) are based on the normalized tpm values.



Molecular Biology International

10112 6781.515 Cluster 2 Size =7
7626.6

5084.4

2542.2

f A A A

12711 )
10168.8 Cluster 4 Size = 28
7626.6

5084.4 A

25422 | A0 A a Aa " 4. a i

Size = 2

24
12711 o
10168.8 Cluster 1 Size = 74
7626.6
5084.4
2542.2
A A v
12711 )
10168.8 Cluster 3 Size = 1
7626.6
5084.4
2542.2 A
12711
10168.8 Cluster 5
7626.6
5084.4
2542.2
Cluster 1

GSM14804
GSM14805
GSM14916
GSM14918
GSM668
GSM683
GSM703
GSM711
GSM714
GSM717
GSM732
GSM747
GSM383879
GSM110378
GSM110380
GSM113363
GSM136123
GSM136124
GSM26246
GSM264073
GSM37337
GSM383730
GSM383731
GSM383734
GSM383735
GSM383737
GSM383759
GSM383760
GSM383763
GSM383766
GSM383801
GSM383802
GSM383803
GSM 383849
GSM 383851
GSM 383852
GSM383854
GSM383855
GSM383856
GSM383857
GSM383858
GSM 383864
GSM383865
GSM383866
GSM383867
GSM383868
GSM383872
GSM383873
GSM383874
GSM383875
GSM383876
GSM383877
GSM383878
GSM 383880
GSM383881
GSM383882
GSM383898
GSM383905
GSM383906
GSM383925
GSM 383928
GSM383933
GSM383934
GSM383938
GSM383939
GSM383948
GSM383949
GSM383952
GSM384010
GSM549179
GSM549180
GSM66698
GSM66712
GSM66714

(a)

Cluster 2

GSM14759
SM

GSM383930
GSM62245

Cluster 3

GSM 383853

Cluster 4

02244
384020

Cluster 5
I Y M I P Y T PO TR
| o

0 12710

GSM32266
GSM45608

(b)

FiGgure 6: Continued.



Molecular Biology International 25

M383853
M383736
M383738
M710
M383956
M680
SM383800
M383798
M383799
M62245
M62242
M62243
M384020
M383930
M14759

M732

M383765

M383759
83806

A

M383876
M383948
M703
M41248
M62244
M62241
M62240
M110378
M383898
M110380
M383803
M26246
3SM383857
M113363
M9221
1SM549179
GSM383851
M383878
M384010
M383763
M711
M383872
M383760
M383952
M683
M383856

24
)
3
&
3
3
S

ZZZZZR
SEORES
ERR®BE®

SERLS
SAUTA%
SERSZER

IR

EJHJ 1! w Hj

[515191alnlnlnlnlnlnlnlnlnlslnlnlsislslslslslnlslslnlnlslnlnlslnlslnlnislslslslnlnlslylnlalslnlnlslnls)
¢ 2 g2Lo00ng
%
=3

N AMMAM A A A

[9)

o)

[9]]

GSM383938

[3]5191n1a191n1nlnlnlsls]
Z2e209- 432

sSM 383864
GSM747
sSM714
GSM14804
5

1383766
M383730
M383731
M14916

M383854
M383802
M264073
M37337

M383737
M383735
M383849

M383949
M66714

M383905
M383906

M383858
M383852
M383801
M383934
M383928 1

M45608 d }»

M32266
M383865

Ll

M383868
SM383866
SM383867

I 2L

51919 1nlnlnlnlnlnlalslnlalslnlnlslslnlslslnlnlsinlslsls) [5]9)

|

0 12710

(=}

0.305 0.609 0.914
(c)

FIGURE 6: Gene expression patterns recognized by K-mean and hierarchical clustering analysis (cells cultured in vitro, 112 SAGE catalogues).
(a) K-mean clustering analysis, graph-lines and (b) cluster contents; vertical bars denote individual genes. (c) Hierarchical cluster tree.
Arrowheads point out 13 SAGE libraries generated from undifferentiated embryonic stem cells (ESC). Exponential shades of red code (15
colors) are based on the normalized tpm values.

recognition sites. This limitation of the conventional SAGE ~ Rsal (second and third most common in generating SAGE
protocol can generally be overcome by using an alternative  libraries) as well, though it bears one for Mmel utilized
anchoring enzyme [16]. However, gene QINYI9 does not  in LongSAGE protocol. Taken together, not 174 but 173
bear recognition sites for anchoring enzymes Sau3AI and  genes (missing QINYI9 (PPARL))—including 53 established
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imprinted genes and 120 candidate imprinted genes—were
annotated with the appropriate SAGE tags. The latter was
matched the pool of 492 normalized SAGE catalogues rep-
resenting libraries derived from human samples, constructed
using Nlalll anchoring enzyme and together accounting
for 35.97 million SAGE tags. Collectively, these catalogues

represent a comprehensive assay of tissues and cell types in
physiological and a variety of pathological conditions. Gene
expression of imprinted genes was assessed in the normalized
SAGE catalogues representing the transcriptomes of these
samples, according to the straightforward algorithm of
in silico analysis.
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As with nearly any other gene, expression of imprinted
genes is not a constant, but rather a dynamic function of
cell type and state. In the current study, a great variability
was observed in both cumulative/total expression of the
studied imprinted genes and that of the individual genes. The
cumulative expression of 173 studied imprinted genes ranges
from 0.08% (total blood) to 4.36% (bronchial epithelium) of
the total gene expression (Table 3). In some samples (Table 3
and Supplementary Table 2), imprinted genes-associated
proportion of the transcriptome is obviously above what is
to be expected from such a limited group of genes, clearly
reflecting the importance of the biological roles played by the
latter. At the same time, overall expression of the imprinted
genes was equal in the clusters of cancer tissues and normal
tissue and cells (clusters C and N, 0.95% for both clusters)
and lower for the cells cultured in vitro (cluster IV, 0.77%).

The current study apparently represents the first attempt
to estimate an impact of imprinted genes on the total volume
of the transcriptome. Obvious biases affect an accuracy of the
algorithm applied, suggesting both underestimation (proba-
ble existence of yet unidentified imprinted genes, unavailable
information on gene structure for some imprinted genes,
absence of anchoring enzyme recognition sites for at least
one gene) and overestimation (unconfirmed imprinting
status of some of the candidate imprinted genes, SAGE tags
matching more than one gene; see Table 1) of the relative
size of the imprinted transcriptome. Despite this, provided
data on the estimated cumulative/total expression of the
known imprinted genes (their number well corresponding
to the predicted number of imprinted genes in human
genome [31, 32]) in a variety of tissues and cells is most
interesting. Until now, little information was available on
the overall expression of imprinted genes in the cells of
different types. It is generally believed that many imprinted
genes are highly expressed in the developing and adult
brain tissue [33], placenta [34], and undifferentiated stem
cells [35]. Discrete studies identify certain highly expressed
imprinted genes as the potential biomarkers of cancer
subtypes [36, 37]. In contrast, imprinted genes are known
to be expressed on relatively low level in adult blood
cells [38]. This information is supported by the observed
values of the cumulative expression of the imprinted genes
through the screened samples (Table 3 and Supplementary
Table 2): cumulative expression of the imprinted genes is
generally high in many assessed brain-derived samples and
low in blood samples. It was also observed earlier that
major upregulation of gene expression of the numerous
imprinted genes is associated with early differentiation and
development, rather than with undifferentiated status of
stem cells [39, 40]. Concordantly, in the current study, all
of the 13 SAGE libraries generated from undifferentiated
embryonic stem cells (ESCs)—namely, lines HES3, HES4
(17, 23, 41], BGO1, H1, H7, H9, H13, H14, HSF6 [17, 23]—
uniformly demonstrate intermediate cumulative expression
of the imprinted genes (Supplementary Table 2) and fit
closely in the hierarchical tree built for the corresponding
cluster (cluster IV; Figure 5(c)). However, many samples with
high cumulative expression of the imprinted genes do not
fit into any of the groups listed above. Important role of
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genomic imprinting in particular normal cell and cancer
subtypes, suggested by high expression of these genes, thus
should be a subject of the follow-up studies. Expression of
individual imprinted genes varies to even further extent in
the samples screened. Expression of the candidate imprinted
gene even-skipped homeobox 1 (EVX1) was not detected in
any sample submitted to the analysis, while the expression of
many more (DUX2, FAM75D1, Q8NBO05, FLJ20464, ISM1,
FAM77D, and others) was detected only in a few samples,
always on a minimal level. In contrast, further imprinted
genes (NDUFA4, RPL22, Q8NE65, GNAS, PTPN14, RAB1B,
and others) were expressed in the majority of the samples
screened, often on high level (Supplementary Table 3).

Hlustratively, a notable variation in the cumulative
expression of the imprinted genes and in the expression of
individual imprinted genes is observed in the cells cultured
in vitro, including cells of the same type (e.g., numerous
medulloblastoma, glioblastoma multiforme, and breast car-
cinoma cell lines) (Supplementary Table 2 and Figure 6).
This observation further supports earlier suggestion that
cell culture conditions contribute to the maintenance or
alteration of the imprinted gene expression [42, 43].

Taken together, a screening of the normalized expression
profiles of a comprehensive panel of the established and
candidate imprinted genes within the publicly available
human SAGE datasets was performed in the current study:
the first to estimate a prevalence of imprinted genes within
the total human transcriptome in a large scale. This paper
thus provides a useful reference on the relative size of
the imprinted transcriptome and on the expression of the
individual imprinted genes.
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